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UNITED STATES DISTRICT COURT
NORTHERN DISTRICT OF CALIFORNIA
SAN JOSE DIVISION

FINISAR CORPORATION, a Delaware
corporation,

No.

Plaintiff,
COMPLAINT FOR PATENT
V. INFRINGEMENT
NISTICA, INC., a Delaware corporation,
JURY TRIAL DEMANDED
Defendant.

Plaintiff Finisar Corporation (“Finisar”) files this Complaint for Patent Infringement
(*Complaint™) against Defendant Nistica, Inc. (“Nistica”), wherein, pursuant to 35 U.8.C. §§ 271
and 281, Finisar seeks a judgment of infringement by Nistica of U.S. Patent Nos. 6,956,687 (the
“"687 Patent™), 7,123,833 (the “’833 Patent™), 7,126,740 (the “’740 Patent™), 6,430,328 (the
1328 Patent’™), 7,092,599 (the “’599 Patent™), 7,397,980 (the “’980 Patent”) and damages
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resulting therefrom pursuant to 35 U.S.C. § 284, as well as preliminary and permanent injunction
of the infringing activity pursuant to 35 U.S.C. § 283, and such other relief as the Court deems
just and proper, and in support thereof alleges as follows:
PARTIES

l. Finisar is a Delaware corporation with a principal place of business at 1308
Moffett Park Drive, Sunnyvale, California 94089,

2. Upon information and belief, Nistica is a Delaware corporation with its principal
place of business at 745 Route 202-206, Bridgewater, New Jersey 08807.

JURISDICTION AND VENUE

3. This Court has subject matter jurisdiction over this action pursuant to 28 U.S.C.
§§ 1331 and 1338(a) because the action concerns infringement of a United States patent.

4. This Court has personal jurisdiction over Nistica at least by virtue of Nistica
having conducted business in this District and having committed one or more acts of
infringement in this District.

5. Venue is proper under 28 U.S.C. §§ 1391 and 1400.

INTRADISTRICT ASSIGNMENT

6. Assignment of this matter to the San Jose Division is appropriate because both
Finisar Corporation and Nistica, Inc. do business in this District, Finisar Corporation maintains
its principal place of business in this District, and both are subject to jurisdiction in this District.

THE PATENTS-IN-SUIT

7. Finisar is the owner of the "687 Patent entitled “‘Optical Blocking Filter Having an
Array of Micro-Mirrors,” which the United States Patent & Trademark Office lawfully and duly
issued on October 18, 2005. A true and correct copy of the *687 Patent is attached hereto as
Exhibit A.

8. Finisar 1s the owner of the *833 Patent entitled “Dynamically Reconfigurable
Optical Smart Node,” which the United States Patent & Trademark Office lawfully and duly
issued on October 17, 2006. A true and correct copy of the *833 Patent is attached hereto as

Exhibit B.
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9. Finisar is the owner of the *740 Patent entitled “Multifunction Optical Device
Having a Spatial Light Modulator with an Array of Micro-Mirrors,” which the United States
Patent & Trademark Office lawfully and duly issued on October 24, 2006. A true and correct
copy of the *740 Patent is attached hereto as Exhibit C.

10.  Finisar is the owner of the *328 Patent entitled “Optical Switch,” which the United
States Patent & Trademark Office lawfully and duly issued on August 6, 2002. A true and correct
copy of the "328 Patent is attached hereto as Exhibit D.

11.  Finisar is the owner of the "599 Patent entitled “Wavelength Manipulation System
and Method,” which the United States Patent & Trademark Office lawfully and duly issued on
August 15,2006, A true and correct copy of the *599 Patent is attached hereto as Exhibit E.

12.  Finisar is the owner of the “980 Patent entitled “Dual-Source Optical Wavelength
Processor,” which the United States Patent & Trademark Office lawfully and duly issued on July
8, 2008. A true and correct copy of the *980 Patent is attached hereto as Exhibit F.

FACTUAL BACKGROUND

13. Founded in 1987 in Santa Clara County, California, Finisar Corporation produces
optical communications components and subsystems. These products enable high-speed voice,
video and data communications for networking, storage, wireless, and cable TV applications.
Finisar has provided critical breakthroughs in optics technologies and has supplied system
manufacturers with the production volumes needed to meet the exploding demand for network
bandwidth. Finisar's industry-leading optical products include transceivers/transponders, active
cables, wavelength selective switches (“WSS”), reconfigurable optical add-drop multiplexer
(“ROADM”) linecards, optical instruments, RF-over-Fiber, amplifiers, and active and passive
components.

14. WSS products need a controlled element that switches light beams of different
wavelengths in different directions. Two ways to perform an optical switching function include
using: (1) an array of micro electronic mechanical system (“MEMS”) mirrors and (2) liquid
crystal on silicon (“LCOS”) technology.

15.  Upon information and belief, Nistica was founded in 2005 and is now a subsidiary
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of Fujikura, Ltd. Nistica designs, develops, markets, sells, and offers to sell WSS products for
ROADM devices that compete with the products sold by Finisar. Nistica sells certain products,
such as under the trade names FLEDGE® and FULL FLEDGE®, which are WSS devices. In
addition, upon information and belief, Nistica has also offered to sell certain WSS products that
include LCOS technology for optical switching.

6.  Nistica’s products are sold and/or offered for sale to customers who incorporate
Nistica’s WSS and ROADM devices into products that are then sold to end users such as wireline
and wireless telecommunication service providers and cable TV operators.

FIRST CLAIM FOR RELIEF

{Infringement of the 6,956,687 Patent)

7. Finisar incorporates by reference paragraphs | through 16 of the Complaint as if
set forth here in full.

18.  Upon information and belief, Nistica has been and is currently directly infringing
one or more claims of the '687 Patent by making, using, offering to sell, and/or selling within the
United States, and/or importing into the United States, without authority, WSS devices,
including, but not limited to, Nistica’s FLEDGE® and FULL FLEDGE? series of products that
include an array of MEMS mirrors for optical switching (the “’687 Infringing Products™).

19.  Upon information and belief, upon knowledge of the *687 Patent, Nistica is
contributing to the infringement of, and/or inducing infringement of the "687 Patent by, among
other things, knowingly and with intent, actively encouraging its customers and suppliers to
make, use, sell and/or offer for sale Nistica’s 687 Infringing Products in a manner that
constitutes infringement of one or more claims of the *687 Patent. There are no substantial uses
of the *687 Infringing Products made, used, sold, or offered for sale by Nistica that do not
infringe one or more claims of the *687 Patent.

20.  Asa result of Nistica’s unlawful infringement of the 687 Patent, Finisar has
suffered and will continue to suffer damage. Finisar is entitled to recover from Nistica the
damages adequate to compensate for such infringement, which have yet to be determined.

21, Upon information and belief, any manufacturing, sales, offers for sale, uses, or
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importation by Nistica of the "687 Infringing Products reflect a deliberate and conscious decision
to infringe the 687 Patent or, at the very least, a reckless disregard of Finisar’s patent rights.
Nistica’s infringement after that date has been willful and Finisar is entitled to treble damages
and attorneys’ fees and costs incurred in this action, along with prejudgment interest under 35
U.S.C. §§ 284, 285,

22.  Nistica will continue to infringe the 687 Patent unless and until it is preliminarily
and permanently enjoined by this Court.

23.  Nistica’s acts of infringement have caused and will continue to cause irreparable
harm to Finisar unless and until Nistica is enjoined by this Court.

SECOND CLAIM FOR RELIEF

{Infringement of the 7.123,833 Patent)
24.  Finisar incorporates by reference paragraphs 1 through 23 of the Complaint as if

set forth here in full.

25.  Upon information and belief, Nistica has been and is currently directly infringing
one or more claims of the *833 Patent by making, using, offering to sell, and/or selling within the
United States, and/or importing into the United States, without authority WSS devices, including,
but not limited to, Nistica’s FLEDGE® and FULL FLEDGE? series of products that include an
array of MEMS mirrors, and/or devices that include L.COS technology, for optical switching (the
833 Infringing Products”).

26. Upon information and belief, upon knowledge of the *833 Patent, Nistica is
contributing to the infringement of, and/or inducing infringement of the *833 Patent by, among
other things, knowingly and with intent, actively encouraging its customers and suppliers to
make, use, sell and/or offer for sale Nistica’s *833 Infringing Products in a manner that
constitutes infringement of one or more claims of the 833 Patent. There are no substantial uses
of the *833 Infringing Products made, used, sold, or offered for sale by Nistica that do not
infringe one or more claims of the 833 Patent.

27. As aresult of Nistica’s unlawful infringement of the 833 Patent, Finisar has

suffered and will continue to suffer damage. Finisar is entitled to recover from Nistica the
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damages adequate to compensate for such infringement, which have yet to be determined.

28.  Upon information and belief, any manufacturing, sales, offers for sale, uses, or
importation by Nistica of the '833 Infringing Products reflect a deliberate and conscious decision
to infringe the 833 Patent or, at the very least, a reckless disrepard of Finisar’s patent rights.
Nistica’s infringement after that date has been willful and Finisar is entitled to treble damages
and attorneys’ {ees and costs incurred in this action, along with prejudgment interest under 35
U.S.C. §§ 284, 285.

29.  Nistica will continue to infringe the *833 Patent unless and until it is preliminarily
and permanently enjoined by this Court.

30.  Nistica’s acts of infringement have caused and will continue to cause irreparable
harm to Finisar unless and until Nistica is enjoined by this Court.

THIRD CLAIM FOR RELIEF

{Infringement of the 7,126,740 Patent)

31.  Finisar incorporates by reference paragraphs 1 through 30 of the Complaint as if
set forth here in full.

32.  Upon information and belief, Nistica has been and is currently directly infringing
one or more claims of the *740 Patent by making, using, offering to sell, and/or selling within the
United States, and/or importing into the United States, without authority, WSS devices,
including, but not limited to, Nistica’s FLEDGE® and FULL FLEDGE? series of products that
include an array of MEMS mirrors for optical switching (the “*740 Infringing Products™).

33. Upon information and belief, upon knowledge of the 740 Patent, Nistica is
contributing to the infringement of, and/or inducing infringement of the *740 Patent by, among
other things, knowingly and with intent, actively encouraging its customers and suppliers to
make, use, sell and/or offer for sale Nistica’s *740 Infringing Products in a manner that
constitutes infringement of one or more claims of the *740 Patent. There are no substantial uses
of the *740 Infringing Products made, used, sold, or offered for sale by Nistica that do not
infringe one or more claims of the *740 Patent.

34.  Asaresult of Nistica’s unlawful infringement of the *740 Patent, Finisar has
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suffered and will continue to suffer damage. Finisar is entitled to recover from Nistica the
damages adequate to compensate for such infringement, which have yet to be determined.

35.  Upon information and belief, any manufacturing, sales, offers for sale, uses, or
importation by Nistica of the *740 Infringing Products reflect a deliberate and conscious decision
to infringe the "740 Patent or, at the very least, a reckless disregard of Finisar’s patent rights.
Nistica’s infringement after that date has been willful and Finisar is entitled to treble damages
and attorneys’ fees and costs incurred in this action, along with prejudgment interest under 35
US.C. §§ 284, 285.

36.  Nistica will continue to infringe the 740 Patent unless and until it is preliminarily
and permanently enjoined by this Court.

37.  Nistica’s acts of infringement have caused and will continue to cause irreparable
harm to Finisar unless and until Nistica is enjoined by this Court.

FOURTH CLAIM FOR RELIEF

(Infringement of the 6,430,328 Patent)

38.  Finisar incorporates by reference paragraphs 1 through 37 of the Complaint as if
set forth here in full.

39.  Upon information and belief, Nistica has been and is currently directly infringing
one or more claims of the *328 Patent by making, using, offering to sell, and/or selling within the
United States, and/or importing into the United States, without authority, WSS devices,
including, but not limited o, devices that include LCOS technology for optical switching (the
“’328 Infringing Products™).

40.  Upon information and belief, upon knowledge of the "328 Patent, Nistica is
contributing to the infringement of, and/or inducing infringement of the *328 Patent by, among
other things, knowingly and with intent, actively encouraging its customers and suppliers to
make, use, sell and/or offer for sale Nistica’s "328 Infringing Products in a manner that
constitutes infringement of one or more claims of the *328 Patent. There are no substantial uses

of the 328 Infringing Products made, used, sold, or offered for sale by Nistica that do not

infringe one or more claims of the *328 Patent.
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41. As aresult of Nistica’s unlawful infringement of the 328 Patent, Finisar has
suffered and will continue to suffer damage. Finisar is entitled to recover from Nistica the
damages adequate to compensate for such infringement, which have yet to be determined.

42, Upon information and belief, any manufacturing, sales, offers for sale, uses, or
importation by Nistica of the *328 Infringing Products reflect a deliberate and conscious decision
to infringe the *328 Patent or, at the very least, a reckless disregard of Finisar’s patent rights.
Nistica’s infringement after that date has been willful and Finisar is entitled to treble damages
and attorneys’ fees and costs incurred in this action, along with prejudgment interest under 35
US.C. §§ 284, 285.

43, Nistica will continue to infringe the ’328 Patent unless and until it is preliminarily
and permanently enjoined by this Court.

44, Nistica’s acts of infringement have caused and will continue to cause irreparable
harm to Finisar unless and until Nistica is enjoined by this Court.

FIFTH CLAIM FOR RELIEF

(Infringement of the 7,092,599 Patent)

45.  Finisar incorporates by reference paragraphs 1 through 44 of the Complaint as if
set forth here in full.

46. Upon information and belief, Nistica has been and is currently directly infringing
one or more claims of the *599 Patent by making, using, offering to sell, and/or selling within the
United States, and/or importing into the United States, without authority, WSS devices,
including, but not limited to, Nistica's FLEDGE®™ and FULL FLEDGE® series of products that
include an array of MEMS mirrors, and/or devices that include LCOS technology, for optical
switching (the “’328 Infringing Products™).

47.  Upon information and belief, upon knowledge of the * 599 Patent, Nistica is
contributing to the infringement of, and/or inducing infringement of the *599 Patent by, among
other things, knowingly and with intent, actively encouraging its customers and suppliers to
make, use, sell and/or offer for sale Nistica’s *599 Infringing Products in a manner that

constitutes infringement of one or more claims of the *599 Patent. There are no substantial uses
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of the 599 Infringing Products made, used, sold, or offered for sale by Nistica that do not
infringe one or more claims of the *599 Patent.

48.  Asaresult of Nistica’s unlawful infringement of the 599 Patent, Finisar has
suffered and will continue to suffer damage. Finisar is entitled to recover from Nistica the
damages adequate to compensate for such infringement, which have yet to be determined.

49.  Upon information and belief, any manufacturing, sales, offers for sale, uses, or
importation by Nistica of the *599 Infringing Products reflect a deliberate and conscious decision
to infringe the *599 Patent or, at the very least, a reckless disregard of Finisar’s patent rights.
Nistica’s infringement after that date has been willful and Finisar is entitled to treble damages
and attorneys’ fees and costs incurred in this action, along with prejudgment interest under 35
U.S.C. §§ 284, 285.

50.  Nistica will continue to infringe the '599 Patent unless and until it is preliminarily
and permanently enjoined by this Court.

51.  Nistica’s acts of infringement have caused and will continue to cause irreparable
harm to Finisar unless and until Nistica is enjoined by this Court.

SIXTH CLAIM FOR RELIEF
{Infringement of the 7,397,980 Patent)

52.  Finisar incorporates by reference paragraphs 1 through 51 of the Complaint as if
set forth here in full.

53.  Upon information and belief, Nistica has been and is currently directly infringing
one or more claims of the 980 Patent by making, using, offering to sell, and/or selling within the
United States, and/or importing into the United States, without authority, WSS devices,
including, but not limited to, devices that include LCOS technology for optical switching (the
“*980 Infringing Products™).

54, Upon information and belief, upon knowledge of the 980 Patent, Nistica is
contributing to the infringement of, and/or inducing infringement of the 980 Patent by, among
other things, knowingly and with intent, actively encouraging its customers and suppliers to

make, use, sell and/or offer for sale Nistica’s *980 Infringing Products in a manner that
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constitutes infringement of one or more claims of the 980 Patent. There are no substantial uses
of the "980 Infringing Products made, used, sold, or offered for sale by Nistica that do not
infringe one or more claims of the *980 Patent.

55. As aresult of Nistica’s unlawful infringement of the 980 Patent, Finisar has
suffered and will continue to suffer damage. Finisar is entitled to recover from Nistica the
damages adequate to compensate for such infringement, which have yet to be determined.

56.  Upon information and belief, any manufacturing, sales, offers for sale, uses, or
importation by Nistica of the *980 Infringing Products reflect a deliberate and conscious decision
to infringe the *980 Patent or, at the very least, a reckless disregard of Finisar’s patent rights.
Nistica’s infringement after that date has been willful and Finisar is entitled to treble damages
and attorneys’ fees and costs incurred in this action, along with prejudgment interest under 35
U.S.C. §§ 284, 285.

57.  Nistica will continue to infringe the 980 Patent unless and until it is preliminarily
and permanently enjoined by this Court.

58.  Nistica’s acts of infringement have caused and will continue to cause irreparable
harm to Finisar unless and until Nistica is enjoined by this Court.

PRAYER FOR RELIEF

WHEREFORE, Finisar prays for a Judgment in favor of Finisar and against Nistica as follows:

(a) That Nistica has directly infringed the "687, 833, *740, *328, *599 and *980 Patents;

(b) That Nistica has indirectly infringed the *687, ’833, 740, *328, *599 and 980 Patents;

(c) That this case is “exceptional” within the meaning of 35 U.S.C. § 285 against Nistica;

(d) An order preliminarily and permanently enjoining Nistica and its affiliates,
subsidiaries, officers, directors, employees, agents, representatives, licensees,
successors, assigns, and all those acting for them and on their behalf, or acting in
concert with them directly or indirectly, from further acts of infringement of the "687,
833, °740, *328, 599 and 980 Patents;

(e) A full accounting for and an award of damages to Finisar for Nistica’s infringement of
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the "687, '833, *740, "328, *599 and ’980 Patents; including enhanced damages
pursuant to 35 U.S.C. § 284, together with pre- and post-judgment interest;

(D) An award of Finisar’s reasonable attorneys’ fees, expenses, and costs; and

(g) A grant of such other and further equitable or legal relief as this Court deems proper.

Dated: July 17, 2013 WEIL, GOTSHAL & MANGES LLP

CHRISTOPHER J, COX

Attorneys for Plaintiff
FINISAR CORPORATION

Of Counsel:

DAVID C. RADULESCU (to be admitted pro hac vice)
TIGRAN VARDANIAN (to be admitted pro hac vice)
GREGORY 5. MASKEL (to be admitted pro hac vice)
RADULESCU LLP

136 Madison Avenue, 6th Floor

New York, NY 10016
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DEMAND FOR JURY TRIAL

Plaintiff hereby demands a jury trial on all issues so triable under the laws as provide by

Rule 38(b) of the Federal Rules of Civil Procedure.
Dated: July 17, 2013 WEIL, GOTSHAL & MANGES LLP

CHRISTOPHER J. COX

Attorneys for Plaintiff
FINISAR CORPORATION

Of Counsel:

DAVID C. RADULESCU (to be admitted pro hac vice)
TIGRAN VARDANIAN (to be admitted pro hac vice)
GREGORY S. MASKEL (to be admitted pro hac vice)
RADULESCU LLP

136 Madison Avenue, 6th Floor

New York, NY 10016
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a2 United States Patent

Moon et al.

US006956687B2

(10) Patent No.:
5) Date of Patent:

US 6,956,687 B2
Oct. 18, 2005

(54) OPTICAL BLOCKING FILTER HAVING AN
ARRAY OF MICRO-MIRRORS

(75) Inventors: John A. Moon, Wallingford, CT (US),
Alan D. Kersey, Glastonbury, CT (US);
James S. Sirkis, Wallingford, CT (US),
James R. Dunphy, Glastonbury, CT
(US); Joseph Pinto, Wallingford, CT
(US); Paul Szczepanek, Middletown,
CT (US); Michael A. Davis,
Glastonbury, CT (US); Martin A.
Putnam, Cheshire, CT (US)

signee: Ci orporation, Wallingford,
73) Assig CiDRA Corp i Wallingford, CT
(US)
otice: ubject to any disclaimer, the term of this
* Noti Subj y disclai h f thi
patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days.

(21) Appl. No.: 10/327,695

(22) Filed:  Dec. 19, 2002

(65) Prior Publication Data
US 2003/0184843 Al Oct. 2, 2003

Related U.S. Application Data

(63) Continuation-in-part of application No. 10/120,617, filed on
Apr. 11, 2002, now abandoned, which is a continuation-in-
part of application No. 10/115,647, filed on Apr. 3, 2002.

(60) Provisional application No. 60/365,741, filed on Mar. 18,
2002, provisional application No. 60/365,461, filed on Mar.
18, 2002, provisional application No. 60/332,319, filed on
Nov. 16, 2001, provisional application No. 60/332,318, filed
on Nov. 16, 2001, provisional application No. 60/311,002,
filed on Aug. 8, 2001, provisional application No. 60/283,
197, filed on Apr. 11, 2001, and provisional application No.
60/281,079, filed on Apr. 3, 2001.

(51) Int. CL7 .o, GO02B 26/00;, GO2B 26/08
(52) US.CL oo 359/223; 359/224; 359/290;
359/291; 385/16; 385/39; 398/45; 398/83;

308/85

(58) Field of Search ............cccccovveeiene. 359/571-573,
359/900, 290-292, 395, 297, 298, 301-302,

315, 318, 320, 223, 850, 872, 224, 308,

618, 629, 634, 639; 398/45, 49, 51, 54,

83, 85, 87-88, 79, 81; 385/33, 31, 39, 1-3,

15-18, 11, 24

(56) References Cited
U.S. PATENT DOCUMENTS
4,626,066 A 12/1986 Levinson .................... 385/22
4,799,795 A 1/1989 Fateley .....ccccevvvvnnnnnn. 356/310
4,819,084 A 4/1989 Bark .......ccocooviiiiinins 358/296
(Continued)

OTHER PUBLICATIONS

Texas Instruments, U.S. Appl. No. 60/250,520, filed Nov.
30, 2000, Ref. from Publication No. 2002/0081070, Tew.

(Continued)

Primary Examiner—Hung Xuan Dang
Assistant Examiner—Joseph Martinez

(7) ABSTRACT

A reconfigurable optical blocking filter deletes a desired
optical channel(s) from an optical WDM input signal, and
includes a spatial light modulator having a micro-mirror
device with a two-dimensional array of micro-mirrors that
tilt between first and second positions in a “digital” fashion
in response to a control signal provided by a controller in
accordance with a switching algorithm and an input com-
mand. A collimators, diffraction grating, and Fourier lens,
collectively collimate, separate and focus the optical input
channels onto the array of micro-mirrors. The optical chan-
nel is focused on the micro-mirrors onto a plurality of
micro-mirrors of the micro-mirror device, which effectively
pixelates the optical channels. To delete an input channel of
the optical input signal, micro-mirrors associated with each
desired input channel are tilted to reflect the desired input
channel away from the return path.

51 Claims, 30 Drawing Sheets




US 6,956,687 B2
Page 2

U.S. PATENT DOCUMENTS

5,121,239 A 6/1992 Post ...coevenieiiiinninenne. 352/272
5,158,420 A 10/1992 Weyer .....cccccvevevenennn. 414/694
5,166,766 A 11/1992 Grudkowski et al. ......... 257/15
5504575 A 4/1996 Stafford .........c.ocoo..... 356/330
5,699,462 A 12/1997 Fouquet et al. ... 385/18
5,729,386 A 3/1998 Hwang ........... .. 359/618
5,774,604 A 6/1998 McDonald ......c.eeuvennnnn. 385/18
5,915,063 A 6/1999 Colbourne et al. ......... 385/140
6,128,077 A 10/2000 Jovin et al. .....ceeueenenne. 356/310
6,160,928 A 12/2000 Schroeder ....... ... 385/18
6,204,946 B1 * 3/2001 Aksyuk et al. ................ 398/9
6,222,954 B1 * 4/2001 Riza ............... ... 385/18
6,246,818 Bl 6/2001 Fukushima ..... ... 385/47
6,263,127 B1 7/2001 Dragone et al. .... ... 385/24
6,434,291 B1 8/2002 Kessler et al. .. ... 385/24
6,459,484 B1  10/2002 Yokoi .......... .. 356/318
6,525,863 Bl 2/2003 RiZa ceeevevveevrenrvnenneennnn, 359/290
6,636,654 B2 * 10/2003 McGuite, Jr. ..ovveveern.. 385/17
6,647,164 Bl * 11/2003 Weaver et al. ................ 385/16
6,661,948 B2 * 12/2003 Wilde ...ccovvvenernreneenenees 385/24

2001/0046350 Al
2002/0009257 Al
2002/0081070 Al

OTHER PUBLICATIONS

11/2001 Tedesco
1/2002 Bouevitch et al.
6/2002 Tew

S. Yuan et al., “General Formula for Coupling—loss Char-
acterization of Single-Mode Fiber Collimators by Use of
Gradient-Index Rod Lenses, Applied Optics”, vol. 38. No.
15, May 20, 1999, pp. 3214-3222.

N. Riza, “Reconfigurable Optical Wireless”, IEEE Lasers
and Electro—Optics Society 1999 Annual Meeting, vol. 1,
pp. 70-71.

N. Riza et al., “Digitally Controlled Fault—Tolerant Multi-
wavelength Programmable Fiber—Optic Attenuator Using a
Two—Dimensional Digital Micromirror Device”, 1999 Opti-
cal Society of America.

N. Riza et al.,, “Multiwavelength Three Dimensional 2x2
Fiber—Optic Switch Structure Using Small Tilt Micro—-Mir-
rors”, SPIE vol. 3749, pps 470-471.

G. Love, “Liquid—crystal Phase Modulator For Unpolarized
Light”, Applied Optics, vol. 32, No. 13, May 1, 1994, pps
2222-2223.

N. Riza et al., “Synchronous Amplitude and Time Control
for an Optimum Dynamic Range Variable Photonic Delay
Line”, Applied Optics, vol. 38, No. 11, Apr. 10, 1999,
2309-2318.

N. Riza et al., “Robust Packaging of Photonic RF Modules
Using Ultra—Thin Adaptive Optical Interconnect Devices”,
SPIE vol. 3160, pps. 170-176.

N. Riza et al., “Demonstration of a Liquid—crystal adaptive
alignment tweeker for high—speed Infrared Band Fiber—Fed
Free—space Systems”, Opt. Eng. 37(6), Jun. 1998,
1876-1880.

M. D. Johnson et al., “Two—axis Micromirror Scanner”,
SPIE vol. 3787, Jul. 1999, pps. 88-95.

H. Laor et al., “Performance of a 576x576 Optical Cross
Connect”, National Fiber Optic Engineers Conference, Sep.
26-30, 1999, pps. 276-281.

* cited by examiner



U.S. Patent Oct. 18, 2005 Sheet 1 of 30 US 6,956,687 B2




US 6,956,687 B2

Sheet 2 of 30

Oct. 18, 2005

U.S. Patent

v8

.....

S =
e

94 ob

£ by

L&_~0L+c_0.u

{5

L

T
IY

l

bl

3
,..(
ﬂ.ﬂ/ﬁ ]

5 Y v v Y v 23
PO 9O090090900

ot

: |

HH
44

THHHH

I




U.S. Patent Oct. 18, 2005 Sheet 3 of 30 US 6,956,687 B2

A B
mz S — >
R
& LA o B o A »
> e ¥® I >
e
gt | N
- Iy
1‘ lf‘J {A Jr’ LL LI:O__)
v.— H
3o
r"e ; ] A
B w0
: U &
o~ <O ; G-
® o :
\ <—L_ > E v
b v 1 1T 17 u\/_
R N (‘1 )
S5 -
g;; (g o
A—'q_k‘ s ‘\A {k

F\g 4 o

-~ ¢ R \(“
ct

94




U.S. Patent Oct. 18, 2005 Sheet 4 of 30 US 6,956,687 B2

M
4
H

|||||||

||||||||

T

46

Q
Ny
. >
I‘ ~
N
B -
' LW
o3 —
X PN e 0
-« > O
v
S — Y
PP < L
: S
Meertf
ﬂ”r
©
\ AN H
b i
it HE
\ P’\
<<
RS i
L \ —
e
X0
. 8
Throrft 13
HHTHY R




U.S. Patent Oct. 18, 2005 Sheet 5 of 30 US 6,956,687 B2

180
2

W Wy T
P REY 1T

Mo

30
0

samk

Fig. 7

84

Con\’rOH&f

/s

/
100

.
o

\4
i

A

881
|



U.S. Patent

Oct. 18, 2005 Sheet 6 of 30 US 6,956,687 B2
D
D
SE
S

ag”

11O




U.S. Patent Oct. 18, 2005 Sheet 7 of 30 US 6,956,687 B2




US 6,956,687 B2

Sheet 8 of 30

Oct. 18, 2005

U.S. Patent

Frep——y IGRas: 1 e ne TITT T f LT LTI TTTY
aneznana; msne + o mwma o, 1 madnman: 1 T
o T T 1 o, I T T 1 e
‘ 1 Y : 1 t 1 I e imaan
Py aa; Py £} 1 g vy g 'y R N e
. — peel ot — oty Dodgd . -t -4 -4 - as pafed !.i.ﬂ . - anslan o - - = gy et - ¢!
— 3 B b oo Qeanajea - = e ] N S M= 5T T = =nsfiem wallcansRacn @ asoflios gaaniRa
- - P ] - 3 = B - oy undgan nafliansflenn d2ssfiassfenau: e
o - e P - = e audien - . HH S R » wusficn nelian: = B B Ju
=y ™ M = - - =y - - - S - Ve Pt pmt 'n l“l Jutind - -
| Y - - 4 s s m1 oy - ® - - b - by us p—t gy = - . ot
, lu - et - - = - - - b - g - - bt s -
! e ue il ne. H BB - B a 5 B e BN OB o
pr B H H e l's - — San i e g H H =~ M B R
- a - - - et am g e - s
e BE m - e - = - A B H R
T e . -4 - - - o M 2 B H —
R a = rasiiea. = B O H
s . - - o B e - 2=
=S - - - = o=
o - = ‘ i | ey
T » + - M
T ﬂ s - r~r s e
= . a
{ 1 Y -y o
is = g 5 s
- = =
T - o
T - u:
hat - 0
{ . -
- o
an. - ».
T M -
r H =
M =
o = =
- -
B 3
Nw.
{ - b
{ o b
! s
) B
; =
joaas =
; =
) jas. T.
T
B I
o
™ L
9 s prma
4 |
" = : !
. " L
H s
= . w |
” | = o 2
= = H - .
sas) e - H X
: sl =g == .
-1 n = - | $pmd -
- = 0 [ — .a .
y ] o P = B ou
s = =2 as o ER B 32 I
=a. — = e B M = H = = aen
— ool conlaasfansfans NisusNenni Ban mw -
masfiss A B A B AR SR A R A 2 2 =
= anfom maiianafomonjoanfeunYoannansilnan - on e vt
by »y b e - —— -4 o -
. T s T 1 t T 1
by < — T L —r. » s < LT 1 — ———
3 T T  mana; isasaa 2 Tt I rrr—t
T oat : > jeanval T - o e ool




US 6,956,687 B2

Sheet 9 of 30

Oct. 18, 2005

U.S. Patent

IR

] A9 0NLiNMO
U” i i
mmw i @v \)‘w 0 / ﬁ\ 0l ﬁ
. L8 ool Qi 0
- b ' rd hs ] 1 e H H T
1 y ) & 1 1 A -
+ ) 4 + oS ¥ - + 1 [ - n - - f gt
s »e i o
- » 4
:
e :
—_— (1% B
smm p B8 ted b €0
> Bam B g amm H
=ty sl pp-teg "
1 ans H -4
»| - @ & -
Ll —mm-
| et
o et
[]
9|
nRes
9
: H
] [1]08 Sue
3] [ ]9 sas
L]
]
pped 1]
+t =311 ety
1 . H-H
+ H b= -
e -8 -
o o8 e
- et
i = HH
o {
““ tl fectentend
P+ [l gt
=gy~ - pid
- »l
= 9
N ettt @ B30 8 8
*L el etam o
» »| " en
B0 iB 8 B - T
- . (s 11 poried 11
s sa s s se s
B =as
11 Gt
bl peed 11
e fuaduudiey e am e Jupd ” prfuged
" sew - ann 2 mmal . b H san
B fSsiEiissss s HH 1238 $
, 5 iR H H
N \\\\l «a auussiade 1
¥
H
-d asm - u
- - - - - - =
* - + - 4 L] .. - -
ittt = x T 1+ aas T ~e . on H 1 == M
aesase: sases: 2o iz R e HH

b8 | -~



U.S. Patent Oct. 18, 2005 Sheet 10 of 30 US 6,956,687 B2

200

o

tliceoc ¢ 1Q dcg

Laadiag Tag Sutisicate

F}S. \2' ({)r‘io/- AF*‘)




US 6,956,687 B2

Sheet 11 of 30

Oct. 18, 2005

U.S. Patent

It

vb

Ll

!




US 6,956,687 B2

Sheet 12 of 30

Oct. 18, 2005

U.S. Patent




U.S. Patent Oct. 18, 2005 Sheet 13 of 30 US 6,956,687 B2

N,
Y
4
VY

A AN AN A X
SRR EXSAIKAKERS
90505620202 % %% \ﬁ&”&“&%ﬁ%/
002020 20 00 Y. 2020002020205 %
‘%’3@%@%&% 5%%%%%%%%%
o ,0,0“,0,::00000000

KRR
RS
S RIS
CRELHHES

LK
RIIIRRERKS?
00‘:::‘:”:::::::::::‘ 2020 0% % %%
S LR
000050205070 %0 2020 %Y 2 96 %0 %% %6 0% % % %
00000262 202020 2 2 S I %6 %9620 % %% %
020202050 %0 %% %0 %% Pe%020% %% %%
0 000020202020 2020 5 N e %0 5650 % % %
IR IAEILKRRELRELSS
0000020 200002020 %0 20 25729096 %096 %% %
05020 70%0% %202 %%/ 22969%%%0%%6%
LRI 5 JIRXRXRS
LRI 0%
0205000002020 20 2 N 4245 %% %% %%
0202050200202 20 S N %6 % %% % %%
I,
aa@gwﬁaaaaﬂ||.vkuwww~v

GIRLIRRIRKS
SORERIEIK

&
RS

%
05005020 0 % %% SRS
*ﬂ%w%%%%%%ﬁnvé%%%%%%%%%
CRRRHRRLLRK S T RREKLRIKHKS
19070505020 %0%6 6% % T 196 %% %% % % %
2030702076 % 70 %% % P %030 %0 %% %%
0202 %0 % %% %0 %% %, 630% %26 % %%
RS = SRS
RRERERERERR TR
020 % %0 %% % %% %% RIS
QREEKLRERELEEG L RESISIREEEKS
SRR PRI
103020307626 20% U %% % e %% % %%
%05 0%0% % % % %%
&qupqpqpqp

.0

8t

L
% 3
8 %
(ORRRHRRIRIRRKS
KRR




> o— —

US 6,956,687 B2

|
1
“
»
|
H
_
_‘
18¥ "\ anty
.
I
|
!
|
_

M . 0Ty~ ﬂ> 3y
" .N_.vL Bty
g
=
i b
3T 22
7] \ ﬂ ' “mv
£ ) ‘ B
Sk ‘  —
% / ‘ mw
S ot | wm

U.S. Patent
\
|
l
|
|
n



U.S. Patent Oct. 18, 2005 Sheet 15 of 30 US 6,956,687 B2

O O N 00 2% %%
RN
000 00 208 %% 0% %0207 %0 % %0 %
R IIRISER IR IEAG KK
T oo T T el

i .v"f&": "‘,\1,,,.,"‘%@ RN ’
TSP oo

RS e
\R RS N 1%

A

7
.
=
‘:”:: :
e
K

1
X5
oY
&
e
‘%{b‘«h ARs
w%,; P
%
0t
D
T
44 )5

% U e
200050005 0.0.0 S0, 80080%8
N RS RRIPETREK

ELLAHINRILINLRR)
SR RILIAIRLRALHLRKS

87

Fig, 18

Controller ™

= v e %% e e %
U R ERIRIRARES
RRIFRRILILRL R
LR RIIARERRRK
Bt sses
SRR IEERAXKAKKS
I

R Rl I

~

firers —>



US 6,956,687 B2

Sheet 16 of 30

Oct. 18, 2005

U.S. Patent

b by

Or\/.
o A2l 0a4MeT)
\I\.; _
7 s Ry _l:,,,»_ |
Y4 W/
)\ﬁﬁ .
57
MY
iy )
@ A
N S 0.6
<] 7 > \,. Bt &5 o
e .

(
g
— Tyl
b 1 ¥

l\f

— Cuz__.w

)/m

38




US 6,956,687 B2

Sheet 17 of 30

Oct. 18, 2005

Controller

Wl“ ~,—--M IEASSSCONNEENENAFSS IS EEBERRAS 0NN D
: S R T
st ERER -
o HiEs P :
a8 [ sat: g m 3 qY 1
j@n - =l v
= sttt e i, o
& SHE T : I
i m” ! i j : nqq.w b T
-4 - . ] e “ L] HH M
e v v “ sesny \ . oevun
e “ .- J'- k r 1] 1
Pt 1 atirey 1 i [ e
sttt Hiis HHH e it ,I
8= ne - i H HHT
o= «m m“ Ink i e, ..x“ .y ' f e I-WA“"
mm seseas nW. au a7 m HHUH It
um H T - it H . sEsee oy
St it HERE G
R S SR S I SR
f .\vu of FHA HHE I
Y U i HHHHHH
11ty ve M v HHH 4 4
s o] .?{... : Hﬂ..:m 1t P HH Gl
o mt H -"m ux}, =un m...__.. ; HH ..w_um m“hl
i U i SHEH : i
s HH oY ! i T
EEih e s L S
Aﬂ nu“ 1) » "u me e u « "u u u
- " » - lh H H (3131 “ *
3 -.- quﬁﬁ MW‘M! asp’ 2w » ‘r M ;i . ol
Hannling H u B
(i s ssen " suss
mu -: lbum #M‘L ol ; uyl 3 ) o) H v
eI S : T
b= R dh sl it e !
g u i
- 0 sirlusnn 5e
S e By
e HE L HHHEE i H
= R i i

U.S. Patent

Al
i
A
14
A

l‘1‘ ~—

A

H
e

n—H




US 6,956,687 B2

Sheet 18 of 30

Oct. 18, 2005

U.S. Patent

61

005

e

7 o1y _
wmf./&,
]
It "
— “Mm
ﬁ g
| \Wﬂn
AP
i s
r~ F
2w S |
Sl {
18




U.S. Patent Oct. 18, 2005

=S

N

) 7

Sheet 19 of 30

i

TSI 00
O R RIILS
SRR LR
202020 e 20 e %0 2% %%
5 PRI RERLEIIK K
L BRI
QSRILIARN o3
RS0 s 0000 v 00
BN s
AR R0
e o 5
3 RERATIERATIHK LR
NRERRARLIARELIIRIREKS

X5

o DRSX

y DO RIS
OXIOCHERSE
OO HBRbd
Pedede &

X

SLRLAKK

(SN

2SRERASIERS
LIRS
IRLRRLIRES
SRR
2 PRRINIXK)

SRRRRISES
NI
o
2 | RIS AR
Y RESSOTFOPRS

S

K

<Q
030308
3
9%
XX
LERHRRA

SRR
| RSRSSREALLSAKS
BRI

S
S

Q
<0

%
R

<>
LLY
IRK

5
5

258
%

Q&

%

— 2\

US 6,956,687 B2

94
2 46

&)

87

[~
k

22

Contro ler




U.S. Patent Oct. 18, 2005 Sheet 20 of 30 US 6,956,687 B2

Slo




U.S. Patent Oct. 18, 2005 Sheet 21 of 30 US 6,956,687 B2

§06

F}g» 24




U.S. Patent

Powe, (0(8)

Fam/éf C(j 6)

Oct. 18, 2005 Sheet 22 of 30 US 6,956,687 B2

v

Wave le v\:.)’f'l\ (_n m)

660

A4



US 6,956,687 B2

Sheet 23 of 30

Oct. 18, 2005

U.S. Patent

> \’W rnv\._\r\_O\v
V4
-
SR |
vy 7 O o B W W W W W ] 7o Y e e
SRR ) S H H B
byt et i J - {and (-t - - bt g - - | badennd pesed hepeete1
oo e O O O O s O v e e mu i
memmmmmmmmu mmwmmﬁ
1 Juni N umigg \HxJ mnlanalannly; T i H(r- ]

\,.\« 00l

00§



U.S. Patent Oct. 18, 2005

Sheet 24 of 30

US 6,956,687 B2

700

S
~d
bl .
3 5
o e
ﬁ-
>
™~
x|
~N 3 3
) * ~»
=~ N — “"\j




U.S. Patent

Oct. 18, 2005

Sheet 25 of 30

GRS

OO0 ST SO 02050 9202020
000080 1
SRR X e A <)
ododete i 2050000
000 e e
SEISEGRTILICT XN
G ISR

US 6,956,687 B2

N0

O
LK 00::’0’:00
GRS

U N
‘—‘q—"&t ~ E

Controller
F.CJ 29




US 6,956,687 B2

Sheet 26 of 30

Oct. 18, 2005

U.S. Patent




U.S. Patent Oct. 18, 2005 Sheet 27 of 30 US 6,956,687 B2




U.S. Patent Oct. 18, 2005 Sheet 28 of 30 US 6,956,687 B2




U.S. Patent Oct. 18, 2005 Sheet 29 of 30 US 6,956,687 B2




US 6,956,687 B2

Sheet 30 of 30

Oct. 18, 2005

U.S. Patent




US 6,956,687 B2

1

OPTICAL BLOCKING FILTER HAVING AN
ARRAY OF MICRO-MIRRORS

CROSS REFERENCE TO RELATED
APPLICATIONS

This patent claims the benefit to U.S. Provisional Patent
Application Ser. No. 60/332,318, filed Nov. 16, 2001, and is
a continuation-in-part of U.S. patent application Ser. No.
10/115,647, filed Apr. 3, 2002, which claims the benefit of
U.S. Provisional Patent Application Ser. No. 60/281,079,
filed Apr. 3, 2001; U.S. Provisional Patent Application Ser.
No. 60/311,002, filed Aug. 8, 2001; U.S. Provisional Patent
Application Ser. No. 60/332,319, filed Nov. 16, 2001; U.S.
Provisional Patent Application Ser. No. 60/365,741, filed
Mar. 18, 2002; and U.S. Provisional Patent Application Ser.
No. 60/365,461, filed Mar. 18, 2002; and is a continuation-
in-part of U.S. patent application Ser. No. 10/120,617, filed
Apr. 11, 2002, now abandoned, which claims the benefit of
U.S. Provisional Patent Application Ser. No. 60/283,197, all
of which are incorporated herein by reference in their
entirety.

BACKGROUND OF THE INVENTION

1. Technical Field

The present invention relates to a tunable optical filter,
and more particularly to a dynamic optical filter, such as a
reconfigurable blocking filter having a multi-dimensional
array of micromirrors to selectively delete individual chan-
nels within a wavelength division multiplexed (WDM)
optical signal.

2. Description of Related Art

MEMS micro-mirrors have been widely explored and
used for optical switching and attenuation applications. The
most commonly used application is for optical cross-connect
switching. In most cases, individual micro-mirror elements
are used to ‘steer’ a beam (i.e., an optical channel) to a
switched port or to deflect the beam to provide attenuation
on a channel-by-channel basis. Each system is designed for
a particular ‘wavelength plan’ —e.g. “X” number of chan-
nels at a spacing “Y”, and therefore each system is not
‘scalable’ to other wavelength plans.

Further, dynamic gain equalization (or “flattening”) is a
critical technology for deployment of next-generation opti-
cal network systems. Dynamic gain equalizing filters
(DGEF’s ) function by adding varying amounts of attenu-
ation at different spectral locations in the signal spectrum of
optical fiber communication systems. For instance, a DGEF
may be designed to operate in the “C-band” (~1530-1565
nm) of the communication spectrum that is capable of
selectively attenuating spectrally concatenated “bands” of
some preselected spectral width (e.g., 3 nm). The total
number of bands within the DGEF is determined by the
width of an individual band.

In the networking systems, it is often necessary to route
different channels (i.e., wavelengths) between one fiber and
another using a reconfigurable optical add/drop multiplexer
(ROADM) and/or an optical cross-connect device. Many
technologies can be used to accomplish this purpose, such as
Bragg gratings or other wavelength selective filters.

One disadvantage of Bragg grating technology is that it
requires many discrete gratings and/or switches, which
makes a 40 or 80 channel device quite expensive. A better
alternative would be to use techniques well known in
spectroscopy to spatially separate different wavelengths or
channels using bulk diffraction grating technology. For
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example, each channel of an ROADM is provided to a
different location on a generic micro-electro-mechanical
system (MEMS) device. The MEMs device is composed of
a series of tilting mirrors, where each discrete channel hits
near the center of a respective mirror and does not hit the
edges. In other words, one optical channel reflects off a
single respective mirror.

One issue with the above optical MEMs device is that it
is not “channel plan independent”. In other words, each
MEMs device is limited to the channel spacing (or channel
plan) originally provide. Another concern is that if the
absolute value of a channel wavelength changes, a respec-
tive optical signal may begin to hit an edge of a correspond-
ing mirror leading to large diffraction losses. Further, since
each channel is aligned to an individual mirror, the device
must be carefully adjusted during manufacturing and kept in
alignment when operated through its full temperature range
in the field.

It would be advantageous to provide an optical blocking
filter that mitigates the above problems by using an array of
MICro-Mirrors.

SUMMARY OF THE INVENTION

An object of the present invention is to provide a pixilated
optical blocking filter having a spatial light modulator that
includes a micro-mirror device having an array of micro-
mirrors, wherein a plurality of micro-mirrors, actuated in
concert, eliminates a selected channel, a specified selection
of channels, or selected bands of channels by deflecting the
light beam constituting the optical channels away from the
return path. The present invention effectively meets the
requirements of a blocking filter by eliminating all
(attenuation greater than —45 Db) the power of the selected
channel or channels while transmitting the remaining chan-
nels virtually unaffected (minimum insertion loss and flat,
within a fraction of a Db, pass bands). The pixilated filter
configuration advantageously permits the optical filter to be
reconfigurable by changing a filtering algorithm that drives
the micromirrors to effect both the channel position, channel
bandwidth, and band pass profile without changing any
hardware or configuration.

In accordance with an embodiment of the present
invention, a blocking filter includes a first collimator that
collimates an optical input signal. The optical input signal
comprises a plurality of optical input channels, each of
which are centered at a central wavelength. A first light
dispersion element substantially separates the optical input
channels of the collimated optical input signal. A spatial
light modulator reflects each separated optical input channel
along a respective first optical path or second optical path in
response to a control signal. The spatial light modulator
includes a micro-mirror device that has an array of micro-
mirrors selectively disposable between a first and a second
position in response to the control signal. Each separated
optical input channel is incident on a respective group of
micro-mirrors. Each respective separated optical input chan-
nel reflects along the respective first optical path when the
micro-mirrors are disposed in the first position, or along the
respective second optical path when the micro-mirrors are
disposed in the second position. A controller generates the
control signal in accordance with a switching algorithm.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawing includes the following Figures:

FIG. 1 is a top plan view of an optical blocking filter
including a spatial light modulator in accordance with the
present invention;
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FIG. 2 is a side elevational view of the optical blocking
filter of FIG. 1,

FIG. 3 is a front view of a spatial light modulator of the
optical blocking filter of FIG. 1 having a micro-mirror
device, wherein the optical channels of a WDM input signal
are distinctly projected onto the micro-mirror device, in
accordance with the present invention;

FIG. 4a is a pictorial cross-sectional view of the micro-
mirror device of FIG. 3 showing a partial row of micro-
mirrors, when the micro-mirrors are disposed in a first
position perpendicular to the light beam of the input signal
in accordance with the present invention;

FIG. 4b is a pictorial cross-sectional view of the micro-
mirror device of FIG. 3 showing a partial row of micro-
mirrors, when the micro-mirrors are disposed in a second
position non-orthogonal to the light beam of the input signal
in accordance with the present invention;

FIG. 5 is a front view of a micro-mirror of the micro-
mirror device of FIG. 3 in accordance with the present
invention;

FIG. 6 is a front view of a spatial light modulator of the
optical blocking filter of FIG. 1 having a micro-mirror
device, wherein the optical channels of a WDM input signal
are distinctly projected onto the micro-mirror device, in
accordance with the present invention;

FIG. 7 is a front view of a spatial light modulator of the
optical blocking filter of FIG. 3, wherein groups of micro-
mirrors are tilted to select/filter an optical channel from the
WDM input signal, in accordance with the present inven-
tion;

FIG. 8 is a top plan view of another embodiment of an
optical blocking filter including a spatial light modulator, in
accordance with the present invention;

FIG. 9 is a top plan view of another embodiment of an
optical blocking filter including a spatial light modulator, in
accordance with the present invention.

FIG. 10 is a front view of a spatial light modulator of the
optical blocking filter of FIG. 9 having a micro-mirror
device, wherein the optical channels of a WDM input signal
are distinctly projected onto the micro-mirror device, in
accordance with the present invention;

FIG. 11 is a front view of a spatial light modulator of the
optical blocking filter of FIG. 9, wherein groups of micro-
mirrors are tilted to select/filter an optical channel from the
WDM input signal, in accordance with the present inven-
tion;

FIG. 12 is a perspective view of a portion of a known
micro-mirror device;

FIG. 13 is a plan view of a micro-mirror of the micro-
mirror device of FIG. 12;

FIG. 144 is a pictorial cross-sectional view of the micro-
mirror device of FIG. 12 showing a partial row of micro-
mirrors, when the micro-mirror surfaces are disposed in a
first position orthogonal to the light beam of the input signal
in accordance with the present invention;

FIG. 14b is a pictorial cross-sectional view of the micro-
mirror device of FIG. 12 showing a partial row of micro-
mirrors, when the micro-mirror surfaces are disposed in a
second position perpendicular to the light beam of the input
signal in accordance with the present invention;

FIG. 15 is a pictorial cross-sectional view of the micro-
mirror device of FIG. 12 disposed at a predetermined angle
in accordance with the present invention;

FIG. 16 is an expanded front view of the micromirror
device of the spatial light modulator of FIG. 15, wherein the
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optical channels of a WDM input signal are distinctly
projected onto the micro-mirror device, in accordance with
the present invention;

FIG. 17 is a top plan view of another embodiment of an
optical blocking filter including a plurality of blocking filters
using a single spatial light modulator, in accordance with the
present invention;

FIG. 18 is a front view of the spatial light modulator of the
optical blocking filter of FIG. 17, wherein the optical
channels of a plurality of WDM input signals are distinctly
projected onto the micro-mirror device, in accordance with
the present invention;

FIG. 19 is a front view of the spatial light modulator of the
optical blocking filter of FIG. 17, wherein the optical
channels of a plurality of WDM input signals are distinctly
projected onto the micro-mirror device, in accordance with
the present invention;

FIG. 20 is a front view of a spatial light modulator of the
optical blocking filter of FIG. 17, wherein groups of micro-
mirrors are tilted to select respective input channels from the
plurality of WDM input signals, in accordance with the
present invention;

FIG. 21 is a top plan view of a dual pass optical blocking
filter including a spatial light modulator, in accordance with
the present invention;

FIG. 22 is a front view of the spatial light modulator of the
optical blocking filter of FIG. 21, wherein the optical
channels of a plurality of WDM input signals are distinctly
projected onto the micro-mirror device, in accordance with
the present invention;

FIG. 23 is a top plan view of another embodiment of a
blocking filter including a spatial light modulator, in accor-
dance with the present invention;

FIG. 24 is a top plan view of another embodiment of an
optical blocking filter including a spatial light modulator, in
accordance with the present invention;

FIG. 25 is a plot of the filter function of the micromirror
device of FIG. 16 disposed in a diagonal orientation;

FIG. 26 is a plot of the filter function of the micromirror
device of FIG. 16 disposed in a orthogonal orientation;

FIG. 27 is a front view of the spatial light modulator of the
optical blocking filter, wherein the optical channels of a
plurality of WDM input signals are distinctly projected onto
the micro-mirror device, in accordance with the present
invention;

FIG. 28 is a block diagram of another embodiment of a
blocking filter including a spatial light modulator, in accor-
dance with the present invention; and

FIG. 29 is a front view of the spatial light modulator of the
optical blocking filter of FIG. 28, wherein the optical
channels of a plurality of WDM input signals are distinctly
projected onto the micro-mirror device, in accordance with
the present invention;

FIG. 30 shows an alternative embodiment of an optical
channel monitor one or more optic devices for minimizing
polarization dispersion loss (PDL);

FIG. 31 shows an embodiment of a channel monitor
having a chisel prism in accordance with the present inven-
tion;

FIG. 32 shows an alternative embodiment of a channel
monitor having a chisel prism in accordance with the present
invention;

FIG. 33 shows an alternative embodiment of a channel
monitor having a chisel prism in accordance with the present
invention; and
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FIG. 34 is side elevational view of a portion of the optical
channel filter of FIG. 33.

DETAILED DESCRIPTION OF THE
INVENTION

Referring to FIGS. 1-3, an optical blocking filter, gener-
ally shown as 10, deletes at least one desired optical channel
14 of light (i.e., a wavelength band) from an optical WDM
input signal 12. Each of the optical channels 14 (see FIG. 3)
of the input signal 12 is centered at a respective channel
wavelength (Aq, Ay, As, - . .5 Ay)

FIG. 1is a top plan view of the blocking filter 10. To better
understand the blocking filter 10 of FIG. 1, a side elevational
view of the blocking filter is illustrated in FIG. 2. As shown
in FIG. 2, the optics of the blocking filter 10 is disposed in
two tiers or horizontal planes. Specifically, the blocking
filter includes a three-port circulator 18, an optical fiber or
pigtail 20, a collimator 22, a light dispersive element 24, a
mirror 26, and a bulk lens 28 for directing light to and from
a spatial light modulator 30. As shown, the pigtail 20, the
collimator 22 and the light dispersive element 24 are dis-
posed in a first tier or horizontal plane. The mirror 26, bulk
lens 28 and the spatial light modulator 30 are disposed in the
second tier or second horizontal plane which is substantially
parallel to the first horizontal plane.

Referring to FIGS. 1 and 2, the three-port circulator 18
directs light from a first port 32 to a second port 33 and from
the second port to a third port 34. The optical fiber or pigtail
20 is optically connected to the second port of the circulator
18. A capillary tube 36, which may be formed of glass, is
attached to one end of the pigtail 20 such as by epoxying or
collapsing the tube onto the pigtail. The circulator 18 at the
first port 32 receives the WDM input signal 12 tapped from
an optical network (not shown) via optical fiber 38, and
directs the input light to the pigtail 20. The input signal 12
exits the pigtail (into free space) and passes through the
collimator 22, which collimates the input signal. The colli-
mator 22 may be an aspherical lens, an achromatic lens, a
doublet, a GRIN lens, a laser diode doublet or similar
collimating lens. The collimated input signal 40 is incident
on the light dispersion element 24 (e.g., a diffraction grating
or a prism), which separates spatially the optical channels of
the collimated input signal 40 by diffracting or dispersing the
light from (or through) the light dispersion element.

In one embodiment, the diffraction grating 24 comprises
a blank of polished fused silica or glass with a reflective
coating (such as evaporated gold or aluminum), wherein a
plurality of grooves 42 (or lines) are etched, ruled or
otherwise formed in the coating. The diffractive grating 24
has a predetermined number of lines, such as 600 lines/mm,
850 lines/mm and 1200 lines/mm. The resolution of the
blocking filter improves as the number of lines/mm in the
grating increases. The grating 24 may be similar to those
manufactured by Thermo RGL, part number 3325FS-660
and by Optometrics, part number 3-9601. Alternatively, the
diffraction grating may be formed using holographic
techniques, as is well known in the art. Further, the light
dispersion element may include a prism or optical splitter to
disperse the light as the light passes therethrough, or a prism
having a reflective surface or coating on its backside to
reflect the dispersed light.

As best shown in FIG. 2, the diffraction grating 24 directs
the separated light 44 to the mirror 26 disposed in the second
tier. The mirror 26 reflects the separated light 44 to the bulk
lens 28 (e.g., a Fourier lens), which focuses the separated
light onto the spatial light modulator 30, as shown in FIG.
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3. In response to a switching algorithm and input command
46, the spatial light modulator 30 reflects at least one optical
input channel (i.e., the deleted input channel(s)) away from
the bulk lens 28 as indicated by arrows 96, and reflects the
remaining optical signals (i.e., the through channels) back
through the same optical path to the pigtail 20 as indicated
by arrows 94, as best shown in FIG. 1. The through channels
propagate from the second port 33 to the third port 34 of the
optical circulator 18 to provide an output signal 48 from
optical fiber 50.

As shown in FIG. 3, the spatial light modulator 30
comprises a micro-mirror device 82 having a two-
dimensional array of micro-mirrors 84, which cover a sur-
face of the micro-mirror device. The micro-mirrors 84 are
generally square and typically 14-20 um wide with 1 um
spaces between them. FIG. 44 illustrates a partial row of
micro-mirrors 84 of the micro-mirror device 82, when the
micro-mirrors are disposed in a first position to reflect the
light back along the return path 94 and provide the through
channel(s) 14 to the optical fiber 50. FIG. 4b illustrates a
partial row of micro-mirrors 84 when the micro-mirrors are
disposed in a second position, and therefore delete the
corresponding input channels 14 along optical path 96, as
will be described in greater detail hereinafter. The micro-
mirrors may operate in a “digital” fashion. In other words,
as the micro-mirrors either lie flat in a first position, as
shown in FIG. 44, or be tilted, flipped or rotated to a second
position, as shown in FIG. 4b.

As described herein before, the positions of the mirrors,
either flat or tilted, are described relative to the optical path
92 wherein “flat” refers to the mirror surface positioned
orthogonal to the optical path, either coplanar in the first
position or parallel as will be more fully described herein-
after. The micro-mirrors flip about an axis 85 parallel to the
spectral axis 86, as shown in FIGS. 3 and 5. One will
appreciate, however, that the micromirrors may flip about
any axis, such as parallel to the spatial axis 88 or at a 45
degrees angle to the spatial axis.

Referring to FIG. 3, the micro-mirrors 84 are individually
flipped between the first position and the second position in
response to a control signal 87 provided by a controller 90
in accordance with a switching algorithm and an input
command 46 from the processing unit 54. The switching
algorithm may provide a bit (or pixel) map indicative of the
state (flat or tilted) of each of the micro-mirrors 84 of the
array to return and/or drop the desired optical channel(s) 14
to provide the output signal 48 at optical fiber 50 (see FIG.
1), and thus requiring a bit map for each configuration of
channels to be dropped. Alternatively, each group of mirrors
84, which reflect a respective optical channel 14, may be
individually controlled by flipping the group of micro-
mirrors to direct the channel along a desired optical path
(i.e., through or delete).

As shown in FIGS. 1 and 44, the micro-mirror device 82
is oriented to reflect the focused light 92 of the input signal
12 back through the bulk lens 28 to the pigtail 20, as
indicated by arrows 94, to provide the output signal 48,
when the micro-mirrors 84 are disposed in the first position.
As shown in FIGS. 1 and 4b, the focused light 92 reflects
away from the bulk lens 28, as indicated by arrows 96. This
“digital” mode of operation of the micro-mirrors advanta-
geously eliminates the need for any type of feedback control
for each of the micro-mirrors. The micro-mirrors are either
“on” or “off” (i.e., first position or second position),
respectively, and therefore, can be controlled by simple
binary digital logic circuits.

FIG. 3 further illustrates the outline of the optical chan-
nels 14 of the optical input signal 12, which are dispersed off
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the diffraction grating 24 and focused by the bulk lens 28,
onto the array of micro-mirrors 84 of the micro-mirror
device 82. Each optical channel 14 is distinctly separated
from other channels across the spectrum and has a generally
circular cross-section, such that the input channels do not
substantially overlap spatially when focused onto the spatial
light modulator 30. The optical channels have a circular
cross-section to project as much of the beam as possible over
a multitude of micro-mirrors 84, while keeping the optical
channels separated by a predetermined spacing. One will
appreciate though that the diffraction grating 24 and bulk
lens 28 may be designed to reflect and focus any input
channel or group of input channels with any desired cross-
sectional geometry, such as elliptical, rectangular, square,
polygonal, etc in any desired orientation on the micro-mirror
device. For example, FIG. 6 illustrates the outline of the
optical channels 14 dispersed onto the micromirror device
82, wherein the channels have an elliptical cross-section.
Regardless of the cross-sectional geometry selected, the
cross-sectional area of the channels 14 should illuminate a
plurality of micro-mirrors 84, which effectively pixelates the
optical channels. In an exemplary embodiment, the cross
sectional area of the input channels 14 is generally circular
in shape, whereby the width of the optical channel beam
spans over approximately 11 micro-mirrors.

One will appreciate that while the spacing between the
channels are predetermined, the spacing between may be
non-uniform. For example, one grouping of channels may be
spaced to correspond to a 100 Ghz spacing, and another
group of channels may be spaced to correspond to a 50 Ghz
spacing.

Advantageously, the present invention provides a block-
ing filter that is channel plan independent. In other words,
the blocking filter may be used for optical system having
different channel spacings (e.g., 25 Ghz, 50 Ghz and 100
Ghz) by simply modifying or switching the software without
having to modify the hardware. Further, the blocking filters
of the present invention enable their filter functions to be
dynamically changed, for example by modifying the tilting
patterns of the micromirror device to achieve the desired
filter function. These modifications include varying the
width, height and shape of the micromirror patterns. The
present invention further contemplates blocking or deleting
blocks of adjacent optical channels.

FIG. 7 is illustrative of the position of the micro-mirrors
84 of the micro-mirror device 82 for deleting the optical
channels 14 at A, A5, A and A, for example. The outline
of each channel 14 is shown to provide a reference to
visually locate the group of tilted mirrors 100. As shown, the
group of mirrors 100 of the optical channels at A5, A5, A and
Ao are tilted away from the return path 94 to the second
position, as indicated by the blackening of the micro-mirrors
84, and therefore deleted from the input channel 12. The
group of tilted mirrors 100 provides a generally rectangular
shape, but one will appreciate that any pattern or shape may
be tilted to delete the desired input channels. In an exem-
plary embodiment, the groups of micro-mirrors 100 reflect
substantially all the light of the input channels 14, at A, As,
Ag and A,y away from the bulk lens 28 indicated by arrows
96 (see FIG. 1). The micro-mirrors 84 of the through input
channels 14 at A, A,, Ay, A—hg and A, —h are flat (ie., first
position), as indicated by the white micro-mirrors, to reflect
the light 92 back along the return path 94 to the first pigtail
20, as described hereinbefore.

In another exemplary embodiment, a blocking filter 110 is
provided in FIG. 8 that is substantially similar to the
blocking filter 10 of FIG. 1, and therefore, common com-
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ponents have the same reference numeral. The blocking
filter 110 replaces the circulator 18 of FIG. 1 with a second
pigtail 112. The second pigtail 112 has a glass capillary tube
116 attached to one end of the second pigtail. The second
pigtail 112 receives the through input channels reflected
from the micro-mirror device back along an optical return
path. Specifically, the second pigtail 112 receives the
through input channels 14 reflected back along the return
optical path 94 from the spatial light modulator 30.

To accomplish these expected return paths, the spatial
light modulator 30 cannot be an image plane of the first
pigtail 20 along the spatial axis 88. These conditions can be
established by ensuring that the lens system 22 and 28 be
astigmatic. In particular, the lens 28 may be a cylindricalized
lens with its cylindrical axis parallel to the spatial axis 88.
By tilting the spatial light modulator 30, the return path can
be displaced to focus at the second pigtail 112.

In another embodiment similar to the blocking filters 10,
110 of FIGS. 1, 2 and 8, the mirror 26 of each blocking filter
10, 110 may be eliminated with the bulk lens 28 and the
spatial light modulator 30 repositioned to directly receive
the light dispersed by the diffraction grating 24.

FIG. 9 illustrates another embodiment of a blocking filter
170 in accordance with the present invention, which is
similar to the blocking filter 10 of FIG. 1, and therefore
similar components have the same reference numerals. The
blocking filter 170 is substantially the same as the blocking
filter 10 depicted in FIG. 1, except the optical components
of the blocking filter 170 are disposed in one horizontal
plane, rather than two tiers or planes, as shown in FIG. 2.
Rather than using a mirror 26 (in FIGS. 1 and 2) to direct the
dispersed light 44 to the bulk lens 28 and the spatial light
modulator 30, the diffraction grating 24 is tilted to directly
disperse the light onto the bulk lens 28 which focuses the
light onto the spatial light modulator.

Functionally, the blocking filter 170 of FIG. 9 and block-
ing filter 10 of FIG. 1 are substantially the same. For
illustrative purposes however, the collimator 22 and the bulk
lens 28 of the blocking filter 170 may be astigmatic to
provide dispersed optical channels 14 incident on the micro-
mirror device 82 having a substantially elliptical cross-
section, as shown in FIG. 10. Further, the diffraction grating
is rotated approximately 90 degrees such that the spectral
axis 86 of the optical channels is parallel to the horizontal
plane, and the micro-mirror device 82 is similarly rotated
approximately 90 degrees such that the spectral axis 86 of
the optical channels 14 is perpendicular to the tilt axis 85 of
the micro-mirrors 84.

FIG. 11 is illustrative of the position of the micro-mirrors
84 of the micro-mirror device 82 for deleting the optical
input channel 14 at A5, As, Ay and Ay, for example. The
outline of each channel 14 is shown to provide a reference
to visually locate the group of tilted mirrors 100. As shown,
groups of mirrors 100 associated with the input channels at
Ay, s, hg and A, o, are tilted away from the return path to the
second position, as indicated by the blackening of the
micro-mirrors 84. The groups of tilted micro-mirrors 100
provide a generally rectangular shape having sufficient
dimensions to delete the respective channels. The micro-
mirrors 84 of the selected channel 14 at A, A5, Ag, A—ho,
and A;—A, are flat (ie., first position), as indicated by the
white micro-mirrors, to reflect the light back along the return
path 94 to the pigtail 22, as described hereinbefore.

The micro-mirror device 82 of FIGS. 1-3 is similar to the
Digital Micromirror Device™ (DMD™) manufactured by
Texas Instruments and described in the white paper entitled
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“Digital Light Processing™ for High-Brightness, High-
Resolution Applications”, white paper entitled “Lifetime
Estimates and Unique Failure Mechanisms of the Digital
Micromirror Device (DMD)”, and news release dated Sep-
tember 1994 entitled “Digital Micromirror Display Deliv-
ering On Promises of ‘Brighter’ Future for Imaging
Applications”, which are incorporated herein by reference.

FIG. 12 illustrates a pair of micro-mirrors 84 of a micro-
mirror device 200 manufactured by Texas Instruments,
namely a digital micro-mirror device (DMD™). The micro-
mirror device 200 is monolithically fabricated by CMOS-
like processes over a CMOS memory 202. Each micro-
mirror 84 includes an aluminum mirror 204, 16 um square,
that can reflect light in one of two directions, depending on
the state of the underlying memory cell 202. Rotation,
flipping or tilting of the mirror 204 is accomplished through
electrostatic attraction produced by voltage differences
between the mirror and the underlying memory cell. With
the memory cell 202 in the on (1) state, the mirror 204
rotates or tilts approximately +10 degrees. With the memory
cell in the off (0) state, the mirror tilts approximately —10
degrees. As shown in FIG. 14, the micro-mirrors 84 flip
about an axis 205.

FIGS. 14a and 14b illustrate the orientation of a micro-
mirror device 200 similar to that shown in FIG. 12, wherein
neither the first or second position (i.e., on or off state) of the
micro-mirrors 84 is parallel to the base or substrate 210 of
the micro-mirror device 200, as shown in FIGS. 4a and 4b.
Consequently as shown in FIG. 144, the base 210 of the
micro-mirror device 200 is mounted at a non-orthogonal
angle a relative to the collimated light 83 to position the
micro-mirrors 84, which are disposed at the first position,
perpendicular to the collimated light 44, so that the light
reflected off the micro-mirrors in the first position reflect
substantially back through the return path, as indicated by
arrows 94, to provide the output signal 48 at optical fiber 50.
Consequently, the tilt angle of the mirror between the
horizontal position and the first position (e.g., 10 degrees) is
approximately equal to the angle o of the micro-mirror
device. FIG. 14b is illustrative of the micro-mirror device
200 when the micro-mirrors 84 are disposed in the second
position to drop an input channel 14 to the output signal 48
at optical fiber 50.

In using the micro-mirror array device 200, it is important
that the reflection from each micro-mirror 84 adds coher-
ently in the far field, so the angle a to which the micro-mirror
device 200 is tilted has a very strong influence on the overall
efficiency of the device. FIG. 15 illustrates the phase con-
dition of the micro-mirrors in both states (i.e., State 1, State
2) for efficient reflection in either condition.

In an exemplary embodiment of the micro-mirror device
200 in FIG. 18, the effective pixel pitch p is about 19.4 um
(see FIG. 16), so for a mirror tilt angle f} of 9.2 degrees, the
array is effectively blazed for Littrow operation in the n=+2
order for the position indicated as Mirror State 1 in FIG. 16
(i.e., first position). For Mirror State 2, the incident angle v
on the micro-mirror device 200 is now 9.2 degrees and the
exit angle € from the array is 27.6 degrees. Using these
numbers, the micro-mirror device is nearly blazed for
fourth-order for mirrors in Mirror State 2.

As described hereinbefore, the micro-mirrors 84 of the
micro-mirror device 200 flip about a diagonal axis 205 as
shown in FIGS. 13 and 16. In an exemplary embodiment of
the present invention shown in FIG. 16, the optical input
channels 14 are focused on the micro-mirror device 200
such that the spectral axis 86 of the optical channels 14 is
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parallel to the tilt axis 205 of the micro-mirrors. This
configuration is achieved by rotating the micro-mirror
device 45 degrees compared to the configuration shown in
FIG. 3. Alternatively, the optical channels 14 may be
focused such that the spectral axis 86 of the channels are
perpendicular to tilt axis 205 of the micro-mirrors similar to
that shown in FIGS. 9 and 10. Further, one will appreciate
that the orientation of the tilt axis 205 and the spectral axis
86 may be at any angle.

While the embodiments of the present invention described
hereinabove illustrate a single blocking filter using a set of
optical components, it would be advantageous to provide an
embodiment including a plurality of blocking filters that
uses a substantial number of common optical components,
including the spatial light modulator.

FIG. 17 illustrates such an embodiment of a blocking filter
400, which is substantially the same as the blocking filter 10
in FIG. 1 having a spatial light modulator 300 including a
micro-mirror device 22 of FIG. 16. Common components
between the embodiments have the same reference numer-
als. The blocking filter 400 provides a pair of blocking filters
(i.e., filter, filter,), each of which use substantially all the
same optical components, namely the collimating lens 22,
the mirror 26, the diffraction grating 24, the bulk lens 28 and
the spatial light modulator 300. The first blocking filter
(blocking filter;) is substantially the same as the blocking
filter 10 of FIG. 10. The second blocking filter (filter,) is
provided by adding a complementary set of input optical
components 481. The input optical components 81 of the
first blocking filter (filter,) and the input optical components
481 of the second blocking filter (filter,) have the same last
two numerals, and therefore the input optical components
481 of second blocking filter are the same as those of the
similar components 81 of the first blocking filter.

To provide a plurality of blocking filters (filter,, filter,)
using similar components, each blocking filter uses a dif-
ferent portion of the micro-mirror device 200, as shown in
FIG. 18, which is accomplished by displacing spatially the
ends 36,436 of the pigtails 20,420 of the blocking filters. As
shown, the input channels of each blocking filter are spaced
in the spatial axis 88 a predetermined distance on the
micro-mirror device 200, as shown in FIG. 18. Similar to
that described hereinabove, the groups of micro-mirrors 370,
372 of shaded micro-mirrors 84 delete the optical channels
at Ay, As and A of both blocking filters (blocking filter,,
blocking filter,), and reflect the through input channels at A,
Ay, Ay, and A—A,, back to each respective input pigtail 20,
420. One will recognize that while the same optical channels
are reflected back to the first pigtail (at A;, Ay, Ay, and A—Ay,
for example) in the embodiment shown in FIG. 18, the
micro-mirrors 84 may be tilted to individually reflect back
different optical input channels 14,414, as shown in FIG. 19.

FIG. 20 illustrates the micro-mirror device 480 of another
embodiment of the present invention similar to that shown
in FIGS. 17 and 18, wherein the embodiment has N number
of blocking filters (filter;filter,,). The embodiment includes
N number of complementary input optical components
81,481 (see FIG. 17) that provide respective input signals to
the set of common optical components 20, 22, 24, 26, 28,
480. The embodiment functions substantially the same as the
blocking filter 400 of FIG. 17, as described hereinbefore.

A further embodiment of the present invention includes a
dual pass or double bounce blocking filter 500, as shown in
FIGS. 21 and 22. The dual pass blocking filter 500 is
substantially similar to the dual blocking filter 400 shown in
FIG. 17, and therefore common components have the same
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reference numeral. Functionally, the dual pass blocking filter
500 reflects the through optical input channel off the spatial
light modulator 300 and through the optics 22, 24, 26, 28
twice. The multiplicative properties of the double pass
technique provide a very narrow filter function having steep
sides and greater isolation between filter functions.

The ability to control the tilt patterns of the micro-mirror
device enables the shape (e.g., narrowness) and center
wavelength to be statically or dynamically modified, which
is similar to that disclosed in U.S. patent application Ser.
Nos. 09/648,525 and 09/751,589, which are incorporated
herein by reference.

Referring to FIGS. 21 and 22 in the operation of the
blocking filter 500, the input signal 12 is first dispersed by
the diffraction grating 24 onto the micro-mirror device 200.
Each input channel 14 is spread along the spectral axis 86 as
shown in FIG. 22. Similar to that described hereinabove, the
groups of micro-mirrors 370, 372 of shaded micro-mirrors
84 delete the optical input channels at A, and A5 of the input
signal 12, and reflect the through input channels atA, A5, A,
and As—h, back to the first pigtail 20. The through input
channels at A, A, A4, and Ag—A, then propagate to second
pigtail 420 through the first and second circulators 20,420
respectively. The end 436 of the second pigtail 420 is
displaced spatially such that the through input channels 14
at Ay, A3, Ay, and Ag—hy; are dispersed onto the micro-mirror
device 200 and spaced in the spatial axis 88 a predetermined
distance from the input channels 14 at A, A5, A,, and A—Ay,
as shown in FIG. 22. The micro-mirrors 84 are titled to
reflect the selected input channel 14' back to second pigtail
420, while the micro-mirrors adjacent the input channels at
A, and A5 are tilted to delete any remaining light. The
through input channels 14' then propagate through the
second circulator 418 to the output fiber 450.

While the micro-mirror patterns that reflect the desired
input channel 14 and the selected input channel 14' are
shown to be the same, one will recognize that the patterns
may be different such that the each pattern reflects a different
portion of the desired input channel 14 and the selected input
channel 14', which results in a different overall blocking
filter function.

The blocking filters 10, 110 may be configured for any
wavelength plan by simply modifying the software. For
example, an blocking filter for deleting a 50 Ghz WDM
optical signal may be modified to delete a 100 Ghz or 25 Ghz
WDM optical signal by simply modifying or downloading a
different switching algorithm, without modifying the hard-
ware. In other words, the blocking filter may be modified by
simply changing statically or dynamically the switching
algorithm (e.g., modifying the bit map) to accommodate any
designs, upgrades, modifications or adjustments of the opti-
cal network (such as variances in the spacing of the
channels, the shapes of the light beams, and/or the center
wavelength of the light beams), or compensate for changes
(e.g., thermal or mechanical drift) of the blocking filter. For
example, the software can be modified or written to provide
a first pattern of micro-mirrors 84 having a predetermined
width that pass a selected 50 Ghz optical channel(s) 14 back
to the output fiber, and/or provide a second pattern of
micro-mirrors 84 having a predetermined width that reflects
a selected 100 Ghz optical channel(s) back to the output
fiber, wherein the width of the first pattern is greater than the
width of the second pattern.

Another embodiment of a blocking filter 510 is shown in
FIG. 23, which is similar to the blocking filter 10 of FIG. 1.
The blocking filter 510 includes a pair of similar optical
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portions 515,516 for providing respective optical input
channels 14 to and receiving the input channels from the
spatial light modulator 30. The optical components 520, 522,
524, 526, 528, 536 of the optical portion 516 are substan-
tially similar to the complementary optical components 20,
22, 24, 26, 28, 36 of the first optical portion 5185.

In the operation of the blocking filter 510, the micro-
mirrors 84 of the spatial light modulator are tilted to reflect
all the deleted input channels 14 of the input signal 12 back
along the return path 94, which are blocked by the optical
isolator 540. The through optical channels are reflected
along the output optical path 542 to provide the output signal
544 at pigtail 520.

Referring to FIG. 24, another exemplary embodiment of
a blocking filter 600 is shown that is similar to the blocking
filter 510 of FIG. 23, and therefore, similar components have
the same reference numerals. The optical components are
disposed in two tiers or horizontal planes similar to the
embodiments discussed hereinbefore. Specifically, the three-
port circulator 18, the pigtail 20, the collimator 22 and the
diffraction grating 24 are disposed in a first tier or horizontal
plane. The mirror 26, the bulk lens 28 and the spatial light
modulator 30 are disposed in the second tier or horizontal
plane. Further, the mirror 606 and the lens 608 are disposed
in the second tier.

The circulator 18 directs the input signal 12 from the
optical fiber 38 to the pigtail 20. The input signal 12 exits the
first pigtail (into free space) and passes through the colli-
mator 22, which collimates the input signal. The collimated
input signal 40 is incident on the diffraction grating 24,
which separates spatially the optical input channels 14 of the
collimated input signal 40 by diffracting or dispersing the
light from the diffraction grating. The diffraction grating 24
directs the separated light 44 to the mirror 26 disposed in the
second tier. The mirror 26 reflects the separated light 44 to
the bulk lens 28 (e.g., a Fourier lens), which focuses the
separated light onto the micro-mirror device 82 of the spatial
light modulator 30, as shown in FIG. 2. In response to a
switching algorithm and input command 46, the spatial light
modulator 300 selectively reflects the through channel(s) 14
of the input signal through the lens 608 to the mirror 606,
and back through common optical components to pigtail 20.
The deleted channels are reflected away from the return
optical path 94, as indicated by arrows 610.

In the operation of the blocking filter 600, the micro-
mirrors 84 of the spatial light modulator 30 are tilted to a first
position to delete a desired optical channel(s) from the
WDM input signal 12 by directing the deleted channels
away from the return path 94 and the first optical path 92, as
indicated by arrow 610. The micro-mirrors 84 of the spatial
light modulator 30 are tilted to a second position to reflect
the through optical channels 14 of the input signal 12
through the lens 608 to the mirror 606 which then reflects the
through channel(s) back along the return path 94 to provide
the output signal 48 at optical fiber 50. While the blocked or
deleted channels are directed along the optical path 610,
some scattered light of the blocked optical channels propa-
gate along the first optical path 92. This edge scattering from
the micro-mirrors limits the extinction of the blocked chan-
nel that can be achieved.

By properly choosing the angle of incidence of the signal
light onto the spatial light modulator, the coherent scattering
from the blocked channel mirrors can be directed away from
the return path 94 and provide the highest blocked channel
extinction.

Under conditions of power loss the mirrors of the spatial
light modulator revert to a neutral position, splitting the



US 6,956,687 B2

13

angle between the first position and the second position and
lying parallel to the spatial light modulator substrate. Choos-
ing this position orthogonal to the input light beam provides
a fail safe device that in the advent of power loss reverts to
a condition in which all input channels are propagated
through the device.

FIG. 25 illustrates the resulting transfer function or filter
function 650, centered at A_, of the micromirrors 85 of the
micromirror device 200, which is similar to that shown in
FIGS. 16 and 19. As shown, the micromirror device 200 is
rotated 45 degrees. Consequently the sides of the transfer
function are sloping as a result of the serrated edges of the
micromirrors in this diagonal orientation. The total device
transfer function is the convolution of the mirror transfer
function and the optics point spread function.

FIG. 26 illustrates the resulting transfer function of filter
function 660, centered at A, of the micromirrors 85 of the
micromirror device 200, which is similar to that shown in
FIGS. 16 and 19, except the micromirror is not rotated 45
degrees. As shown in FIG. 27, the micromirror device 200
is oriented in an orthogonal orientation such that the micro-
mirror edges align with the spectral and spatial axes of the
optical system. Further, the micromirrors 84 tilted about the
diagonal axis 205. Consequently, the sides of the transfer
function 660 are substantially more parallel than the transfer
function 650 of FIG. 25 to provide a much sharper transfer
function due to the parallel edge of the micromirrors.

One will appreciate that each portion or pixel of light
reflects the optical channel by a percentage defined by the
number of micro-mirrors 84 illuminated by the optical input
channel. For example, assuming each optical channel 14
illuminates 300 micro-mirrors, each micro-mirror is repre-
sentative of approximately 0.3% of light (or approximately
0.02 Db) of the optical signal when the micro-mirror is tilted
away. The above example assumes that the intensity of the
light of each optical channel is uniform over the entire
cross-section of the beam of light. One will appreciate that
the intensity from one end to the other end of the beam of
the optical channel may be Gaussian in shape, and therefore,
the intensity of the pixels of light at the ends of the beams
of the optical channels 14 is less than the center portion of
the beams, which advantageously increases the resolution of
the power of the selected input channel 14, the greater the
resolution of the power of the redirected portion of that
optical channel.

One skilled in the art will appreciate that a diffraction
grating has a predetermined polarization dependence loss
(PDL) associated therewith. The PDL of a diffraction grating
24 is dependent on the geometry of the etched grooves 42 of
the grating. Consequently, means to mitigate PDL. may be
desired. One method of mitigating the PDL for any of the
embodiments described hereinbefore is to provide a A/4
plate (not shown) between the spatial light modulator 30 and
the diffraction grating 24 (before or after the bulk lens 28).
The fast axis of the A/4 plate is aligned to be approximately
45 degrees to the direction or axis of the lines 42 of the
diffraction grating 24. The mirror is angled to reflect the
separated channels back through the A/4 plate to the diffrac-
tion grating. In transiting the phase plate twice, a phase
difference m is accumulated between the components at 45
degrees to the grating and the orthogonal component. Since
7 is equivalent to a multiplication by a negative sign, this
produces a reflection of a vector about the 45 degree axis.
Effectively, the A/4 plate averages the polarization of the
light aligned and orthogol to the grating to reduce or
eliminate the PDL. One will appreciate that the A/4 plate
may not be necessary if the diffraction grating has low
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polarization dependencies, or other PDL compensating tech-
niques are used.

FIG. 28 illustrates another embodiment of an optical
blocking filter 700 that compensates for the grating differ-
ential loss associated with different polarization states. In
this embodiment, the signal component of the input signal is
initially separated into each polarization state (i.c., P state
and S state) one of a number of polarization separators 702,
such as a Wollistan prism, a polarization beam splitter and
a fiber coupler. The component having the poorest grating
reflection coefficient, normally the P polarization state, is
rotated using a A/2 wave plate 704 into the most favorable
grating polarization state. The polarization components are
then provided to a pair of pigtail 20, 720, which are spatially
separated to provide the light beams separate in the spatial
plane. Each component (or polarization state) including the
frequency components is dispersed and imaged onto the
micromirror device 730, as shown in FIG. 29, which are
retro-reflected by the micromirror device. The retro-
reflection of the components along return optical path
removes any polarization rotation imparted in the first pass.
The retro-reflected polarization states are then recombined
with each other by the polarization separator 702 and wave
plate 704 to provide the output signal 48 at optical fiber 50.
The first grating PDL mitigation technique effectively aver-
ages to grating loss in the two polarization states. The
current technique provides a grating loss of the least lossy
component. Particularly, for strongly dispersive gratings 24,
this embodiment can provide significantly lower device
insertion loss.

As shown in FIG. 29, the pattern of micromirrors 84 tilted
to block or deleted an optical channel or block of channels
extends over both components of the optical channel.

While the micro-mirrors 84 may switch discretely from
the first position to the second position, as described
hereinabove, the micro-mirrors may move continuously (in
an “analog” mode) or in discrete steps between the first
position and second position. In the “analog” mode of
operation the micro-mirrors can be can be tilted in a con-
tinuous range of angles. The ability to control the angle of
each individual mirror has the added benefit of much more
attenuation resolution than in the digital control case. In the
“digital” mode, the number of micro-mirrors 84 illuminated
by each channel determines the attenuation step resolution.
In the “analog” mode, each mirror can be tilted slightly
allowing fully continuous attenuation of the return beam.
Alternatively, some combination of micro-mirrors may be
switched at a predetermined or selected pulse width modu-
lation to attenuate the optical channel or band.

One will appreciate that each embodiment described
hereinbefore and those contemplated by the present inven-
tion may function as a tunable single pass or double pass
filter, bandpass filter and/or optical drop device by elimi-
nating the optical detector (i.e., photodiode 51).

The present invention also contemplates including the
function of selectively attenuating the through channels of
the optical blocking filter of any described hereinbefore. In
the combined embodiment, the desired optical channels may
be attenuated by tilting a selected number of micromirrors
associated with a through channel 14 to direct a portion of
the channel away from the return path, similar to that
described in U.S. patent applications Ser. No. 60/281,079,
entitled “Reconfigurable Pixelated Optical Filter” and U.S.
patent application Ser. No. 60/311,002, entitled “Dynamic
Optical Filter Having an Array of Micromirrors”, which are
incorporated herein by reference in their entirety. In a
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specific embodiment, the dual function blocking filter may
function as a dynamic gain flattening filter, wherein the
through channels are attenuated to have equal power levels
in response to optical feedback provided by an optical
detector.

FIG. 30 shows an embodiment of an optical blocking filter
generally indicated as 1000 having optical portions 15, 16
with one or more optical PDL devices 1002, 1004, 1006,
1008 for minimizing polarization dependence loss (PDL).
The one or more optical PDL devices 1002, 1008 are
arranged between the capillary tube 36 and the grating 24,
while the one or more optical PDL devices 1004, 1006 are
arranged between the grating 24 and the spatial light modu-
lator 30.

The optical PDL device 1002 may include a polarization
splitter for splitting each channel into its pair of polarized
light beams and a rotator for rotating one of the polarized
light beams of each optical channel. The optical PDL device
1008 may include a rotator for rotating one of the previously
rotated and polarized light beams of each optical channel
and a polarization splitter for combining the pair of polar-
ized light beams of each channel.

The one or more optical devices 1002, 1004, 1006, 1008
may be incorporated in any of the embodiments shown and
described above, including but not limited to the embodi-
ments shown in FIGS. 1, 8, 9, 17, 21, 23, 24, and 28. In
effect, as a person skilled in the art will appreciate, a
diffraction grating such as the optical elements 42, 54 has a
predetermined polarization dependence loss (PDL) associ-
ated therewith. The PDL of the diffraction grating 24 is
dependent on the geometry of the etched grooves 42 of the
grating. Consequently, means to mitigate PDL. may be
desired. The A/4 plate between the spatial light modulator 30
and the diffraction grating(s) 24, 54 (before or after the bulk
lens 28, 52) mitigates the PDL for any of the embodiments
described hereinbefore. The fast axis of the A/4 plate is
aligned to be approximately 45 degrees to the direction or
axis of the lines 42 of the diffraction grating 24. The mirror
is angled to reflect the separated channels back through the
A4 plate to the diffraction grating. In the first pass through
the A/4 plate, the A/4 plate circularly polarizes the separated
light. When the light passes through the A/4 plate again, the
light is linearly polarized to effectively reflect the polariza-
tion about an axis 45 degrees to the grating. Effectively, the
A4 plate averages the polarization of the light to reduce or
eliminate the PDL. One will appreciate that the A/4 plate
may not be necessary if the diffraction grating has low
polarization dependencies, or other PDL compensating tech-
niques are used that are known now or developed in the
future.

As shown and described herein, the polarized light beams
may have a generally circular cross-section and are imaged
at separate and distinct locations on the spatial light modu-
lator 30, such that the polarized light beams of the optical
channels do not substantially overlap spatially when focused
onto the spatial light modulator, as shown, for example, in
FIGS. 3, 6, 7, 10, 11, 16, 18, 19, 20, 22, 27 and 29.

FIG. 32 shows the DMD portion of an optical blocking
filter generally indicated as 1600 similar to that shown
above, except that the DMD device of the spatial light
modulator is laid down and arranged in a horizontal position
in relation to the optical components discussed above in
order to reduce the profile of the overall packaging. (In the
embodiments discussed above, the DMD chip in the spatial
light modulator is arranged vertical in relation to the optical
components.) In FIG. 31, the micromirror device is rotated
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and lies in the plane of the optical path oriented such that the
tilt axis 85 is perpendicular to the spectral axis 86, similar to
that discussed above. The blocking filter 1600 has a chisel
prism 1602 arranged in relation to the spatial light modulator
30, a set of optical components 1604, a retromirror 1605 and
a complimentary set of optical components 1606. The chisel
prism 1602 rotates the optical input and output signals onto
the spatial light modulator 30. The underlying configuration
of the blocking filter 1600 may be implemented in any of the
embodiments show and described above in which the pivot
or tilt axis of the mirrors of the micromirror device 30 is
perpendicular to the spectral axis of the channels projected
on the micromirror device 30. A single set of optical
components 1604 may be used in suitable embodiments
similar to that shown in FIGS. 1, 8, 9, 24 and 28, while the
complimentary set of optical components 1606 may also be
used in suitable embodiments similar to that shown in FIGS.
17, 21 and 23.

The set of optical components 1604 and the complimen-
tary set of optical components 1606 are similar to the optical
portions 15, 16 shown and described herein. For example,
see FIG. 1A. The spatial light modulator 30 is shown and
described herein as the well known micromirror device. The
chisel prism 1602 has multiple faces, including a front face
16024, a beveled front face 1602b, a rear face 1602d and a
bottom face generally indicated by 1602¢. Light from the set
of optical components 1604 and the complimentary set of
optical components 1606 passes through one or more faces
of the chisel prism 1602, reflects off the spatial light modu-
lator back to the chisel prism 1602, reflects off one or more
internal surfaces of the chisel prism 1602 and passes back
through the chisel prism 1602, passes back to the set of
optical components 1604 or the complimentary set of optical
components 1606.

The chisel prism design described herein addresses a
problem in the optical art when using micro-mirror devices.
The problem is the ability to send a collimated beam out to
a reflective object and return it in manner that is insensitive
to the exact angular placement of the reflective object.
Because a light beam is typically collimated and spread out
over a relatively large number of micro-mirrors, any overall
tilt of the array causes the returned beam to “miss” the
optical component, such as a pigtail, intended to receive the
same.

The present invention provides a way to reduce the tilt
sensitivity by using a classical optical design that certain
combinations of reflective surfaces stabilize the reflected
beam angle with respect to angular placement of the reflec-
tor. Examples of the classical optical design include a
corner-cube (which stabilize both pitch and yaw angular
errors) or a dihedral prism (which stabilize only one angular
axis.).

One advantage of the configuration of the present inven-
tion is that it removes the tilt sensitivity of the optical system
(which may comprise many elements besides a simple
collimating lens such as element 26 shown and described
above) leading up to the retro-reflective spatial light modu-
lator 30. This configuration allows large beam sizes on the
spatial light modulator without the severe angular alignment
sensitivities that would normally be seen.

Patent application Ser. No. 10/115,647, which is hereby
incorporated by reference, shows and describes the basic
principal of these highly stable reflective elements in which
all the surfaces of the objects being stable relative to one
another, while the overall assembly of the surfaces may be
tilted without causing a deviation in reflected angle of the
beam that is large compared to the divergence angle of the
input beam.
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FIG. 32 illustrates a schematic diagram of an optical
blocking filter generally indicated as 1700 having a chisel
prism 1704 that provides improved sensitivity to tilt,
alignment, shock, temperature variations and packaging
profile, which incorporates such a tilt insensitive reflective
assembly. The scope of the invention is intended to include
using the chisum prism technology described herein in any
one or more of the embodiments described herein having a
single optical input signal. Similar to that discussed above in
relation to FIG. 31, the chisel prism configuration may be
suitable adapted to for use in any one or more of the
embodiments described herein having two optical input
signals.

Similar to the embodiments described hereinbefore, and
by way of example, the blocking filter 1700 includes a first
set of optical components having a dual fiber pigtail 1702
(circulator free operation), the collimating lens 26, a bulk
diffraction grating 42, a Fourier lens 34, a %A plate 35, a
reflector 26 and a spatial light modulator 1730 (similar to
that shown above). The dual fiber pigtail 1702 includes a
transmit fiber 1702a and a receive fiber 1702b. The first set
of optical components typically provide a first optical input
signal having one or more optical bands or channels on the
receive fiber 17025, as well as providing an optical output
signal on the transmit fiber 1702b.

Similar to the embodiment described above, the chisel
prism 1704 has multiple internally reflective surfaces,
including a top surface, and a back surface, as well as
transmissive surfaces including a front surface and a bottom
surface. The micro-mirror device 1730 is placed normal to
the bottom surface of the chisel prism 1704, as shown. In
operation, the chisel prism 1704 reflects the first optical
input signal from the first set of optical components to the
spatial light modulator 1730, and reflects the optical output
signal back to the first set of optical components.

The chisel prism 1704 decreases the sensitivity of the
optical filter to angular tilts of the optics. The insensitivity to
tilt provides a more rugged and robust device to shock
vibration and temperature changes. Further, the chisel prism
1704 provides greater tolerance in the alignment and assem-
bly of the optical filter 1700, as well as reduces the pack-
aging profile of the filter. To compensate for phase delay
associated with each of the total internal reflection of the
reflective surfaces of the prism (which will be described in
greater detail hereinafter), a /9 wave plate 1708 is optically
disposed between the prism 1704 and /4 wave plate 35. An
optical wedge or lens 1710 is optically disposed between the
A4 wave plate 35 and the diffraction grating 42 for directing
the output beam from the micro-mirror device 1730 to the
receive pigtail 1702a of the dual fiber pigtail 1702b. The
optical wedge or lens 1710 compensates for pigtail and
prism tolerances. The scope of the invention is intended to
cover embodiments in which the optical wedge 1710 is
arranged parallel or oblique to the front surface of the wedge
1704. Moreover, as shown, these components are only
arranged in relation to one front surface; however, as a
person skilled in the art would appreciate, these optical
components would typically be arranged in relation to any
one or more front surfaces shown in FIG. 36, as well as the
front surfaces in the other chisel prism embodiments shown
ad described herein.

The optical device 1700 further includes a telescope 1712
having a pair of cylindrical lens that are spaced a desired
focal length. The telescope 1712 functions as a spatial beam
expander that expands the input beam (approximately two
times) in the spectral plane to spread the collimated beam
onto a greater number of lines of the diffraction grating. The
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telescope 1712 may be calibrated to provide the desired
degree of beam expansion. The telescope advantageously
provides the proper optical resolution, permits the package
thickness to be relatively small, and adds design flexibility.

A folding mirror 1714 is disposed optically between the
Fourier lens 34 and the A/4 wave plate 35 to reduce the
packaging size of the optical filter 1700.

FIG. 33 shows another embodiment of a tilt-insensitive
reflective assembly 1800 having a specially shaped prism
1804 arranged in relation to the micro-mirror device 1830,
a set of optical components as shown and a compliment set
of optical components generally indicated as 1805 consistent
with that discussed above.

Unlike an ordinary 45 degree total internal reflection
(TIR) prism, in this embodiment the back surface of the
chisel prism 1804 is cut at approximately a 48 degree angle
relative to the bottom surface of the chisel prism 1804. The
top surface of the chisel prism 1804 is cut at a 4 degree angle
relative to the bottom surface to cause the light to reflect off
the top surface via total internal reflection. The front surface
of the chisel prism 1804 is cut at a 90 degree angle relative
to the bottom surface. The chisel prism 1804 therefore
provides a total of 4 surface reflections in the optical
assembly (two TIRs off the back surface, one TIR off the
micromirror device 1830, and one TIR off the top surface.)

In order to remove the manufacturing tolerances of the
prism angles, a second smaller compensating prism or
wedge 1810 (or wedge), having a front surface cut at a
shallow angle (e.g., as 10 degrees) with respect to a back
surface, may also be used. Slight tilting or pivoting about a
pivot point of the compensation wedge 1810 causes the light
beam to be pointed in the correct direction for focusing on
the receive pigtail 1802.

The combination of the chisel prism 1804 and the com-
pensation wedge 1810 allows for practical fabrication of
optical devices that spread a beam out over a significant area
and therefore onto a plurality of micro-mirrors, while keep-
ing the optical system robust to tilt errors introduced by
vibration or thermal variations.

In FIG. 34, the input light rays 18264 first pass through
the A/4 wave plate 35 and the A/9 wave plate 1840. The input
rays 1826a reflect off the back surface 1821 of the prism
1804 the micro-mirror device 1830. The rays 18265 then
reflect off the micromirror device 1830 back to the back
surface 1821 of the prism 1804 The rays 18265 then reflect
off the top surface 1822 for a total of 4 surfaces (an even
number) and passes through the front surface 1823 of the
prism 1804. The rays 18265 then pass back through the A/4
wave plate 35 and the /9 wave plate 1840 to the wedge
1810. The wedge 1810 redirects the output rays 1826c¢ to the
receive pigtail 1802. As shown by arrows 1851, the wedge
1810 may be pivoted about its long axis 1850 during
assembly to slightly steer the output beam 1826c¢ to the
receive pigtail 1802 with minimal optical loss by removing
manufacturing tolerances of the chisel prism.

In FIG. 33, the prism 1804 (with wave plates 35, 1840
mounted thereto) and the micro-mirror device 1830 are
mounted or secured in fixed relations to each other. The
prism 1804 and micro-mirror device 1830 are tilted a
predetermined angle off the axis of the input beam 614 (e.g.,
approximately 9.2 degrees) to properly direct the input beam
onto the micromirrors of the micromirror device, as
described hereinbefore. The wedge 1810 however is per-
pendicular to the axis of the input beam 1826a.
Consequently, the receive pigtail of the dual fiber pigtail
1802 is rotated a predetermined angle (approximately 3
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degrees) from a vertically aligned position with the transmit
pigtail. Alternatively, the wedge 1810 may be rotated by the
same predetermined angle as the prism and the micromirror
device (e.g., approximately 9.2 degrees) from the axis of the
input beam. As a result, the receive pigtail of the dual pigtail
assembly 1802 may remain vertically aligned with transmit
pigtail.

THE SCOPE OF THE INVENTION

The dimensions and geometries for any of the embodi-
ments described herein are merely for illustrative purposes
and, as much, any other dimensions may be used if desired,
depending on the application, size, performance, manufac-
turing requirements, or other factors, in view of the teach-
ings herein.

It should be understood that, unless stated otherwise
herein, any of the features, characteristics, alternatives or
modifications described regarding a particular embodiment
herein may also be applied, used, or incorporated with any
other embodiment described herein. Also, the drawings
herein are not drawn to scale.

Although the invention has been described and illustrated
with respect to exemplary embodiments thereof, the fore-
going and various other additions and omissions may be
made therein without departing from the spirit and scope of
the present invention.

What is claimed is:

1. An optical blocking filter for receiving an optical signal
having one or more optical bands or channels, characterized
in that

the optical blocking filter comprises a spatial light modu-
lator having a micro-mirror device with an array of
micro-mirrors for selectively deflecting the one or more
optical bands or channels so that each optical band or
channel is reflected off a respective plurality of micro-
mirrors to eliminate a selected band or channel or a
specified selection of bands or channels from the opti-
cal signal provided along an optical return path,
wherein scattered light from a dropped signal is
directed onto the micromirror device to reflect away
from the return path.

2. An optical blocking filter according to claim 1, wherein
the optical blocking filter comprises an optical arrangement
for providing the optical signal along an optical path to the
array of micromirrors.

3. An optical blocking filter according to claim 2, wherein
the optical arrangement is a free optics arrangement.

4. An optical blocking filter according to claim 3, wherein
the free optics arrangement provides the optical signal to the
spatial light modulator, and also provide an optical output
signal having each remaining band or channel reflected off
the spatial light modulator.

5. An optical blocking filter according to claim 4, wherein
the free optics arrangement includes either one or more
circulators, one or more waveguides, or a combination
thereof.

6. An optical blocking filter according to claim 5, wherein
the one or more circulators includes a pair of circulators.

7. An optical blocking filter according to claim 6, wherein
the one or more circulators includes a three port circulator.

8. An optical blocking filter according to claim 5, wherein
the one or more waveguides includes a pair of capillary
tubes.

9. An optical blocking filter according to claim 5, wherein
the free optics arrangement comprise a further optical por-
tion for receiving a reflected optical signal from the spatial
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light modulator and providing a re-reflected optical signal
back to the spatial light modulator.

10. An optical blocking filter according to claim 9,
wherein the re-reflected optical signal is reflected off the
spatial light modulator and eliminated.

11. An optical blocking filter according to claim 9,
wherein the further optical portion includes a bulk lens, a
reflector, or a combination thereof.

12. An optical blocking filter according to claim 9,
wherein the further optical portion includes a mirror for
re-reflecting the optical signal back to the spatial light
modulator.

13. An optical blocking filter according to claim 4,
wherein the free optics arrangement includes a collimator, a
reflective surface, a dispersion element, a bulk lens, or a
combination thereof.

14. An optical blocking filter according to claim 13,
wherein the collimator includes either an aspherical lens, an
achromatic lens, a doublet, a GRIN lens, a laser diode
doublet, or a combination thereof.

15. An optical blocking filter according to
wherein the reflective surface includes a mirror.

16. An optical blocking filter according to
wherein the reflective surface is curved.

17. An optical blocking filter according to
wherein the bulk lens includes a Fourier lens.

18. An optical blocking filter according to
wherein the dispersion element has a low PDL.

19. An optical blocking filter according to claim 13,
wherein the dispersion element includes a diffraction
grating, a tilted grating, an echelle grating, an etalon, a prism
or a holographic optical device.

20. An optical blocking filter according to claim 3,
wherein the free optics arrangement includes one or more
optical PDL mitigating devices for minimizing polarization
dependence loss (PDL).

21. An optical blocking filter according to claim 20,
wherein one optical PDL mitigating device is arranged
between a waveguide and a grating in the optical
arrangement, and another optical PDL mitigating device is
arranged between a grating and the spatial light modulator.

22. An optical blocking filter according to claim 20,
wherein the one or more optical PDL mitigating devices
include a pair of optical PDL mitigating devices.

23. An optical blocking filter according to claim 20,
wherein the one or more optical PDL mitigating devices
includes one optical PDL mitigating device having a polar-
ization splitter for splitting each channel into a pair of
polarized light beams and a rotator for rotating one of the
polarized light beams of each optical channel.

24. An optical blocking filter according to claim 23,
wherein the one or more optical PDL mitigating devices
includes another optical PDL mitigating device having a
rotator for rotating one of the previously rotated and polar-
ized light beams of each optical channel and a polarization
splitter for combining the pair of polarized light beams of
each channel.

25. An optical blocking filter according to claim 20,
wherein the one or more optical PDL mitigating devices
includes a -/4 plate.

26. An optical blocking filter according to claim 2,
wherein the optical arrangement includes a chisel prism
having multiple faces for modifying the direction of the
optical signal.

27. An optical blocking filter according to claim 26,
wherein the multiple faces include at least a front face, a rear
face, a top face and a bottom face.

claim 13,
claim 15,
claim 13,

claim 13,
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28. An optical blocking filter according to claim 26,
wherein the optical light from the free optics arrangement
passes through one or more faces of the chisel prism, reflects
off one or more internal surfaces of the chisel prism, reflects
off the spatial light modulator, again reflects off the one or
more internal surfaces of the chisel prism, and passes back
to the free optics arrangement.

29. An optical blocking filter according to claim 2,
wherein the optical arrangement includes a field correction
lens for respectively compensating for the one or more
channels reflecting of the spatial light modulator.

30. An optical blocking filter according to claim 1,
wherein the spatial light modulator is programmable for
reconfiguring the optical blocking filter to eliminate each
band or channel by changing a switching algorithm that
drives the array of micro-mirrors.

31. An optical blocking filter according to claim 30,
wherein the spatial light modulator is selectively reconfig-
urable by statically or dynamically modifying the switching
algorithm to accommodate different channel spacing, the
shape of the light beam, or the center wavelength of the light
beam of the optical signal.

32. An optical blocking filter according to claim 30,
wherein the switching algorithm is based on the wavelength
of the optical signal and the one or more optical bands or
channels being eliminated.

33. An optical blocking filter according to claim 30,
wherein the spatial light modulator is configured so one
group of optical channels is spaced at 100 Hz and another
group of optical channels is spaced at 50 Hz.

34. An optical blocking filter according to claim 1,
wherein the array of micro-mirrors includes a multiplicity of
micro-mirrors that are separately controllable for tilting on
an axis depending on a control signal in accordance with a
switching algorithm.

35. An optical blocking filter according to claim 1,
wherein the optical signal is a wavelength division multi-
plexed (WDM) optical signal having a plurality of wave-
lengths and a corresponding plurality of optical bands or
channels.

36. An optical blocking filter according to claim 1,
wherein each micro-mirror is tiltable in either a first position
or a second position along an axis either substantially
parallel to the spectral axis of the optical signal, parallel to
the spatial axis of the optical signal, or at an angle of 45
degrees in relation to the spatial axis.

37. An optical blocking filter according to claim 1,
wherein the one or more optical bands or channels have a
desired cross-sectional geometry, including an elliptical, a
rectangular, a square or a polygonal shape.

38. An optical blocking filter according to claim 1,
wherein the optical arrangement includes a first free optics
arrangement that provides the optical signal to the spatial
light modulator, and a second free optics arrangement that
provides an eliminated optical signal from the spatial light
modulator.

39. An optical blocking filter according to claim 38,
wherein the common free optics arrangement includes

a first optical circulator for providing a first optical signal

to the first optical blocking filter and for providing a
first optical output signal with first remaining optical
bands or channels; and

a second optical circulator for providing a second optical

signal to the second optical blocking filter and for
providing a second optical output signal with second
remaining optical bands or channels.

40. An optical blocking filter according to claim 1,
wherein the optical blocking filter includes a first optical
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blocking filter and a second optical blocking filter, each
sharing a common free optics arrangement.

41. An optical blocking filter according to claim 1,
wherein the optical arrangement comprises:

one or more polarization separators for separating the
optical signal into a P state optical signal and an S state
optical signal, and for combining a P state optical return
signal and an S state optical return signal into an optical
output signal; and

a Y- wave plate for rotating the P state optical signal into
a rotated S state optical signal, and for rotating an S
state optical return signal into the P state optical return
signal.

42. An optical blocking filter according to claim 41,
wherein the one or more polarization separators include a
Wollistan prism, a polarization beam splitter, a fiber coupler
or some combination thereof.

43. An optical blocking filter according to claim 1,
wherein the optical arrangement is arranged in relation to an
optical axis and the micromirror surfaces when the array of
micromirrors is the neutral position are non-orthogonal in
relation to the optical axis.

44. An optical blocking filter according to claim 1,
wherein the optical arrangement is arranged on an optical
axis and the micromirror surfaces when the array of micro-
mirrors is in the neutral position are orthogonal to the optical
axis so during a failure of the spatial light modulator the
optical signal is reflected back along the optical return path
and propagated through the optical blocking filter.

45. An optical blocking filter according to claim 1,
wherein the optical signal includes a plurality of channels,
each having at least one respective spectral band or section.

46. An optical blocking filter according to claim 1,
wherein the optical signal includes at least one channel
having respective spectral bands or sections arranged in
non-uniform spectral arrays on the array of micro-mirror.

47. An optical blocking filter according to claim 46,
wherein the non-uniform spectral arrays include arrays
having a different length, width, number or combination
thereof on the array of micro-mirrors.

48. An optical blocking filter according to claim 1,
wherein the optical signal includes a plurality of channels
that are non-linearly disposed on the array of micro-mirrors.

49. An optical blocking filter for receiving an optical
signal having one or more optical bands or channels, char-
acterized in that

the optical blocking filter comprises a spatial light modu-

lator having a micro-mirror device with an array of
micro-mirrors for selectively deflecting the one or more
optical bands or channels to a reflecting device, which
re-reflects the one or more optical bands or channels
back to the spatial light modulator for re-deflecting the
one or more optical bands or channels, in order to
eliminate a selected band or channel or a specified
selection of bands or channels from the optical signal
provided along an optical return path, wherein scattered
light from a dropped signal is directed onto the micro-
mirror device to reflect away from the return path.

50. An optical blocking filter according to claim 49,
wherein the reflecting device is a mirror.

51. An optical blocking filter according to claim 49,
wherein each optical band or channel is reflected off a
respective plurality of micro-mirrors.

#* #* #* #* #*
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DYNAMICALLY RECONFIGURABLE
OPTICAL SMART NODE

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims benefit to provisional patent appli-
cation Ser. No. 60/310,991, filed Aug. 9, 2001, as well as
60/354,794, filed Feb. 6, 2002 (CiDRA file no. CC-0385).

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to wavelength division multiplexed
optical communication systems, and more particularly, to
wavelength division multiplexed optical communication
systems which include smart nodes having dynamic optical
signal manipulation devices in combination with sensing
devices and processors to provide real time closed and open
loop control of various channels of the network.

2. Description of Related Art

Optical communication networks need links having nodes
which include dynamically reconfigurable optical signal
manipulation devices in combination with other sensing
devices and processors to provide real time closed and open
loop control of various channels of network.

SUMMARY OF THE INVENTION

The present invention provides a smart node for use in an
optical communications network having optical signals. The
smart node features continuous, real time, autonomous feed-
back and correction with closed and/or open loop control of
the optical signals in the optical communications network.

The smart node may include (1) an input amplifier for
amplifying the optical signals; (2) an equalization filter for
filtering the optical signals in response to a feedback pro-
cessor signal; (3) a coupler for coupling filtered optical
signals; (4) a channel monitor for monitoring a feedback
portion of the filtered optical signals; (5) a processor for
processing a channel monitor signal from the channel moni-
tor, and providing the feedback processor signal to the
equalization filter; and (6) an output amplifier for amplifying
the filtered optical signals and providing a dynamically
reconfigurable filtered and amplified output signal.

The smart node may also include an input/output user
interface for receiving input signals from an outside user and
providing user input interface signals to the processor, and
for receiving user output signals from the processor and
providing user output interface signals to the user. For
example, the input/output user interface may include an
input user interface for receiving inputs from the outside
user for dynamically changing the configuration of the smart
node, including timing, traffic or other distinct attribute
basis. The input/output user interface may include an output
user interface for providing outputs containing information
that may cause the outside user to dynamically change the
configuration of the smart node. The outputs may include the
power levels of various bands or channels, the band or
channel spacing, channel drift, the degree of attenuation
taking place, and along with other sensors or devices, the
amount of dispersion/correction, empty channels, or a com-
bination thereof.

In one embodiment, the output amplifier may be arranged
after the coupler, while in an alternative embodiment the
output amplifier may be arranged between the equalization
filter and the coupler.
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The optical signals may include different wavelengths,
bands or channels, as well as wavelength division multi-
plexed signals having various levels of power.

The equalization filter may include a dynamic gain equal-
ization filter that selectively attenuates one or more wave-
lengths, bands or channels to provide a dynamic gain
equalization filter signal, such as a pixelated optical filter, a
Mach Zender/Fourier interference filter, acoustic filter, array
waveguide or variable optical attenuator.

The channel monitor provides a signal that is indicative of
a profile of the power levels of the various wavelengths,
channels or bands of the optical signals, and may include a
micromirror device, an optical channel monitor (OCM), an
optical channel analyzer (OCA), or optical power meter
capable of accurately monitoring power levels. The channel
monitor may include either a band attenuation mode or a
channel-by-channel mode, and may be constructed indepen-
dent of any particular channel plan.

The processor may include software and hardware
capable of dynamically controlling the equalization filter to
equalize the power spectrum of wavelengths, channels or
bands entering the equalization filter. In operation, upon
receiving information from the channel monitor, the proces-
sor provides commands to the equalization filter to selec-
tively attenuate preselected wavelengths, channels or bands
to provide a preselected spectrum output. The processor may
also operate to either attenuate each of the optical signals by
substantially the same amount, controllably attenuate the
optical signals so that the output amplifier is provided with
a preselected gain profile for each of the optical signals,
correct the gain tilt of the output amplifier, or a combination
thereof.

The coupler may include an optical tap or splitter.

The output amplifier provides a second stage of amplifi-
cation. The input amplifier, output amplifier or a combina-
tion thereof may include an erbium doped fiber amplifier.

The smart node may also include a reconfigurable optical
add/drop multiplexer for adding and dropping one or more
of the optical signals to and from the smart node. In
operation, the processor, either through programmed soft-
ware, firmware, or by other means, may command the
reconfigurable optical add/drop multiplexer to add certain
channels and/or drop other certain channels. In one embodi-
ment, the reconfigurable optical add/drop multiplexer is
arranged between the input amplifier and the equalization
filter. In alternative embodiments, the reconfigurable optical
add/drop multiplexer may be arranged either after the cou-
pler, or before the input amplifier.

The smart node may also include a dispersion sensor and
a dispersion compensator that combine to provide the ability
to dynamically compensate for dispersion within the various
bands or channels, as well as a second coupler arranged after
the coupler connected to the output amplifier. The dispersion
sensor is arranged between the second coupler and the
processor, receives a small portion of the filter optical
signals from the coupler, and determines the dispersion
among the various channels or bands. The dispersion com-
pensator may be arranged between the reconfigurable optical
add/drop multiplexer and the equalization filter and com-
pensates for the dispersion of the various channels. The
dispersion sensor and the dispersion compensator are con-
trolled by the processor. The dispersion sensor may include
a bit error rate detector, an open eye diagram or other devices
suitable for detecting chromatic dispersion, polarization
mode dispersion or dispersion slope. The dispersion com-
pensation device may include a chromatic dispersion com-
pensator (CDC), a polarization mode dispersion compensa-
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tor (PMDC) or a dispersion slope compensator. In an
alternative embodiment, the dispersion compensator may be
arranged between the equalization filter and the output
amplifier to compensate for the dispersion of the various
channels.

The smart node may also include a wavelength conver-
sion device optically coupled to the reconfigurable optical
add/drop multiplexer, which provides for the ability to
dynamically add a channel regardless of its wavelength. The
wavelength conversion device comprises a tunable laser by
controlled the processor.

BRIEF DESCRIPTION OF THE DRAWING

The drawing, not drawn to scale, includes the following
Figures:

FIG. 1 is a schematic diagram of a link of a fiber optic
communications network having a smart node that is the
subject matter of the present invention.

FIG. 2 is a schematic diagram of one embodiment of a
smart node according to the present invention.

FIG. 3 is an alternative embodiment of the smart node of
FIG. 2 according to the present invention.

FIG. 4 is an alternative embodiment of the smart node of
FIG. 3 in accordance with the present invention including
dynamic reconfigurability.

FIG. 5 is a graphical representation of one aspect of the
reconfigurability of the embodiment of FIG. 4.

FIG. 6 is a schematic diagram of a smart node including
a DGEF, OCM and ROADM in accordance with the present
invention.

FIG. 7 is an alternative embodiment of the smart node of
FIG. 6 in accordance with the present invention.

FIG. 8 is an alternative embodiment of the smart node of
FIG. 6 in accordance with the present invention.

FIG. 9 is a schematic diagram of the smart node including
a DGEF, OCM, ROADM, dispersion sensor and dispersion
compensator in accordance with the present invention.

FIG. 10 is an alternative embodiment of the smart node of
FIG. 9 in accordance with the present invention.

FIG. 11 is an alternative embodiment of the smart node of
FIG. 6 including a wavelength conversion device in accor-
dance with the present invention.

In the drawing, similar elements in FIGS. 2—4 and 6-11
are labelled with similar reference numerals throughout the
patent application.

DETAILED DESCRIPTION OF THE
INVENTION

FIG. 1: The Smart Link

FIG. 1 shows an optical communications network in the
form of a smart link generally indicated as 1. The smart link
comprises an express line 20 and at least one pair of
terminals 10, 19 having a plurality of smart nodes 11-18
positioned therebetween. The link 1 may be part of a larger
link or optical network (not shown). The terminals 10, 19
may operate for both transmission and receiving of optical
signals along the express line 20 which may comprise one or
more fiber optic transmission cables. The terminals 10, 19
provide a number of optical signals, or channels, each at a
distinct wavelength as is known in the industry. The termi-
nals may be separated by a relatively large physical distance
21 necessitating amplification at the smart nodes 11-18. As
shown, the smart nodes 11-18 are separated by a shorter
physical distance 22 than the terminals 10, 19, typically
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between 50 and 100 kilometers (about 30 and 60 miles). In
addition to various optical signals carried along the express
line 20, between terminals 10 and 19 optical signals on
optical lines 23, 24 may be added and/or dropped from the
network at any of the smart nodes 11-18.

As is known, losses occur during the transmission of
optical signals along lengths of fiber 20 that result in various
network problems. To overcome the losses, optical ampli-
fiers (see FIG. 2) are positioned in the various nodes along
the network. It is in combination with these optical ampli-
fiers that certain configurations of smart nodes, or dynamic
nodes, 11-18 of the present invention are embodied.
Although shown by way of illustration as part of the link 1
in FIG. 1, a smart node of the present invention is not limited
thereto and may simply be a stand-alone device as described
herein below.

Moreover, the smart nodes 11-18 in accordance with the
present invention includes dynamic optical signal manipu-
lation devices in combination with sensing devices and
processors to provide real time closed and open loop control
of various channels of network. These devices, as will be
described more fully herein below, include singularly, or in
combination, a dynamic gain equalization filter (DGEF), a
dynamic reconfigurable optical add/drop multiplexer
(ROADM), an optical cross connect (OXC), an optical
channel monitor (OCM), an optical channel analyzer
(OCA), a band selector, a wavelength converter (including a
tunable laser and a modulator), a chromatic dispersion
compensator, a polarization mode dispersion compensator, a
scanning Fourier transform interferometer, a dynamic vari-
able multiplexer (V-Mux), a dynamic variable attenuator
(VOA) and a tunable bandpass filter (TBF).

FIG. 2: Dynamically Reconfigurable Optical Smart Node

FIG. 2 shows in detail the smart nodes 11-18 shown in
FIG. 1. The smart node in FIG. 2 is generally indicated as 30.
The smart node 30 has a pair of optical input and output
amplifiers A1, A2, a DGEF 31 and an OCM 32 arranged in
conjunction with a processor 33, a tap or coupler 39, and an
input/output interface 42. In the smart node 30, the DGEF
31, the OCM 32 and the processor 33 combine to provide a
continuous, real time, autonomous feedback and correction
in the form of a dynamic closed-loop control in accordance
with the present invention, consistent with that described
below.

The basic operation of the smart node 30 works as
follows:

The input amplifier Al receives a plurality of optical
signals, each at a respective one of wavelengths A,—A,,
typically within a range of 1500 to 1610 nm, or inclusive of
channels or bands, such as the C band, L band, as well as the
S band. The plurality of optical signals, which may include
wave division multiplexed (WDM) signals, enter the smart
node 30 via the express line 20 (see also FIG. 1) and have
various levels of power as depicted by an input power
spectrum 34. The input power spectrum 34 is intended to be
illustrative of a typical spectrum of individual channels
A —\,, depicted by the plurality of vertical lines representing
various power levels. The input amplifier A1 provides a
power gain, typically on an order of 10-35 decibels (Db), to
the channels and further typically introduces some gain tilt
to the channels. The anomalous gain amplification profile or
otherwise uneven amplification, referred to herein as gain tilt
to the channels, is depicted by a power spectrum 35.

The amplified channels are provided to the DGEF 31 via
the express line 36 wherein preselected wavelengths, chan-
nels or bands are selectively attenuated to provide a dynamic
gain equalization filtered signal of a preselected attenuated
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spectrum as depicted in a preselected spectrum output 37.
The DGEF 31 functions to trim or equalize the individual
wavelengths, channels or bands of optical signals, and may
comprise any known or contemplated device capable of
performing these functions, such as a Mach Zender/Fourier
interference filter, acoustic filter, array waveguide or vari-
able optical attenuator. One embodiment of the DGEF 31 is
discussed in further detail below.

The amplified and selectively attenuated wavelengths,
channels or bands are provided to the output amplifier A2 via
the coupler 39 and a transmission line 38, and a portion of
the filtered signal is directed to the OCM 32 via the coupler
39.

The OCM 32 provides an optical channel monitor signal,
typically an electrical signal, to the processor 33 via line 40
that is indicative of the profile of the power levels of the
various wavelengths, channels or bands of the spectrum. The
OCM 32 may comprise any OCM, OCA, or optical power
meter capable of accurately monitoring the power levels of
the spectrum. One embodiment of the OCM 32 is discussed
in further detail below.

The processor 33 includes software and hardware capable
of dynamically controlling the DGEF 31 to equalize the
power spectrum of the wavelengths, channels or bands
entering the DGEF 31 via line 36. The processor 33 upon
receiving the information from the OCM 32 provides com-
mands to the DGEF 31 to selectively attenuate preselected
wavelengths, channels or bands to provide the preselected
spectrum output 37. The processor 33 variably controls the
DGEF 31 with a control signal and attenuates each of the
optical signals by substantially the same amount and con-
trollably attenuates the optical signals so that the output
amplifier A2 is provided with a preselected gain profile for
each of the optical signals.

In addition to dynamically correcting for the gain tilt of
the input amplifier A1, the processor 33 also has information
relating to the anticipated profile of the gain tilt from the
amplifier A2. The gain tilt of the amplifier A2 is corrected by
the smart node 30 by commanding the processor 33 to
attenuate the spectrum to present an optical signal profile
having an inverse of the gain tilt of the amplifier A2. The
result of this correction is shown in the power spectrum 37.
The signal emerging from the smart node 30 via the express
line 20 would be of increased power and substantially
equalized as shown in an output power spectrum 41.

The optical signals are supplied from the DGEF 31 via the
transmission line 38 to the amplifier A2 containing a second
segment of active optical fiber, which provides a second
stage of amplification. The active optical fiber of the output
amplifier A2 is typically pumped with light from a laser (not
shown) at a wavelength, e.g., 1480 nm, which is different
than the optical signal wavelengths A,—A,,. In addition, the
second segment of active optical fiber is pumped in such a
manner and has an appropriate composition that yields a
high power output to the express line 20. Although the
various power of the input and output amplifiers Al, A2 are
given by way of example it is important to note that the
combination of the amplifiers and various components of the
smart node 30 must yield a signal having sufficient power for
the transmission and use contemplated.

The output amplifier A2 provides a power gain, typically
on the order of 10-35 Db, to the channels and, similar to the
input amplifier Al, typically introduces some gain tilt or
otherwise uneven amplification to the channels. The power
of optical signals provided to the output amplifier A2 is
typically significantly more than the power of optical signals
supplied to the OCM 32. For example, the power at output
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supplied to the OCM 32 can be approximately 2% of the
power depicted in the power spectrum 37, while the power
supplied to the output amplifier A2 can be approximately
98% of the power depicted in power spectrum 37 (neglect-
ing coupler loss, for simplicity).

The pair of optical input and output amplifiers A1, A2
may comprise an erbium doped fiber amplifier (EDFA) or
other known amplifier. In an EDFA, the fiber is typically
doped with the fluorescent material, erbium, and pumped
with light at a wavelength different than the amplified optical
signals, for example, 980—1480 nanometers (nm). A pump
laser (not shown) is typically coupled to the active optical
fiber of amplifiers in a known manner to excite the fluores-
cent material. The pump light is of sufficient magnitude and
the composition of active optical fiber is such that the optical
signals output from A1 (and A2 similarly) are amplified with
high gain, but with relatively little noise.

In particular, the DGEF 31 may comprise a pixilated
optical filter as disclosed in copending, commonly assigned,
U.S. Patent Application Ser. No. 60/281,079, entitled
“Reconfigurable Pixelated Optical Filter,” filed Apr. 3, 2001,
as well as U.S. Patent Application Ser. No. 60/311,002, filed
Aug. 8, 2001, entitled “Dynamic Optical Filter having an
Array of Micro-Mirrors,” filed Aug. 8, 2001; Ser. No.
10/115,647, entitled “Dynamic Optical Filter Having a Spa-
tial Light Modulator”, filed Apr. 3, 2002; Ser. No. 10/159,
370, entitled “Optical Channel Monitor”, filed May 31,
2002; Ser. No. 60/332,318, entitled “Chromatic dispersion
compensation device having an array of micromirrors”, filed
Nov. 16, 2001; Ser. No. 60/325,065, entitled “Reconfig-
urable Optical Add/Drop Multiplexer having an Array of
micromirrors”, filed Sep. 25, 2001; Ser. No. 60/325,068,
entitled “Optical Cross-connect having an array of micro-
mirrors”, filed Sep. 21, 2001; Ser. No. 60/325,066, entitled
“Optical Channel monitor having an Array of Micromirros”,
filed Sep. 25, 2001; Ser. No. 60/325,064, entitled “Optical
Interleaver/deinterleaver device having an array of micro-
mirrors”, filed Sep. 25, 2001; Ser. No. 60/344,585, entitled
“Optical blocking filter having an array of micromirrors”,
filed Dec. 28, 2001; Ser. No. 60/352,297, entitled “Multi-
functional optical device having spatial light modulator”,
filed Jan. 28, 2002; Ser. No. 10/115,648, entitled “Variable
Optical Source”, filed Apr. 3, 2002; Ser. No. 10/120,617,
entitled “Adaptive filter/attenuator using pixilated reflector”,
filed Apr. 11, 2002, the disclosures all of which are hereby
incorporated by reference in their entireties. In operation, the
OCM 32 would provide a signal to the processor 33 that a
certain channel centered at wavelength A, needs to be
attenuated. In order to attenuate the optical channel centered
at wavelength A,, the processor 33 commands a predeter-
mined number of micro-mirrors disposed in the area illu-
minated by the optical channel at A, to tilt to reflect a portion
of' the light of the optical channel away from the return path.
In this manner, the OCM 32 provides signals indicative of
the power profile of the entire spectrum, including the
anticipated gain tilt of the output amplifier A2, and the
processor 33 in turn commands the DGEF 31 to selectively
attenuate the channels or bands having power levels above
apredetermined threshold in order to provide the preselected
channel profile depicted in the spectrum 37.

In addition, the OCM 32 may comprise a micro-mirror
device as set forth in the copending U.S. patent applications
referenced above. In such a micro-mirror based OCM 32,
the micro-mirrors may be tilted such that all but one optical
channel is dropped, and therefore, a single optical channel is
reflected back through the optics making the device useful as
either an OCM or an optical power monitor (OPM). The
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output optical signal may be provided to a photodetector or
charge coupled device (CCD) array to determine certain
characteristics of the optical channel(s), such as power,
wavelength, signal-to-noise ratio, etc. In such a configura-
tion, a controller (not shown) of the OCM 32 sequentially
tilts each group of the micro-mirrors illuminated by each
optical channel to sequentially return each optical channel
back to the optics, to effectively scan across the spectral
range to analyze each optical channel. The OCM 32 based
on the micro-mirror device is capable of switching between
a first and second position in approximately 16 microsec-
onds.

The coupler 39 may be a conventional optical tap or
splitter, which supplies each of the plurality of optical
signals to both the OCM 32 and the output amplifier A2.

In addition, the smart node 30 may include an input/
output (I/O) user interface 42 to remotely link the smart node
30 to the outside world. The 1/O interface 42 enhances the
usefulness of smart node 30 by, for instance, allowing for
external motoring of the network’s health and correction
thereto via remote manipulation of the node, and the net-
work thereby, by a network manager.

FIG. 3: The Smart Node 50

FIG. 3 shows an alternative embodiment of a smart node
generally indicated as 50, in which the amplifier A2 is
arranged after the coupler 39.

In operation, the OCM 32 is positioned after both the
input and output amplifiers A1 and A2 and therefore the
gains and gain tilt, among other signal inequities, of the A1,
A2 amplifiers are determined, and adjusted by varying the
attenuation the various optical channels via the DGEF 31 so
that output spectrum 41 corresponds to a uniform spectral
gain. As shown, the coupler 39 taps a portion of the power
of the optical signals from transmission line 20 to supply the
OCM 32. Consistent with that discussed above, the OCM 32
provides an output signal indicative of the power levels of
the various wavelengths, channels or bands of the spectrum.
The processor 33 analyzes the output of the OCM 32 and
through proper algorithms outputs a control command to the
DGEF 31 to attenuate certain of the signals to output the
predetermined spectrum 37. In the embodiment shown, the
gain tilt of the output amplifier A2 is dynamically controlled
wherein the DGEF 31 responds to the output from the OCM
32 and provides the output spectrum 37 having an inverse of
the gain tilt of the output A2. In this embodiment, the smart
node 50 dynamically compensates for any drift in the input
and output amplifiers A1, A2, loss in the various components
or fibers or other power fluctuations, and provides the output
spectrum 41 having a substantially uniform gain.

FIG. 4: The Smart Node 60

FIG. 4 shows a smart node generally indicated as 60, in
which the OCM 32 has band and channel-by-channel attenu-
ation modes and the I/O user interface 42 has user input/
output functionality. The smart node 60 takes particular
advantage of the dynamic agility of the underlying design by
allowing for operation not only in a band attenuation mode
or channel-by-channel manipulation/attenuation mode as
described herein above, but also by accommodating the
varying spacing between bands or channels.

For example, the DGEF 31 and the OCM 32 may be
controlled through an input user interface 43 of the I/O user
interface 42 to the processor 33, or other processor means
(not shown), to operate in the channel-by-channel manipu-
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lation mode so that the output from the smart node 60 would
yield an equalized spectrum 41 across all channels. The
OCM 32 monitors at least the power level of each band and
provides an output monitoring signal indicative thereof to
the processor 33 via the line 40. The processor 33 through
suitable algorithms commands the DGEF 31 to attenuate
certain channels to provide the output spectrum 37 which is
typically the inverse of the gain tilt of the product of A1 and
A2 (ie. A1xA2).

In addition, the format of the channel count and/or spac-
ing of the DGEF 31 and the OCM 32 could be controlled
through the input user interface 43 to the processor 33 so that
the channel spacing differs across the spectrum. The channel
plan independence may be accomplished using a micro-
mirror based DGEF and OCM as described herein above
wherein the various channel spacings are accommodated by
utilizing different numbers and positions of micro-mirrors.
In one such embodiment, the DGEF 31 and the OCM 32
may share a common digital micro-mirror device (DMD). In
such a smart node 60, the performance is spectrally inde-
pendent of the underlying channel plan.

The present invention is described in a specific example
with reference to FIG. 5 wherein two distinct channel
spacings are accommodated. In this particular example,
channels centered about wavelengths A,— 5 are each posi-
tioned on approximately 1000 mirrors at a channel spacing
of 50 Ghz and channels centered at wavelengths A,—A, are
positioned on approximately 500 mirrors at a channel spac-
ing of 25 Ghz. In this configuration, the OCM 32 monitors
at least the power level and channel wavelength position of
channel and provides an output signal indicative thereof to
the processor 33 via the line 40.

The processor 33 through suitable algorithms commands
the DGEF 31 to attenuate certain of the channels to provide
an output spectrum 37 which is typically the inverse of the
gain tilt of the product of input and output amplifiers A1 and
A2 (A1xA2). The resultant output of the smart node 60
would yield a substantially equalized gain of all channels
A,—A,at the various predetermined channel spacing.

Further, the DGEF 31 and the OCM 32 (and smart node
60 thereby) could be controlled through the processor 33 to
operate in the band-by-band manipulation mode so that the
output from smart node 60 would yield an equalized gain
spectrum 41 across all bands. In this case, the OCM 32
monitors at least the power level of each band and provides
an output signal indicative thereof to the processor 33 via the
line 40. The processor 33 through suitable algorithms com-
mands the DGEF 31 to attenuate certain bands to provide the
output spectrum 37 which is typically the inverse of the gain
tilt of the product of amplifiers A1 and A2 (A1xA2) on a
band by band basis.

The profile of the output spectrum 41 of the smart node 60
may also be advantageously reconfigured through the input
user interface 43. For example, if certain channels or bands
need not be attenuated for certain predetermined reasons
those particular channels or bands could be selectively
treated through discrete commands by the processor 33. In
particular, if it were determined that a particular channel at
A; required maximum gain as transmitted from the smart
node 60, then an input through the input user interface 43
could allow for minimal or diminished attenuation of chan-
nel A, The output spectrum 41 in this particular instance
would not be substantially equalized but will be of a
predetermined profile to match the requirements of the input
to the smart node 60 via the input user interface 43. Other
various predetermined output spectra 41 are contemplated
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by the present invention such as if the link includes the S
band and there is gain tilt from a Raman amplifier or other
S-band amplifier.

In the above examples, the input user interface 43 is
described as receiving discrete input from an outside user.
However, the input user interface 42 is illustrative of an
input into the smart node 60 and may take on various forms
such as a separate processor input or one that is integral to
the smart node 60. For instance, an input to the smart node
60 may take place on a timing, traffic or other distinct
attribute basis to dynamically change the configuration as
contemplated by the various embodiments of the present
invention.

The smart node 60 (as well as any other contemplated
embodiment) may also include an output user interface 44 in
addition to the input user interface 43. The output user
interface 44 may advantageously allow an operator or sys-
tem to monitor the operation and or health of the smart node
60, link 1 (FIG. 1) or the network (not shown). For instance,
the output user interface 44 may output the power levels of
the various bands or channels, the band or channel spacing,
channel drift, the degree of attenuation taking place, and
along with other sensors or devices (as discussed herein) the
amount of dispersion/correction, or empty channels, etc.

Such output may also be useful for downstream manipu-
lation of the signals by other various smart nodes or links.
For instance, if it were reported to the smart node 11 of FIG.
1 that a channel was missing at A, then a channel could be
added at that particular wavelength at the smart node 13
comprising an ROADM via line 23 as will be described
more fully below. Alternatively, if the channel were found to
be missing due to a network error at node 11, a diagnostic
routine could be run at the network level to determine the
cause for the missing channel. In addition, the OCM 32 of
the smart node 11 could determine that a particular channel
was missing and report that error to the network via the input
user interface 43.

The scope of the invention is intended to include other
configurations in addition to those discussed above in rela-
tion to FIG. 4. The above configuration can also be utilized
as a tunable filter and can be configured to fulfill various
applications. In its most fundamental form the smart node 60
may comprise an arbitrary filter function formed by actuat-
ing components of a micro-mirror device corresponding to
the spectral filter function desired. The light from these
mirrors is collected and directed to an output fiber where it
can be acted upon by a variety of devices. Due to the very
fast actuation times associated with MEMS micro-mirror
devices, this operation can be performed on time scales
faster than milliseconds. In addition, the micro-mirrors can
be actuated in a sequential fashion to permit scanning of the
input optical spectrum across the output fiber. A detector
located at this position could serve to detect the optical
power and provide an OCM or OSA functionality. Various
algorithms could be employed to calculate values for wave-
length, power and OSNR from the detected power. One very
powerful feature of this system is its ability to vary the filter
function. A variable bandwidth (VBW) filter function could
be obtained that could change depending on the require-
ments of the system or network. Along these lines a single
device could be configured to operate on 100 Ghz or 50 Ghz
spaced channels. In addition, if the variable bandwidth
feature is utilized, a system that is mixed with various
channel spacing could be interrogated. An additional
example of the potential use of the variable bandwidth
feature is a combined OSA and drop unit. In this system a
wide BW filter would be used to drop a channel to minimize

20

25

30

35

40

45

50

55

60

65

10

the degradation of the channel. In the OCA mode a narrow
filter function would be employed to provide accurate pow-
ers, wavelength and optical signal-to-noise ratio (OSNR).

FIG. 6: The Smart Node 70

FIG. 6 shows an embodiment of a smart node generally
indicated as 70 that includes an ROADM 71 arranged
between the amplifier A1 and the DGEF 31 and controlled
by the processor 33. ROADM’s are generally known in the
industry and serve to allow the dynamic addition and
removal of a preselected channel(s) from the express line 20.
In addition to the ability of the smart node 70 to provide all
of the spectra manipulation discussed herein, the smart node
70 further allows the dynamic reconfigurability of the
ROADM 71 and the subsequent equalization and other
manipulation of the added channel(s).

In operation, the OCM 32 senses channel presence, wave-
lengths and power levels and sends a signal indicative of
such information to the processor 33 via line 40. The
processor 33 then either through programmed software,
firmware, or by other means, commands the ROADM 71 to
add certain channels via an optical line 23 and/or drop other
certain channels via an optical line 24. In addition, the /O
user interface 42 may be used to provide the output from the
processor 33 regarding channel count, spacing, presence and
further provide the smart node 70 with the ability to recon-
figure the channels as described herein above.

In another aspect of the present invention, the processor
33 may further command the ROADM 71 via line 72 to add
and/or drop certain channels based on the output from the
1/O user interface 42 or from an input from a user or other
smart node 11-18, link 1 (FIG. 1), or network (not shown).

As discussed, the smart node of the embodiment allows
for the manipulation and trimming/equalization of channels
or bands added via the optical line 23 but does not provide
any signal conditioning to the dropped channels exiting the
smart node 70 via the optical line 24. In addition, the
channels added via the optical line 23 do not benefit from the
first stage of amplification provided by the amplifier Al.

In this particular embodiment, the smart node 70 may also
include the ability to reconfigure the operation of the DGEF
31 to ignore the possibility that the added channel(s) may be
weaker than others. In so doing, for example, the DGEF 31
may work to equalize all other channels except the added
channel(s) and provide an output spectrum 41 that is some-
what higher in overall gain than would otherwise be possible
if the added channel(s) were considered.

In embodiments of the present invention that utilize DMD
technology, a single DMD chip can be multiplexed to
perform multiple manipulation functions at the same time or
on the same “real estate”. For instance, in one particular
embodiment of a DGEF approximately 20% of the DMD
chip may be utilized, leaving about 80% of the chip for other
functions.

FIG. 7: The Smart Node 80

FIG. 7 shows a smart node generally indicated as 80, in
which the ROADM 71 is arranged after the amplifier A2 and
the coupler 39 and controlled by the processor 33. The smart
node 80 is an alternative embodiment to that shown in FIG.
6, in which the ROADM 71 is arranged after the amplifier
Al. In the smart node 80, all the functionality similar to the
smart nodes 60 (FIG. 4) and the smart node 70 (FIG. 6) is
preserved except for the ability to equalize the channels
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added via line 23. In FIG. 7, the added channel(s) do
combine with the output spectrum and exit the node via the
express line 20.

FIG. 8: The Smart Node 90

FIG. 8 shows a smart node generally indicated as 90, in
which the ROADM 71 is arranged prior to the first stage of
amplification Al and controlled by the processor 33. In this
particular embodiment, all of the functionality in terms of
signal manipulation and configuration control and of smart
nodes 60 (FIG. 4), 70 (FIG. 6) with the additional enhance-
ment of introducing added channel(s) via the optical line 23
prior to the first stage of amplification Al. In this particular
embodiment the DGEF 31, the OCM 32 and the processor
33 cooperate to provide an output spectrum 41 having a
maximum overall gain for all channels including those
optical signals added via the optical line 23.

FIG. 9

FIG. 9 shows a smart node generally indicated as 100 that
includes a dispersion sensor 103 and a dispersion compen-
sator 105. The dispersion sensor 103 is arranged between a
coupler 101 and the processor 33 after the amplifier Al. The
dispersion compensator 105 is arranged between the
ROADM 71 and the DGEF 31 and controlled by the
processor 33. As is known, most of the various components
along a link or fiber in a link contribute in some way to
dispersion. The dispersion sensor 103 and the dispersion
compensator 105 combine to provide the ability to dynami-
cally compensate for dispersion within the various bands or
channels.

In operation, the smart node 100 includes the optical
coupler 101, similar to optical coupler 39 described herein
above, to direct a small portion of the output spectrum 41 via
the line 102 to the dispersion sensor 103. The dispersion
sensor 103 determines the dispersion among the various
channels or bands and provides an output signal indicative
of such dispersion to the processor 33 via a line 104. The
processor 33 then either through programmed software,
firmware, or by other means, commands the dispersion
compensator 105 to compensate the dispersion of the vari-
ous channels, including those channel(s) added by the
ROADM 71. The smart node 100 is dynamically reconfig-
urable to provide a predetermined output spectrum 41 to the
express line 20 that manipulates the signals as described for
the various embodiments above with the additional ability to
dynamically compensate for various dispersion effects. As a
person skilled in the art would appreciate, the ROADM 71
may also be arranged prior to the amplifier Al as described
herein above without departing from the scope of the present
invention.

The dispersion sensor 103 may comprise a bit error rate
detector, an open eye diagram or other known or contem-
plated devices that are capable of detecting chromatic dis-
persion (or the absence thereof), polarization mode disper-
sion or dispersion slope accurately enough to enable the
present invention.

The dispersion compensation device 105 may comprise a
chromatic dispersion compensator (CDC), a polarization
mode dispersion compensator (PMDC) or a dispersion slope
compensator.
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FIG. 10

FIG. 10 shows a smart node generally indicated as 110
which is an alternative embodiment of the present invention.
In this embodiment, the dispersion compensator 105 is
arranged between the DGEF 31 and the amplifier A2. In this
particular embodiment, all the functionality of the smart
node 100 of FIG. 9 is preserved. In addition, the dispersion
compensator 105 in combination with dispersion sensor 103
accommodates any dispersion caused by the various com-
ponents within the smart node 110.

FIG. 11

FIG. 11 shows a smart node generally indicated as 120
that includes a wavelength conversion device 121 optically
coupled to the ROADM 71. In this particular embodiment,
the smart node 120 has the ability to dynamically add
channel(s) to the express line 20 regardless of their wave-
length.

The wavelength conversion device 121 may comprise a
tunable laser that is commanded by processor 33. The
ROADM 71 comprises a device wherein the channel drop
portion of a micro-mirror based device permits a single
channel to be selected that will be wavelength converted and
dropped from the full dense wavelength division multi-
plexed (DWDM) data stream from the express line 20. The
tunable laser permits any new wavelength to be selected and
sent out of the device.

In one aspect of this particular configuration, the OCM 32
operates as set forth herein above and provides a signal
indicative of channel power and wavelength. The processor
33 then, prompted by a request or need to add another
channel via ROADM 71 directs wavelength converter 121 to
add the channel(s) to the express line 20 at an available
wavelength. With the smart node 120 operating in this
manner a channel may be added to the link 1 (FIG. 1)
without conflicting with another channel already operating
on the link.

In another aspect of the invention, the smart node 120
includes the capability of dropping a channel via the line 24
as described herein before. The added advantage of the
wavelength converter 121 is that the processor 33 may
command the conversion of any particular channel to be
dropped to an appropriate wavelength for addition to another
node, smart node, link or other area of a network as
appropriate.

THE SCOPE OF THE INVENTION

While the foregoing invention has been described in terms
of the embodiments discussed above, numerous variations
are possible. Accordingly, modifications and changes such
as those suggested above, but not limited thereto, are con-
sidered to be within the scope of the following claims.

The invention claimed is:

1. A smart node for use in an optical communications
network having optical signals, the smart node providing
continuous, real time, autonomous feedback and correction
with closed and/or open loop control of the optical signals in
the optical communications network, the smart node com-
prises:

an equalization filter for filtering the optical signals in

response to a feedback processor signal;

a coupler for coupling filtered optical signals;

a channel monitor for monitoring a feedback portion of

the filtered optical signals; and
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a processor for processing a channel monitor signal from
the channel monitor, and providing the feedback pro-
cessor signal to the equalization filter.

2. A smart node according to claim 1, wherein the smart

node further comprises:

an input/output user interface for receiving input signals
from a user and providing user input interface signals
to the processor, and for receiving user output signals
from the processor and providing user output interface
signals to the user.

3. A smart node according to claim 1, wherein the optical

signals include different wavelengths, bands or channels.

4. A smart node according to claim 1, wherein the optical
signals include wavelength division multiplexed signals
having various levels of power.

5. A smart node according to claim 1, wherein the
equalization filter is a dynamic gain equalization filter that
selectively attenuates one or more wavelengths, bands or
channels to provide a dynamic gain equalization filter signal.

6. A smart node according to claim 5, wherein the
dynamic gain equalization filter is either a pixelated optical
filter, a Mach Zender/Fourier interference filter, acoustic
filter, array waveguide or variable optical attenuator.

7. A smart node according to claim 1, wherein the channel
monitor signal is indicative of a profile of the power levels
of the various wavelengths, channels or bands of the optical
signals.

8. A smart node according to claim 1, wherein the channel
monitor is a micromirror device, an optical channel monitor
(OCM), an optical channel analyzer (OCA), or optical
power meter capable of accurately monitoring power levels.

9. A smart node according to claim 1, wherein the
processor includes software and hardware capable of
dynamically controlling the equalization filter to equalize
the power spectrum of wavelengths, channels or bands
entering the equalization filter.

10. A smart node according to claim 1, wherein the
processor, upon receiving information from the channel
monitor, provides commands to the equalization filter to
selectively attenuate preselected wavelengths, channels or
bands to provide a preselected spectrum output.

11. A smart node according to claim 1, wherein the
processor attenuates each of the optical signals by substan-
tially the same amount and controllably attenuates the
optical signals so that the output amplifier is provided with
a preselected gain profile for each of the optical signals.

12. A smart node according to claim 1, wherein the
processor corrects the gain tilt of the output amplifier.

13. A smart node according to claim 1, wherein the output
amplifier provides a second stage of amplification.

14. A smart node according to claim 1, wherein the
coupler is an optical tap or splitter.

15. A smart node according to claim 1, wherein the
channel monitor has either a band attenuation mode or a
channel-by-channel mode.

16. A smart node according to claim 2, wherein the
channel monitor has either a band attenuation mode or a
channel-by-channel mode.

17. A smart node according to claim 16, wherein the
equalization filter and the channel monitor share a common
digital micro-mirror device.

18. A smart node according to claim 2, wherein the
input/output user interface includes an input user interface
for receiving inputs from an outside user for dynamically
changing the configuration of the smart node, including
timing, traffic or other distinct attribute basis.
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19. A smart node according to claim 2, wherein the
input/output user interface includes an output user interface
for providing outputs containing information that may cause
an outside user to dynamically change the configuration of
the smart node.

20. A smart node according to claim 2, wherein the
outputs include the power levels of various bands or chan-
nels, the band or channel spacing, channel drift, the degree
of attenuation taking place, and along with other sensors or
devices, the amount of dispersion/correction, empty chan-
nels, or a combination thereof.

21. A smart node according to claim 1, wherein the smart
node includes a reconfigurable optical add/drop multiplexer
for adding and dropping one or more of the optical signals
to and from the smart node.

22. A smart node according to claim 21, wherein the
processor either through programmed software, firmware, or
by other means, commands the reconfigurable optical add/
drop multiplexer to add certain channels and/or drop other
certain channels.

23. A smart node according to claim 1, wherein the smart
node comprises:

an input amplifier for amplifying the optical signals; and

an output amplifier for amplifying the filtered optical

signals and providing a dynamically reconfigurable
filtered and amplified output signal.

24. A smart node according to claim 1, wherein the smart
node comprises:

an input amplifier for amplifying the optical signals.

25. A smart node according to claim 1, wherein the smart
node comprises:

an output amplifier for amplifying the filtered optical

signals and providing a dynamically reconfigurable
filtered and amplified output signal.

26. A smart node according to claim 23, wherein the input
amplifier, output amplifier or a combination thereof is an
erbium doped fiber amplifier.

27. A smart node according to claim 23, wherein the
output amplifier is arranged between the equalization filter
and the coupler.

28. A smart node according to claim 27, wherein the smart
node includes a reconfigurable optical add/drop multiplexer
for adding and dropping one or more of the optical signals
to and from the smart node.

29. A smart node according to claim 28, wherein the
reconfigurable optical add/drop multiplexer is arranged
between the input amplifier and the equalization filter and
controlled by the processor.

30. A smart node according to claim 29, wherein the
reconfigurable optical add/drop multiplexer provides subse-
quent equalization and other manipulation of an added
channel.

31. A smart node according to claim 27, wherein the
reconfigurable optical add/drop multiplexer is arranged after
the coupler and controlled by the processor.

32. A smart node according to claim 27, wherein the
reconfigurable optical add/drop multiplexer is arranged
before the input amplifier and controlled by the processor.

33. A smart node according to claim 29, wherein the smart
node includes a dispersion sensor and a dispersion compen-
sator that combine to provide the ability to dynamically
compensate for dispersion within the various bands or
channels.

34. A smart node according to claim 33, wherein

the smart node includes a second coupler arranged after

the coupler connected to the output amplifier;
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the dispersion sensor is arranged between the second
coupler and the processor, receives a small portion of
the filter optical signals from the coupler, and deter-
mines the dispersion among the various channels or
bands; and

the dispersion compensator is arranged between the

reconfigurable optical add/drop multiplexer and the
equalization filter and compensates for the dispersion
of the various channels.

35. A smart node according to claim 34, wherein the
dispersion sensor and the dispersion compensator are con-
trolled by the processor.

36. A smart node according to claim 34, wherein the
dispersion sensor comprises a bit error rate detector, an open
eye diagram or other devices suitable for detecting chro-
matic dispersion, polarization mode dispersion or dispersion
slope.

37. A smart node according to claim 34, wherein the
dispersion compensation device comprises a chromatic dis-
persion compensator (CDC), a polarization mode dispersion
compensator (PMDC) or a dispersion slope compensator.

38. A smart node according to claim 33, wherein

the smart node includes a second coupler arranged after

the coupler connected to the output amplifier;
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the dispersion sensor is arranged between the second
coupler and the processor, receives a small portion of
the filter optical signals from the coupler, and deter-
mines the dispersion among the various channels or
bands; and

the dispersion compensator is arranged between the

equalization filter and the output amplifier and com-
pensates for the dispersion of the various channels.

39. A smart node according to claim 28, wherein the smart
node includes a wavelength conversion device optically
coupled to the reconfigurable optical add/drop multiplexer.

40. A smart node according to claim 39, wherein the
wavelength conversion device provides for the ability to
dynamically add a channel regardless of its wavelength.

41. A smart node according to claim 39, wherein the
wavelength conversion device comprises a tunable laser
controlled by the processor.

42. A smart node according to claim 39, wherein the
reconfigurable optical add/drop comprises a device for pro-
viding a single channel to be selected that will be wave-
length converted and dropped from a full dense wavelength
division multiplexed data stream.

#* #* #* #* #*



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. 7,123,833 B2 Page 1 of 1
APPLICATION NO. : 10/216000

DATED : October 17, 2006

INVENTOR(S) : Szczepanek et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

Column 6, line 35 “Micromirros” should be -- Micromirrors --

Signed and Sealed this

Twenty-third Day of March, 2010

David J. Kappos
Director of the United States Patent and Trademark Office



EXHIBIT C



(12)

United States Patent

Szczepanek et al.

US007126740B2

(10) Patent No.:
45) Date of Patent:

US 7,126,740 B2
Oct. 24, 2006

(54)

(735)

(73)

@
(22)

(65)

(63)

MULTIFUNCTIONAL OPTICAL DEVICE
HAVING A SPATIAL LIGHT MODULATOR
WITH AN ARRAY OF MICROMIRRORS

Inventors: Paul Szczepanek, Middletown, CT

(US); John A. Moon, Wallingford, CT
(US); Alan D. Kersey, S. Glastonbury,
CT (US); James 8. Sirkis, Wallingford,
CT (US); James R. Dunphy, S.
Glastonbury, CT (US); Joseph Pinto,
Wallingford, CT (US); Christian
O’Keefe, Durham, CT (US); Michael
A. Davis, Glastonbury, CT (US)

Assignee: CiDRA Corporation, Wallingford, CT
(US)

Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days.

Appl. No.: 10/353,772

Filed: Jan. 28, 2003

Prior Publication Data

US 2004/0008401 Al Jan. 15, 2004

Related U.S. Application Data

Continuation-in-part of application No. 10/327,695,
filed on Dec. 19, 2002, now Pat. No. 6,956,687, and
a continuation-in-part of application No. 10/298,264,
filed on Nov. 15, 2002, now Pat. No. 6,934,069, and
a continuation-in-part of application No. 10/255,141,
filed on Sep. 25, 2002, now abandoned, and a con-
tinuation-in-part of application No. 10/255,133, filed
on Sep. 25, 2002, and a continuation-in-part of appli-
cation No. 10/255,132, filed on Sep. 25, 2002, now
Pat. No. 6,922,277, and a continuation-in-part of
application No. 10/255,129, filed on Sep. 25, 2002,
now abandoned, and a continuation-in-part of appli-
cation No. 10/216,000, filed on Aug. 8, 2002, and a
continuation-in-part of application No. 10/120,617,

i e
Controller
—_

(60)

D
(52)

(58)

(56)

-

filed on Apr. 11, 2002, now abandoned, and a con-
tinuation-in-part of application No. 10/115,648, filed
on Apr. 3, 2002, and a continuation-in-part of appli-
cation No. 10/115,647, filed on Apr. 3, 2002.

Provisional application No. 60/365,741, filed on Mar.
18, 2002, provisional application No. 60/365,682,
filed on Mar. 18, 2002, provisional application No.
60/365,461, filed on Mar. 18, 2002, provisional appli-
cation No. 60/365,446, filed on Mar. 18, 2002, pro-
visional application No. 60/354,794, filed on Feb. 6,
2002, provisional application No. 60/352,297, filed
on Jan. 28, 2002, provisional application No. 60/344,
585, filed on Dec. 28, 2001, provisional application
No. 60/332,319, filed on Nov. 16, 2001, provisional
application No. 60/332,318, filed on Nov. 16, 2001,
provisional application No. 60/325,068, filed on Sep.
25, 2001, provisional application No. 60/325,066,
filed on Sep. 25, 2001, provisional application No.
60/325,065, filed on Sep. 25, 2001, provisional appli-
cation No. 60/325,064, filed on Sep. 25, 2001, pro-
visional application No. 60/310,991, filed on Aug. 9,
2001, provisional application No. 60/311,002, filed
on Aug. 8, 2001, provisional application No. 60/283,
197, filed on Apr. 11, 2001, provisional application
No. 60/281,079, filed on Apr. 3, 2001.

Int. Cl1.
GO02B 26/00 (2006.01)
US.CL ... 359/290; 359/298; 385/18;

398/81; 398/86; 398/87; 398/88
Field of Classification Search 359/290,
359/301, 302,315, 318, 320, 618, 629, 634,
359/639, 850, 872, 223-224, 291, 107, 108,
359/298; 385/11, 15-18, 24, 1-3, 31, 10,
385/36,37; 398/86-88, 81, 82, 84

See application file for complete search history.

References Cited

U.S. PATENT DOCUMENTS

4,626,066 A 12/1986 Levinson ..........ccco.... 385/22
4,799,795 A 1/1989 Fateley .......ccoovnvueeenn 356/310
4,819,084 A 4/1989 Bark .....ccooviiiinininns 358/296
5,121,239 A 6/1992 POSt ..oovviniiiiiiiiiis 352/272




US 7,126,740 B2

Page 2
5,158,420 A 10/1992 Weyer ....cccccceeveevvnnne 414/694 G. Love, “Liquid-crystal Phase Modulator For Unpolarized Light”,
5,166,766 A 11/1992 Grudkowski et al. ......... 257/15 Applied Optics, vol. 32, No. 13, May 1, 1993, pp. 2222-2223.
5,271,078 A 12/1993 Franz et al. N. Riza et al., “Synchronous Amplitude and Time Control for an
5,504,575 A 4/1996 Stafford .......ccceeiienne 356/330 Optimum Dynamic Range Variable Photonic Delay Line”, Applied
5,699,462 A 12/1997 Fouquet et al. ... 385/18 Optics, vol. 38, No. 11, Apr. 10, 1999, 2309-2318.
5,729,386 A 3/1998 Hwang ....... 359/618 N. Riza et al., “Robust Packaging of Photonic RF Modules Using
5,774,604 A 6/1998 McDonald ..... . 385/18 Ultra-Thin Adaptive Optical Interconnect Devices”, SPIE vol. 3160,
5,915,063 A 6/1999 Colbourne et al. . 385/140 pp. 170-176.
6,128,077 A 10/2000 Jovin et al. .......... ... 356/330 N. Riza et al., “Demonstration of a Liquid-crystal adaptive align-
6,128,078 A 10/2000 Fateley ment tweeker for high-speed Infrared Band Fiber-Fed Free-space
6,160,928 A 12/2000 Schroeder ..........cc........ 385/18 Systems”, Opt. Eng. 37(6), Jun. 1998, 1876-1880.
6,204,946 Bl1* 3/2001 Aksyuk et al. ... 398/9 M. D. Johnson et al., “Two-axis Micromirror Scanner”, SPIE vol.
6,222,954 B1* 4/2001 Riza .............. .. 385/18 3787, Jul. 1999, pp. 88-95.
6,246,818 Bl 6/2001 Fukushima ................. 385/47 H. Laor et al., “Performance of a 576X576 Optical Cross Connect”,
6,263,123 Bl 7/2001 Bishop et al. National Fiber Optic Engineers Conference, Sep. 26-30, 1999, pp.
6,263,127 Bl 7/2001 Dragone et al. .............. 385/24 276-281.
6,304,688 Bl  10/2001 Korn et al.
6,434,291 Bl 8/2002 Kessler et al. ................ 385/24 * cited by examiner
6,459,484 Bl  10/2002 Yokoi ......... 356/318
6,525,863 Bl 2/2003 Riza ........... 359/290  Primary Examiner—Hung Xuan Dang
6,636,654 B1* 10/2003 McGuire, Ir. ..... .. 385/17 Assistant Examiner—Joseph Martinez
6,647,164 Bl * 11/2003 Weaver et al. ................ 385/16

2001/0046350 Al
2002/0009257 Al
2002/0081070 Al

FOREIGN PATENT DOCUMENTS

11/2001 Tedesco
1/2002 Bouevitch et al.
6/2002 Tew

EP 1 052 868 A2  11/2000
WO WO 01/11419 A2 2/2001
WO WO 02/082165 A2 10/2002
WO WO 02/082166 A2 10/2002

OTHER PUBLICATIONS

S. Yuan et al., “General Formula for Coupling-loss Characterization
of Single-Mode Fiber Collimators by Use of Gradient-Index Rod
Lenses, Applied Optics”, vol. 38. No. 15, May 20, 1999, pp.
3214-3222.

N. Riza, “Reconfigurable Optical Wireless”, IEEE Lasers and
Electro-Optics Society 1999 Annual Meeting, vol. 1, pp. 70-71.
N. Riza et al., “Digitally Controlled Fault-Tolerant Multiwavelength
Programmable Fiber-Optic Attenuator Using a Two-Dimensional
Digital Micromirror Device”, 1999 Optical Society of America.
N. Rizaet al., “Multiwavelength Three Dimesional 2X2 Fiber-Optic
Switch Structure Using Small Tilt Micro-Mirrors”, SPIE vol. 3749,
pp. 470-471.

(57) ABSTRACT

A reconfigurable multifunctional optical device has an opti-
cal arrangement for receiving an optical signal, each having
optical bands or channels, and a spatial light modulator for
reflecting the at least one optical signal provided thereon.
The optical arrangement features a free optics configuration
with a light dispersion element for spreading each optical
signal into one or more respective optical bands or channels
for performing separate optical functions on each optical
signal. The spatial light modulator includes a micro-mirror
device with an array of micro-mirrors, and the respective
optical bands or channels reflect off respective micro-mir-
rors. The free optics configuration includes a common set of
optical components for performing each separate optical
function on each optical signal. The separate optical func-
tions reflect off separate non-overlapping areas on the spatial
light modulator. The separate optical functions include opti-
cal switching, conditioning or monitoring functions.

51 Claims, 26 Drawing Sheets



U.S. Patent Oct. 24, 2006 Sheet 1 of 26 US 7,126,740 B2

Fig. 2

10

1v46

50




U.S. Patent Oct. 24, 2006 Sheet 2 of 26 US 7,126,740 B2

roumy

87

i
[~

g 3

Controller

e

=
w—u,
s
)
Lo "




US 7,126,740 B2

Sheet 3 of 26

Oct. 24, 2006

U.S. Patent

Py

78

Sy
%
RN S S
> f/@
b8
T 6 Yy e

42 “ ]u.w
nx\sﬁ, . mj« i \

b <9 TbZ L =7b
I&\A\,ﬂ 3 L INTJ.M\A \\.F
e @R . :

P T B
MI:V " - )

_ljﬂ& .Nm\kl._x-/%; 48




U.S. Patent Oct. 24, 2006 Sheet 4 of 26 US 7,126,740 B2

200

Mirror -10 deg ,rvl’ ’ﬁy//

Mirror +10 deg

A=

Landing Tip — Substrate

ﬁs* 6 (pﬂ'ot‘ A'\"*')

g

205




US 7,126,740 B2

Sheet 5 of 26

Oct. 24, 2006

U.S. Patent




U.S. Patent Oct. 24, 2006 Sheet 6 of 26 US 7,126,740 B2

8

-~ < L
e ] <& vix

xR

e}

v IR N AN

§ ARG |
CRRREREIHK KL X

SRR

SEREIEHARA,  RRRLRLEIKXK

TR SRR

K5S &
0 IR

%
R

3 0
,0,0302330,:::2: XTI
CRBEES KIS

:’:“0 X e
SELSREHKS
0‘&0" s
SIS
G RSERER
SIHIRRRLZIRS
CRRRIHIKSELLKN
K ERIIRRL
EEERIEERRRELKS
RIHEEILIRRLY
s A hSIRRIIIES
Soesteeteteteteter o :?::‘
X %5

S :
7 *ﬁ:’o’o’o’o %
S s
X

90008
KRS

86

X
SRR
SRl By
O KA I KA
KRR ’0:030:(’ SRR

SRR CRESKLEEEKL
SRR ERERERERLE
ORI K IKAKN . KKK
KRR 0;0'020’0:4?0’ RHKKS

<+

X
IR
o &1

SALAHHIHKGRS
g&:@.’.’&.’w —

QKKK T
SSRKRKILRs



U.S. Patent Oct. 24, 2006

Sheet 7 of 26 US 7,126,740 B2
12,
1] A
—= CHAN1| [\
_ g — CHAN2[ Y
S 061 Iy
< [
- 04 ! \
/ \
0.2 / “
0 . N // \\
15335 15337 15

1533.9 15341 15834.3
WAVEL FNGTH, nm

FIG. 7h

1534.5

70

ATTENUAT.ON (dB)

e
WAVELENGTH (nm)
FIG. 9¢C




US 7,126,740 B2

Sheet 8 of 26

Oct. 24, 2006

U.S. Patent

. (s)oomaq
@ 319 44 % Puianeg

\

A

win
< Buiss9904d

1o

wv Qs o yAY 4
‘NR\I\\ S
H 0L
Lo§ L ~teg
LIS
N -
[
- \ VL
VTl v e
22 ot
| =L,
06 \\.\ Hﬂ)mm
Z0% 5~



U.S. Patent Oct. 24, 2006

Sheet 9 of 26

US 7,126,740 B2

T
1 . < =
e
O
v—
o RS
HH TEVITETRL ?;
(\)
™ HH >
X ol o —
{ —
e N O f
> 99
« —
O
i W
>
13
it i -
. i g
?2. 11
A 4




US 7,126,740 B2

Sheet 10 of 26

Oct. 24, 2006

U.S. Patent

dosg

51 814 bbb

by

SN 7 Q b
4 A, .// ﬂ
&mﬂ K
el =
= I
i e 1nnnw
o ) 8 W .‘ N\,\

oly

Yo 1el
el
(s)s01n2Q
%Wv NNm\/\ [eWwNXg
\d
nn
- 8u1s52001d
A
@_\ o’

— Bot



US 7,126,740 B2

Sheet 11 of 26

Oct. 24, 2006

U.S. Patent

¢) 314
Ob~—"
My . Ia][0Ruo) oo N

iy Y s AL

\4

> _ “.
s T e e cE PTG e TG e R
. §a T HE P 2 H g dissiseee e 2 232
Qy oy = ! it : i A : i : 2 3
gaa H e =+ as : . = H o
nwjl +H ¥ rx-...-:.la1 - 2 HH m Lx u1 223 rr LL e 2 =
J»L T e
4 V.
= it : s == = 0 = iz m 2
saa ! £ H H it i 7 A
i : i £ : i : ﬂ e = |
mmm"\,;r 3 prttingid Mm mmmx m mmm;.%lffm 32 ...im; mmxxlx r. nmu
2t 23 ty i a2 : 2 s 122 222
o — i £ mu i i 3 : fHig =
H H 2= TR H I : Hastastinon. i F
R R & = ] i EErs e it e
2 HEH o i F 2w - o H H H uuum
f==s His HE i it 2 it H : HHTHEE
¢l ; s HH i 2 2 o= : H umm v
= 1 m H ils m um m mm -ml m i mu
=5 g : aaas: : : :

b8

I
©
o
(o)



US 7,126,740 B2

Sheet 12 of 26

Oct. 24, 2006

U.S. Patent

(s)a01Aa2Q
eIy

Y i

8uissa001d




US 7,126,740 B2

Sheet 13 of 26

Oct. 24, 2006

U.S. Patent

¢l 31

— | I3[[0Ru0D Y

<
-

- < !
Ll o yy
H 2 H EE 2 i i s
= e : =23 s 3 . : i
s g i B 2 s : i 2 28
mmmx rrr m 1L..xxr...'n Ll)LL:r mmu = nmx - “ v m mm mm
He2 4 a2 2 H : HHH 2 H
WO — & : £ 2 mW : HHH i =2
pas ou. - - -. 9. gt
H = : : : HHL 5 st
asetntt et sty e umm“ 2 st ST 7 =
7 o= s H g Fr
H =4 2 H : £ s2
O ot iH t i FH
hames e vssapsos sy 1 X > -
: P
: ; \
:
SSSiHuAL L sassee H FEE : o8
H Stresise e R HE H 7, = £ 5 =
Havoy i i : E TH : HE
e H it s 2 1 m =
fass H H H I = o= A N it
paes dssuyisiaitetai Ml acs s
Tt 3 vyl
YT e : e S5 3 anc M
LA S A T 5 3 > HH
TR TR e X1 ; : 23
PETE + |2 muu an HH H : ue
uy/d PR A Fiz 22 4 : = G
T fiioos LN H : 212 2s
, \ ~~ X H= T _
r M
:

<
QD
A

I



U.S. Patent Oct. 24, 2006 Sheet 14 of 26 US 7,126,740 B2




US 7,126,740 B2

Sheet 15 of 26

Oct. 24, 2006

U.S. Patent

L) 31
Ob —
— | I9[[O1U0D €« Y y
|

! ¥ Lg—4] |

y
: IR : : 2
i : sisaissdia
=
N :
e + 7
- naw - I ney 4 -
srsasabin Ry e T : T L e 3 .—L
- y &
Wayod —~ . S £ £ : FEEe 3
nJ: t HH 3 maas ¥ m- X ha
panos Y+ by [iasa: sana” auan e .f.m.zxx et h - m-“ rx..-._.._x -
: il 52 : =
T ? T
H : g it
we e’ mauiY Ve T - T ]
: : :
+ X YTUT 3 Hisras  Bmans
et e B : iz : }
) ; ? : : ;
/44 e o H z
J&l@ —b R Saas2 2 trrH i H = t HH i
. H TN 3 e S e A ; o At
na - x = T ] : : Y T \
T : ) ¥ 1ee
: &= ] ! : : i vl
HHHP aaspUtHE ST e HE N 2 -
’ H et [{imam 441 [4) aas:
S t Seas = = RERH
bl T T 2 e
gty ¥ 4
ot E H : HissEasas
T : : & H H
S, st e aHnY TS N Shptin
sast i 32
| Eawme. ¥ 15 >3 ar 2 + =
Ca i 8 et $555 % i £ . i ‘mﬁ % 3
T . :
rrprd .. $
Saagy e Rt atls e HH 7 e
ot i
gase s H
bl .\unu mm i i !
q »
- HH iE : Y
vaes ranua: u 7 T ana 1
EEE = E S s N

1
=
(.
A
v
A
=+
pt

Bt of \.\\ <8 2 059 W%& /



US 7,126,740 B2

Sheet 16 of 26

Oct. 24, 2006

U.S. Patent

BV

4l

_$ak_ux)m ———t

b

@l 314

L 4

I3[]01IU0))

4

A4

L3

¥
I § 1

T

18881
)E8E Y1
11T




U.S. Patent Oct. 24, 2006 Sheet 17 of 26 US 7,126,740 B2

o

O  ®
ﬂ\\(kw\

700

Fig. 19

28




US 7,126,740 B2

Sheet 18 of 26

Oct. 24, 2006

U.S. Patent

0z ‘81

» I2[[0NU0DH
M qlv .J kJA

b

mR L RNAT, BaaL I ERE, SeRe, B, ARR LGRS, KR, ARE L1008,
as aiunigon musRenm g AaR e t0e g Ean g inn
-t — — f—tt - -t -4 u = * ma
ae,3 o Siem =n 2 tew Sluss 3, ma I
e ;@8 0508 wm o e Rl eme, 0 ma oL ima ) e
1 mermsintomtSimn inlinainttasining inl nacm tatins R
o Ratmeiasem o iun i) mu S0 im IS an 0N, meiSitatna0n
so tun S4smatt sme 2l ans Senaittanatlne AT anniBiena iR
on a5 Stiaais iaitesas sinais aandssasdt T
I miontia antenanl miilhim Sngea 0] ot anain duatn
- s o - Wgan - as o r-4 I -
a ] a R . s
m m S ans lans ons L aas G0N DRl oS00, ame - ¢
" A CHT AR
»l g T3+ 0 g 1 o By 11 b1 H -4 :
R ne s s Siaa Oa m 3inma S an !
g ] N pnaitansann Banntlann s ces B ennll 1 } '
B ==a SR R e 20 8 | i) t !
- - ne L a 8 Qi ashilens n D emm T + ¥ :
-HEH o2 Sne fnas lanssisan ¥ oanlinestiaan ®onats ;
H R o s oom=sianaoload SasnitSansians R onall ! =
na na MaastassiiansSisan & aanllaan sl sas o oa 7 H
Saa=a m Siann Manstlaassionn @ nanilaanoinne @ aun it = ey ava ! aees canm
H B Sas M annlt anlana Ransttans yinas 5 saaly s
I o @ Saa /S amell uwe Sionn @ and it an 4l ans & sns iy e
o s Sians s s= oy auisiens s dan taanan) san & sunts
3 e mioma 8 eassaaataitas d tands sansinan & Ana
=3 e o e e
b4 ma o M- anien oL - {1 A LTH+-4
I tme @ifmosa Sotan ot astigim (o0 ent0s At sus miiugen
dims S B8 P lnstm St an s} @R N int ot an tas 0o sms i Tt ima tR
matBtemiinien i2) an i temiliue (0] @atn) (28 ias0n
=
B! e B ima A st ta! 8 {28 mmieheainiins ' ian
a o Shima 'Sl anels)om (Jin an'Sinalane Dan
asi'S mm. R'eva D'oeeq we iy inn wai'Sena'] ama ol an
e e e R e e e
‘ REG GAREL SEA. y MaE o iANL g ARE: g RO ¢ 45 aul, ARG iRk

ey 9 Ny 92



U.S. Patent Oct. 24, 2006 Sheet 19 of 26 US 7,126,740 B2

p
ol
<
S -
- e
<
=
i
o (&)
pol} : q
\ Y S
—
5| S
—_ o~
o O
o0 < R
2| = 20
o (S
S
T
s
L.
NS i
Lo o)
-—
NS
&

.
14



US 7,126,740 B2

7/°7 o914
73

|/.‘l

AITI0ELINOD

N‘
ﬁw 3

|

Sheet 20 of 26

Oct. 24, 2006

A8

bl

U.S. Patent

y
1L
0
T
Ht
I !
na
2
s 2 -
] 2 . B m
o = o ]
T n e o 3 H —
T N 4 - v
y = & - A
) 5 ys
T ¥ T
¥ DLW 3 Lo X 1
2 HX % A 1
= : HH ]
X w s m
b I 1 L 8 r 3y N X
EETATENE N 1174 T
H i T )i na
Al 1 T ¥ L A Y
= H ki L -l ﬂ by
-
1
o 1t HiE i H
= I Ssinasmeidn :
o H T )i
b=t ) 1 1 ¥
Y 81 4 Al ) 1 i 7 '3
11 T 1 1 y) - (417 by u ) o
1T A 4 L & -+ -4 1
1 I b A
11 y i Y « X,
rd .ur Fam y o &
| H riwy
= [ ag =8 4 IT
- 11 -y » $=1-43 n L
N 7 JamL e
Y an ragn
HHAH t
re ALY ZISTTS:
14 T [l 3
Tt T
i sRyLarAunE
a - 3 N ~aamp!
=
s - == . sssme =3 = = s
101 +
o
11
1t
04
A1
H
11
11§
i
i

s



US 7,126,740 B2

Sheet 21 of 26

Oct. 24, 2006

U.S. Patent




U.S. Patent Oct. 24, 2006 Sheet 22 of 26 US 7,126,740 B2




U.S. Patent Oct. 24, 2006 Sheet 23 of 26 US 7,126,740 B2

Flé 27



U.S. Patent Oct. 24, 2006 Sheet 24 of 26 US 7,126,740 B2




US 7,126,740 B2

Sheet 25 of 26

Oct. 24, 2006

U.S. Patent




U.S. Patent

Oct. 24, 2006
~
& @
1=
3 =T
2 ///1;
>F
+© g
2 S
hid ~<
<
..,//
© K%
- o
M
K

FIG. 274

Sheet 26 of 26

US 7,126,740 B2

\

\
~ Ashort, \3




US 7,126,740 B2

1
MULTIFUNCTIONAL OPTICAL DEVICE
HAVING A SPATIAL LIGHT MODULATOR
WITH AN ARRAY OF MICROMIRRORS
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BACKGROUND OF THE INVENTION

1. Technical Field

The present invention relates to tunable optical devices,
and more particularly to a reconfigurable multifunctional
optical device including a spatial light modulator to selec-
tively attenuate, condition and/or redirect at least one optical
channel of a wavelength division multiplexing (WDM)
optical signal.
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2. Description of Related Art

MEMS micro-mirrors have been widely explored and
used for optical switching and attenuation applications. The
most commonly used application is for optical cross-connect
switching. In most cases, individual micro-mirror elements
are used to ‘steer’ a beam (i.e., an optical channel) to a
switched port or to deflect the beam to provide attenuation
on a channel-by-channel basis. Each system is designed for
a particular ‘wavelength plan’—e.g. “X” number of chan-
nels at a spacing “Y”, and therefore each system is not
‘scalable’ to other wavelength plans.

Further, dynamic gain equalization (or “flattening”) is a
critical technology for deployment of next-generation opti-
cal network systems. Dynamic gain equalizing filters
(DGEF’s) function by adding varying amounts of attenua-
tion at different spectral locations in the signal spectrum of
optical fiber communication systems. For instance, a DGEF
may be designed to operate in the “C-band” (~1530-1565
nanometers (nm)) of the communication spectrum that is
capable of selectively attenuating spectrally concatenated
“bands” of some preselected spectral width (e.g., 3 nm). The
total number of bands within the DGEF is determined by the
width of an individual band.

In the networking systems, it is often necessary to route
different channels (i.e., wavelengths) between one fiber and
another using a reconfigurable optical add/drop multiplexer
(ROADM) and/or an optical cross-connect device.

One issue with the above optical MEMs device is that it
is not “channel plan independent”. In other words, each
MEMs device is limited to the channel spacing (or channel
plan) originally provide. Another concern is that if the
absolute value of a channel wavelength changes, a respec-
tive optical signal may begin to hit an edge of a correspond-
ing mirror leading to large diffraction losses. Further, since
each channel is aligned to an individual mirror, the device
must be carefully adjusted during manufacturing and kept in
alignment when operated through its full temperature range
in the field.

It would be advantageous to provide an optical switching
or attenuating device using a spatial light modulator and to
combine multiple optical functions using a single spatial
light modulator.

SUMMARY OF THE INVENTION

An object of the present invention is to provide a multi-
functional optical device using a single spatial light modu-
lator.

The invention provides a new and unique reconfigurable
multifunctional optical device comprising an optical
arrangement for receiving at least one optical signal, each
optical signal having one or more optical bands or channels,
and a spatial light modulator for reflecting the at least one
optical signal provided thereon. The optical arrangement
features a free optics configuration with a light dispersion
element for spreading each optical signal into one or more
respective optical bands or channels for performing separate
optical functions on each optical signal. In one embodiment,
the spatial light modulator may include a micro-mirror
device with an array of micro-mirrors, and the one or more
respective optical bands or channels reflect off a respective
plurality of micro-mirrors. In effect, the free optics configu-
ration includes a common set of optical components for
performing each separate optical function on each optical
signal.

The separate optical functions reflect off separate non-
overlapping areas on the spatial light modulator and may
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include different optical functions. The separate optical
functions include optical switching, conditioning or moni-
toring functions such as either an optical add/drop multi-
plexer (OADM) function, an optical channel monitor
(OCM) function, an optical cross-connect (CC) function, an
optical interleaver/deinterleaver (INT/DEINT), a dynamic
gain equalization filter (DGEF) or dynamic spectral equal-
izer (DSE), or some combination thereof. The at least one
optical signal typically includes two or more optical input
signals, on which a respective function is performed. The
scope of the invention is also intended to include performing
an optical function on one optical input signal, and perform-
ing a second optical function on the output signal from the
first optical function.

The one or more light dispersion elements include either
a diffraction grating, an optical splitter, a holographic
device, a prism, or a combination thereof.

In accordance with an embodiment of the present inven-
tion, the multifunctional optical device may include a col-
limator that collimates a first and second optical input signal.
Each of the first and second optical input signals includes a
plurality of optical input channels. Each optical input chan-
nel is centered at a central wavelength. A light dispersion
element substantially separates the optical channels of the
collimated first and second input signals. A spatial light
modulator reflects each of the first and second optical input
channels along a respective first optical path or second
optical path, in response to a control signal. The spatial light
modulator comprises a micro-mirror device that includes an
array of micro-mirrors selectively disposable between a first
and a second position in response to the control signal. Each
separated optical input channel of each of the first and
second input signals is incident on a respective group of
micro-mirrors. Each separated optical channel is incident on
the respective group of micro-mirrors, wherein each respec-
tive separated optical input channel reflects along the respec-
tive first optical path when the micro-mirrors are disposed in
the first position, or along the respective second optical path
when the micro-mirrors are disposed in the second position.
A controller generates the control signal in accordance with
a switching algorithm.

BRIEF DESCRIPTION OF THE DRAWING

The drawing includes the following Figures:

FIG. 1 is a plan view of a block diagram of a reconfig-
urable optical filter including a spatial light modulator in
accordance with the present invention;

FIG. 2 is a side elevational view of a block diagram of the
optical filter of FIG. 1;

FIG. 3 is a block diagram of a spatial light modulator of
the optical filter of FIG. 1, wherein the optical channels of
a WDM input signal are distinctly projected onto the micro-
mirror device, in accordance with the present invention;

FIG. 4a is a pictorial cross-sectional view of the micro-
mirror device of FIG. 3 showing a partial row of micro-
mirrors, when the micro-mirrors are disposed in a first
position perpendicular to the light beam of the input signal
in accordance with the present invention;

FIG. 4b is a pictorial cross-sectional view of the micro-
mirror device of FIG. 3 showing a partial row of micro-
mirrors, when the micro-mirrors are disposed in a second
position non-orthogonal to the light beam of the input signal
in accordance with the present invention;

FIG. 5 is a plan view of a micro-mirror of the micro-
mirror device of FIG. 3 in accordance with the present
invention;
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FIG. 6 is a perspective view of a portion of a known
micro-mirror device;

FIG. 7 is a plan view of a micro-mirror of the micro-
mirror device of FIG. 6;

FIG. 8a is a pictorial cross-sectional view of the micro-
mirror device of FIG. 6 showing a partial row of micro-
mirrors, when the micro-mirrors are disposed in a second
position non-orthogonal to the light beam of the input signal
in accordance with the present invention;

FIG. 8b is a pictorial cross-sectional view of the micro-
mirror device of FIG. 6 showing a partial row of micro-
mirrors, when the micro-mirrors are disposed in a first
position perpendicular to the light beam of the input signal
in accordance with the present invention;

FIG. 9a is a pictorial cross-sectional view of the micro-
mirror device of FIG. 6 disposed at a predetermined angle in
accordance with the present invention;

FIG. 95 is a plot of the power of the optical channels
imaged onto the micromirror device, wherein the optical
channels of a WDM input light are substantially dispersed
onto the micro-mirror device as shown in FIG. 9a in
accordance with the present invention;

FIG. 9c¢ is a graphical representation of a transmission
filter function of an optical filter, wherein the optical chan-
nels of a WDM input light are substantially dispersed onto
the micro-mirror device as shown in FIG. 94, in accordance
with the present invention;

FIG. 9d is a plot of attenuation curve when a single
channel is dropped from the optical input signal of the
optical filter of FIG. 9a;

FIG. 10 is a plan view of a block diagram of a reconfig-
urable multi-function optical device having an OCM func-
tion and optical filter function;

FIG. 11 is a block diagram of the spatial light modulator
of FIG. 10, wherein the optical channels of the WDM input
signals to the OCM and optical filter are distinctly projected
onto the micro-mirror device, in accordance with the present
invention;

FIG. 12 is a plan view of a block diagram of another
multifunction optical device having an OCM function and
reconfigurable optical add/drop multiplexer (ROADM)
function;

FIG. 13 is a block diagram of the spatial light modulator
of FIG. 12, wherein the optical channels of the WDM input
signals to the OCM and ROADM are distinctly projected
onto the micro-mirror device, in accordance with the present
invention;

FIG. 14 is a plan view of a block diagram of another
multifunction optical device having an OCM function;
ROADM function and optical filter function;

FIG. 15 is a block diagram of the spatial light modulator
of FIG. 14, wherein the optical channels of the WDM input
signals to the OCM, ROADM and optical filter are distinctly
projected onto the micro-mirror device, in accordance with
the present invention;

FIG. 16 is a plan view of a block diagram of another
multifunction optical device having an interleaver function,
blocking filter function and ROADM function;

FIG. 17 is a block diagram of the spatial light modulator
of FIG. 10, wherein the optical channels of the WDM input
signals to the interleaver device, blocking filter and
ROADM are distinctly projected onto the micro-mirror
device, in accordance with the present invention;

FIG. 18 is a block diagram of a spatial-light modulator of
another embodiment of a multifunctional optical device,
wherein the optical channels of a WDM input signal are
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distinctly projected onto the micro-mirror device, in accor-
dance with the present invention;

FIG. 19 is an enlarged view of a portion of another
embodiment of a multifunctional optical device, in accor-
dance with the present invention;

FIG. 20 is a block diagram of a spatial light modulator of
another embodiment of a multifunctional optical device,
wherein the optical channels of a WDM input signal are
distinctly projected onto the micro-mirror device, in accor-
dance with the present invention;

FIG. 21a is a block diagram of a spatial light modulator
of another embodiment of a multifunctional optical device,
wherein the optical channels of a WDM input signal are
distinctly projected onto the micro-mirror device, in accor-
dance with the present invention;

FIG. 215 is a block diagram of a spatial light modulator
of another embodiment of an optical filter having a micro-
mirror device, wherein the optical channels of a WDM input
light are overlappingly dispersed onto the micro-mirror
device in various degrees of overlap, in accordance with the
present invention;

FIG. 22 shows an alternative embodiment of a reconfig-
urable multifunctional optical device having one or more
optic devices for minimizing polarization dispersion loss
(PDL);

FIG. 23 shows an embodiment of a reconfigurable mul-
tifunctional optical device having a chisel prism in accor-
dance with the present invention;

FIG. 24 shows an alternative embodiment of a reconfig-
urable multifunctional optical device having a chisel prism
in accordance with the present invention;

FIG. 25 shows an alternative embodiment of a reconfig-
urable multifunctional optical device having a chisel prism
in accordance with the present invention;

FIG. 26 is side elevational view of a portion of the
reconfigurable multifunctional optical device of FIG. 40;

FIG. 27a is a graphical representation of a portion of the
optical filter wherein the grating order causes the shorter
wavelengths of light to image onto the micromirror device
that is closer than the section illuminated by the longer
wavelengths, in accordance with the present invention; and

FIG. 275 is a graphical representation of a portion of the
optical filter wherein the grating order causes the longer
wavelengths of light to image onto the micromirror device
that is closer than the section illuminated by the shorter
wavelengths in accordance with the present invention.

BEST MODE FOR CARRYING OUT THE
INVENTION

The present invention provides a multifunctional optical
device that uses a single spatial modulator to provide
multiple optical switching and/or conditioning of at least one
optical input signal. For example, the optical device may
function as both an optical filter and a reconfigurable optical
add/drop device (ROADM). Another example is an optical
device that may function as an optical channel monitor
(OCM) and a dynamic gain equalizer filter (DGEF). In this
manner, the functionality of the spatial light modulator can
be efficiently utilized. To better understand the specific
embodiments of the present invention, a reconfigurable
optical filter 10 is first described in FIGS. 1-9, which has a
substantial number of components common to the specific
multifunctional embodiments.

Referring to FIGS. 1-3, the reconfigurable optical filter 10
selectively filters or attenuates a desired optical channel 14
of light (i.e., a wavelength band) of an optical WDM input
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signal 12. The optical filter 10 is similar to that shown and
described in co-pending U.S. Patent Application Ser. No.
60/281,079, U.S. Patent Application Ser. No. 60/311,002,
and U.S. Patent Application Ser. No. 60/525,066, which are
incorporated herein by reference in their entirety. Each
optical channel 14 (see FIG. 3) of the input signal 12 is
centered at a respective channel wavelength (A, A,, A5, . . .
)

FIG. 1 is a top plan view of the optical filter 10. To better
understand the optical filter 10 of FIG. 1, a side elevational
view of the filter is illustrated in FIG. 2. As shown in FIG.
2, the optics of the filter 10 is disposed in two tiers or
horizontal planes. Specifically, the filter includes a three-port
circulator 18, an optical fiber or pigtail 20, a collimator 22,
a light dispersive element 24, a mirror 26, and a bulk lens 28
(e.g., a Fourier lens) for directing light to and from a spatial
light modulator 30. As shown, the pigtail 20, the collimator
22 and the light dispersive element 24 are disposed in a first
tier or horizontal plane. The mirror 26, bulk lens 28 and the
spatial light modulator 30 are disposed in the second tier or
second horizontal plane which is substantially parallel to the
first horizontal plane.

Referring to FIGS. 1 and 2, the three-port circulator 18
directs light from a first port 32 to a second port 33 and from
the second port to a third port 34. The optical fiber or pigtail
20 is optically connected to the second port of the circulator
18. A capillary tube 36, which may be formed of glass, is
attached to one end of the pigtail 20 such as by epoxying or
collapsing the tube onto the pigtail. The circulator 18 at the
first port 32 receives the WDM input signal 12 tapped from
an optical network (not shown) via optical fiber 38, and
directs the input light to the pigtail 20. The input signal 12
exits the pigtail (into free space) and passes through the
collimator 22, which collimates the input signal. The colli-
mator 22 may be an aspherical lens, an achromatic lens, a
doublet, a GRIN lens, a laser diode doublet or similar
collimating lens. The collimated input signal 40 is incident
on the light dispersion element 24 (e.g., a diffraction grating
or a prism), which separates spatially the optical channels of
the collimated input signal 40 by diffracting or dispersing the
light from (or through) the light dispersion element.

In one embodiment, the diffraction grating 24 is com-
prised of a blank of polished fused silica or glass with a
reflective coating (such as evaporated gold or aluminum),
wherein a plurality of grooves 42 (or lines) are etched, ruled
or otherwise formed in the coating. The diffractive grating
24 has a predetermined number of lines, such as 600
lines/mm, 835 lines/mm and 1200 lines/mm. The resolution
of the optical filter 10 improves as the number of lines/mm
in the grating increases. The grating 24 may be similar to
those manufactured by Thermo RGL, part number 3325FS-
660 and by Optometrics, part number 3-9601. Alternatively,
the diffraction grating may be formed using holographic
techniques, as is well known in the art. Further, the light
dispersion element may include a prism or optical splitter to
disperse the light as the light passes therethrough, or a prism
having a reflective surface or coating on its backside to
reflect the dispersed light.

As best shown in FIG. 2, the diffraction grating 24 directs
the separated light 44 to the mirror 26 disposed in the second
tier. The mirror 26 reflects the separated light 44 to the bulk
lens 28, which focuses the separated light onto the spatial
light modulator 30, as shown in FIG. 3. In response to a
switching algorithm and input command 46, the spatial light
modulator 30 selectively attenuates at least one optical input
channel and reflects the channels (one of which is attenu-
ated) back through the same optical path to the pigtail 20 as
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indicated by arrows 94, and reflects the attenuated portion of
optical input channels away from the bulk lens 28 as
indicated by arrows 96, as best shown in FIG. 1. The
attenuated and non-attenuated input channels propagate
from the second port 33 to the third port 34 of the optical
circulator 18 to provide an output signal 48 from optical
fiber 50.

As shown in FIG. 3, the spatial light modulator 30
comprises a micro-mirror device 82 having a two-dimen-
sional array of micro-mirrors 84, which cover a surface of
the micro-mirror device. The micro-mirrors 84 are generally
square and typically 14-20p wide with 1 spaces between
them. FIG. 4aq illustrates a partial row of micro-mirrors 84 of
the micro-mirror device 82, when the micro-mirrors are
disposed in a first position to reflect the light back along the
return path 94 and provide the selected input channel 14 to
the optical fiber 50. FIG. 44 illustrates a partial row of
micro-mirrors 84 when the micro-mirrors are disposed in a
second position, and therefore reflected the attenuated por-
tion of the optical input channels 14 away from the return
path, as indicated by arrows 96. The micro-mirrors may
operate in a “digital” fashion. In other words, the micro-
mirrors either lie flat in a first position, as shown in FIG. 4a,
or be tilted, flipped or rotated to a second position, as shown
in FIG. 4b.

As described herein before, the positions of the mirrors,
either flat or tilted, are described relative to the optical path
92 wherein “flat” refers to the mirror surface positioned
orthogonal to the optical path, either coplanar in the first
position or parallel as will be more fully described herein-
after. The micro-mirrors flip about an axis 85 parallel to the
spectral axis 86, as shown in FIGS. 3 and 5. One will
appreciate, however, that the micromirrors may flip about
any axis, such as parallel to the spatial axis 88 or at a 45
degrees angle to the spatial axis.

Referring to FIG. 3, the micro-mirrors 84 are individually
flipped between the first position and the second position in
response to a control signal 87 provided by a controller 90
in accordance with a switching algorithm and an input
command 46 from the processing unit 54. The switching
algorithm may provide a bit (or pixel) map indicative of the
state (flat or tilted) of each of the micro-mirrors 84 of the
array to attenuate the desired optical channel(s) 14 to
provide the output signal 48 at optical fiber 50 (see FIG. 1),
and thus requiring a bit map for each configuration of
channels to be dropped. Alternatively, each group of micro-
mirrors 84, which reflect a respective optical channel 14,
may be individually controlled by flipping the group of
micro-mirrors to direct the channel along a desired optical
path.

As shown in FIGS. 1 and 4a, the micro-mirror device 82
is oriented to reflect the focused light 92 of the input signal
12 back through the bulk lens 28 to the pigtail 20, as
indicated by arrows 94, to provide the output signal 48,
when the micro-mirrors 84 are disposed in the first position.
As shown in FIGS. 1 and 45, the focused light 92 reflects
away from the bulk lens 28, as indicated by arrows 96. This
“digital” mode of operation of the micro-mirrors advanta-
geously eliminates the need for any type of feedback control
for each of the micro-mirrors. The micro-mirrors are either
“on” or “off” (i.e., first position or second position), respec-
tively, and therefore, can be controlled by simple binary
digital logic circuits.

FIG. 3 further illustrates the outline of the optical chan-
nels 14 of the optical input signal 12, which are dispersed off
the diffraction grating 24 and focused by the bulk lens 28,
onto the array of micro-mirrors 84 of the micro-mirror
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device 82. Each optical channel 14 is distinctly separated
from other channels across the spectrum and has a generally
circular cross-section, such that the input channels do not
substantially overlap when focused onto the spatial light
modulator 30. The optical channels have a circular cross-
section that project the beam over a multitude of micro-
mirrors 84, while keeping the optical channels separated by
apredetermined spacing. One will appreciate though that the
diffraction grating 24 and bulk lens 28 may be designed to
reflect and focus any input channel or group of input
channels with any desired cross-sectional geometry, such as
elliptical, rectangular, square, polygonal, etc. Regardless of
the cross-sectional geometry selected, the cross-sectional
area of the channels 14 should illuminate a plurality of
micro-mirrors 84, which effectively pixelates the optical
channels. In an exemplary embodiment, the cross sectional
area of the input channels 14 is generally circular in shape,
whereby the spectral width of the optical channel beam
spans over approximately 12 micromirrors.

One will appreciate that while the spacing between the
channels are predetermined, the spacing between may be
non-uniform. For example, one grouping of channels may be
spaced to correspond to a 100 GHz spacing, and another
group of channels may be spaced to correspond to a 50 GHz
spacing.

While the embodiment of an optical filter embodying the
present invention described hereinbefore includes optics
disposed in two planes, one will appreciate that the optics
may be disposed in one plane, as described in co-pending
U.S. Patent Application Ser. No. 60/281,079, U.S. Patent
Application Ser. No. 60/311,002, and U.S. Patent Applica-
tion Ser. No. 60/325,066.

The micro-mirror device 82 of FIGS. 1-3 is similar to the
Digital Micromirror Device™ (DMD™) manufactured by
Texas Instruments and described in the white paper entitled
“Digital Light Processing™ for High-Brightness, High-
Resolution Applications”, white paper entitled “Lifetime
Estimates and Unique Failure Mechanisms of the Digital
Micromirror Device (DMD)”, and news release dated Sep-
tember 1994 entitled “Digital Micromirror Display Deliv-
ering On Promises of ‘Brighter’ Future for Imaging Appli-
cations”, which are incorporated herein by reference.

FIG. 6 illustrates a pair of micro-mirrors 84 of a micro-
mirror device 200 manufactured by Texas Instruments,
namely a digital micromirror device (DMD™). The micro-
mirror device 200 is monolithically fabricated by CMOS-
like processes over a CMOS memory 202. Each micro-
mirror 84 includes an aluminum mirror 204, 16y square, that
can reflect light in one of two directions, depending on the
state of the underlying memory cell 202. Rotation, flipping
or tilting of the mirror 204 is accomplished through elec-
trostatic attraction produced by voltage differences between
the mirror and the underlying memory cell. With the
memory cell 202 in the on (1) state, the mirror 204 rotates
or tilts approximately +10 degrees. With the memory cell in
the off (0) state, the mirror tilts approximately —10 degrees.
As shown in FIG. 7, the micro-mirrors 84 flip about an axis
205.

FIGS. 8a and 85 illustrate the orientation of a micro-
mirror device 200 similar to that shown in FIG. 6, wherein
neither the first or second position (i.e., on or off state) of the
micro-mirrors 84 is parallel to the base or substrate 210 of
the micromirror device 200, as shown in FIGS. 4a and 454.
Consequently as shown in FIG. 8a, the base 210 of the
micro-mirror device 200 is mounted at a non-orthogonal
angle o relative to the collimated light 83 to position the
micro-mirrors 84, which are disposed at the first position,
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perpendicular to the collimated light 44, so that the light
reflected off the micro-mirrors in the first position reflect
substantially back through the return path, as indicated by
arrows 94, to provide the output signal 48 at optical fiber 50.
Consequently, the tilt angle of the mirror between the
horizontal position and the first position (e.g., 10 degrees) is
approximately equal to the angle o of the micro-mirror
device. FI1G. 85 is illustrative of the micro-mirror device 200
when the micro-mirrors 84 are disposed in the second
position to drop an input channel 14 to the output signal 48
at optical fiber 50.

As described hereinbefore, the micro-mirrors 84 of the
micro-mirror device 200 flip about a diagonal axis 205 as
shown in FIGS. 7 and 9a. In an exemplary embodiment of
the present invention shown in FIG. 9a, the optical input
channels 14 are focused on the micro-mirror device 200
such that the spectral axis 86 of the optical channels 14 is
parallel to the tilt axis 205 of the micro-mirrors. This
configuration is achieved by rotating the micro-mirror
device 45 degrees compared to the configuration shown in
FIG. 3. Alternatively, the optical channels 14 may be
focused such that the spectral axes 86 of the channels are
perpendicular to tilt axis 205 of the micro-mirrors. Further,
one will appreciate that the orientation of the tilt axis 205
and the spectral axis 86 may be at any angle.

As shown in FIGS. 9a and 95, the optical channels 14 are
dispersed, such that the optical channels do not substantially
overlap spectrally when focused onto the spatial light modu-
lator 36. For example, as shown in FIGS. 94 and 9c, the
optical channels 14 are sufficiently separated such that when
a channel is substantially attenuated or dropped (e.g.
approximately 30 dB power loss) the adjacent channels are
attenuated less than approximately 0.1% for unmodulated
signals and less than approximately 0.2% for a modulated
signal. In other words, as shown in FIGS. 9¢ and 94, the
optical channels are substantially separated and non-over-
lapping when an optical channel is attenuated or dropped
(P; oss) such that the power of the adjacent channel drops
less than a predetermined level (dA) at a predetermined delta
(§ ) from the center frequency (or wavelength) of the
adjacent channels. For example, for a 50 GHz WDM input
signal wherein an optical channel at A, is attenuated (P, )
greater than 30 dB, the loss (dA) at adjacent channels is
approximately less than 0.2 dB at the channel center +/-10
GHz.

In FIG. 10, an embodiment of a multi-functional optical
device 300 in accordance with the present invention is
shown. The device combines the functions of an optical
channel monitor (OCM) and an optical filter using one
spatial modulator including a micromirror device. The opti-
cal device includes an optical filter portion 302 substantially
the same as the optical filter 10 of FIGS. 1-3 described
hereinbefore, and therefore like components have the same
reference numerals. The functionality of the OCM is added
to the filter portion 302 by adding a second pigtail 304, a
second circulator 306, a photodetector 308 and a processing
unit 310. Not only does the OCM use a common spatial light
modulator 30 in this embodiment, the OCM uses common
free-space optics, namely the collimator 22, mirror 26,
diffraction grating 24 and Fourier lens 28. The OCM portion
312 of the optical device 300 is substantially the same as the
OCM described in co-pending U.S. Patent Application Ser.
No. 60/325,066, which is incorporated herein by reference
in its entirety.

The ends of the pigtails 20, 304 are spaced in the spatial
direction 88 so that the input light 12, 314 of the filter
portion 302 and OCM portion 312, respectively, propagate
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along separate optical paths and intersect the micromirror
device 82 in separate non-overlapping areas. As a result, the
diffracted light 92, 316 is spaced spatially on the micromir-
ror device 82 as illustrated in FIG. 11. As shown, the
diffracted light 316 of the input light 314 of the OCM 312
is spread spectrally over the upper portion of the micromir-
ror device 82, and the diffracted light 92 of the input light 12
of the optical filter 302 is spread spectrally over the lower
portion of the micro-mirror device.

For the OCM 304, a portion of the micromirrors are tilted
to the second position, as indicated by the black squares, to
reflected the optical channels 14 at A, A, and A,—A,, away
from the return path 318 as indicated by arrows 96. The
other micromirrors associated with the optical channel 14 at
A5 are tilted to the first position, as indicated by the white
squares, to reflect the optical channel at A, back along the
return path 318 to the second pigtail 304. The returned
optical channel 14 at A5 passes through the second circulator
306 to the photodetector 308, which provides an electrical
signal 320 indicative of the returned optical channel to the
processing unit 310. The processing unit provides an output
signal to an external device(s) 322 and a control signal 46 to
controller 90 of the spatial light modulator 30 to control the
flipping of the micromirrors 84 for reflecting any optical
channel or channels 14 to the photodetector 308 for sensing.

The optical filter 302 substantially operates as described
hereinbefore. As shown in FIG. 11, the micromirrors 84 of
the micromirror device 82 are selectively tilted to attenuate
at least one optical channel 14. For instance, the optical
channel 14 at A, attenuate the upper and lower portions of
the channel by tilting the micromirrors disposed at the upper
and lower portions of the channel to the second position, as
indicated by the black squares, to reflect the corresponding
portions of light away from the return path 94 as indicated
by arrows 96. The other micromirrors disposed over the
remaining portion of the optical channel 14 at X, are tilted
to the first position, as indicated by the white squares, to
reflect that portion of the optical channel back along the
return path to the first pigtail 20 to provide an output signal
48 at optical fiber 50. As shown in FIG. 11, any pattern or
number of micromirrors may be titled to the second position
to attenuate a particular optical channel 14. Further, the
present invention contemplates that the micro-mirrors 84 of
the optical filter 302 may be tilted to function as a blocking
filter as described in U.S. Patent Application Ser. No.
60/344,585, which is incorporated herein by reference in its
entirety. Further, it is also contemplated that the micromir-
rors of the optical filter 302 may be titled to function as a
dynamic gain equalization filter (DGEF) as described in
U.S. Patent Application Ser. Nos. 60/281,019 and 60/311,
002, which are incorporated herein by reference in their
entirety.

While the DGEF (or optical filter) 302 and the OCM 312
of the multifunctional device of FIG. 9a operate indepen-
dently having separate inputs and outputs, the present inven-
tion contemplates providing the output 50 of the DGEF to
the input 321 of the OCM to provide a closed loop DGEF for
a smart node, similar to that described in U.S. Patent
Application Ser. No. 60/354,794, which is incorporated
herein by reference in its entirety. In the operation, the OCM
detects the output signal 48 of the DGEF 302 and provides
a feedback signal 46 to the spatial light modulator 30. The
controller 90 of FIG. 11 then flips the micromirrors 84 to
adjust the attenuate of the channels 14 of the optical chan-
nels of the input signal 12 of the DGEF.

In FIG. 12, an embodiment of a multifunctional optical
device 400 in accordance with the present invention is
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shown. The optical device 400 combines the functions of an
optical channel monitor (OCM) and a reconfigurable optical
add/drop multiplexer (ROADM) using one spatial modula-
tor 30 including a micromirror device 82. The optical device
includes an OCM portion 402 substantially the same as the
OCM portion 312 of FIG. 10 described hereinbefore, and
therefore like components have the same reference numer-
als. The functionality of the ROADM is added to the OCM
402 by adding second and third pigtails 404, 406, second and
third circulators 408, 410, and a second set of free-space
optics 412 similar to the first set of free-space optics 414.
The second set of free-space optics includes a collimator
422, a mirror 426, a diffraction grating 424 and a Fourier
lens 428. Similar to the optical device 300, both the OCM
and ROADM use the first set of free-space optics 414,
namely the collimator 22, mirror 26, diffraction grating 24
and Fourier lens 28, and a common spatial light modulator
30. The ROADM portion 430 of the optical device 400 is
substantially the same as an ROADM described in co-
pending U.S. Patent Application Ser. No. 60/325,065, which
is incorporated herein by reference in its entirety.

The ends of pigtails 304, 404 are spaced in the spatial
direction 88 so that the input signal 314, 418 of the OCM
portion 402 and the ROADM portion 430, respectively,
propagate along separate optical paths. Consequently, the
diffracted light 316, 431 is spaced on the micromirror device
82 as illustrated in FIG. 13. As shown, the diffracted light
316 of the input light 314 of the OCM 312 is spread
spectrally over the upper portion of the micromirror device
82, and the diffracted light 431 of the input light 12 of the
ROADM 430 is spread spectrally over the lower portion of
the micromirror device.

The OCM 402 substantially operates as described here-
inbefore for the OCM 313 of FIGS. 10, 11. As shown in FIG.
13, a portion of the micromirrors 84 are tilted to the second
position, as indicated by the black squares, to reflected the
optical channels 14 at A, A,, and A,—A, away from the
return path 31 as indicated by arrows 96. The other micro-
mirrors associated with the optical channel 14 at A are tilted
to the first position, as indicated by the white squares, to
reflect the optical channel at A, back along the return path
318 to pigtail 304. The returned optical channel at A passes
through the circulator 316 to the photodetector 308, which
provides an electrical signal 320 indicative of the returned
optical channel 14 to the processing unit 310. The process-
ing unit provides an output signal to an external device(s)
322 and a control signal 46 to controller 90 of the spatial
light modulator 30 to control the flipping of the micromir-
rors 84 for reflecting any optical channel or groups/band(s)
of channels 14 to the photodetector 308 for sensing.

Referring to FIG. 12, the ROADM 430 comprises a pair
of optical portions 412, 414 wherein one portion receives the
optical input signal 418 and the other portion 412 receives
an optical add signal 432. The optics of the optical portion
414 is disposed in two tiers or horizontal planes similar to
that described in FIGS. 1 and 2. Specifically, the optical
portion 414 includes a three-port circulator 408, an optical
fiber or pigtail 404, a collimator 22, a light dispersive
element 24, a mirror 26, and a bulk lens 28 for directing light
to and from a spatial light modulator 30.

The circulator 408 receives the WDM input signal (IN)
418 from an optical network (not shown) via optical fiber
434, and directs the input light to the pigtail 404. The input
signal 418 exits the pigtail 404 (into free space) and passes
through the collimator 22, which collimates the input signal.
The collimated input signal 40 is incident on the light
dispersion element 24 (e.g., a diffraction grating or a prism),
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which separates spatially the optical channels of the colli-
mated input signal 40 by diffracting or dispersing the light
from (or through) the diffraction grating 24.

The diffraction grating 24 directs the separated light 44 to
the mirror 26. The mirror 26 reflects the separated light 44
to the Fourier lens 28 which focuses the separated light onto
the spatial light modulator 30, as shown in FIG. 13. In
response to a switching algorithm and input command 46,
the spatial light modulator 30 reflects selected optical input
channel(s) away from the Fourier lens (i.e., the dropped
channels) to the other optical portion 412 and reflects the
remaining optical input channel(s) (i.e., returned or express
optical channels) back through the same optical path to the
pigtail 404. The returned optical input channel(s) propagates
through the optical circulator 408 to provide an express
output signal 438 from optical fiber 440.

The dropped channel(s) passes through the other optical
portion 412 of the ROADM 430. Specifically, the dropped
channel(s) passes through the bulk lens 428 (e.g., a Fourier
lens), and then reflects off the mirror 426 onto a light
diffraction element 424 (e.g., a diffraction grating). The
diffraction grating 424 further disperses the dropped
channel(s). A collimator 422 focuses the dispersed light 62
onto the second pigtail 406, which is optically connected to
the second 3-port circulator 410. The dropped channel(s)
propagates from the second pigtail 406 to the output optical
fiber 442 to provide an optical drop signal 444.

One or more optical channels 14 of an optical WDM add
signal 432 may be added to the express/output signal 438 by
providing to the optical fiber 446 the optical channels to be
added. The added channel(s) 14 exits the pigtail 406 and
passes through the collimator 422 to the diffraction grating
424, which separates spectrally the add channels of the
collimated add signals 450 by dispersing or diffracting from
(or through) the diffraction grating 424. The diffraction
grating 424 directs the separated light 452 to the mirror 426
disposed in the second tier, similar to that described above
in FIG. 2. The mirror 426 reflects the separated light 452 to
the Fourier lens 28, which focuses the separated light 452
onto the spatial light modulator 30. The spatial light modu-
lator 30 reflects selected add channel(s) of the separated
light 452 to the Fourier lens 428 and reflects the remaining
add channel(s) away from the spatial light modulator 30, as
shown by arrows 454.

The selected add channel(s) 19 passes through the Fourier
lens 28, which are then reflected off the mirror 26 onto the
diffraction grating 24. The diffraction grating 24 further
disperses the selected add channel(s) onto the collimator 22
which focuses the selected add channels to the pigtail 404.
The selected add channel(s) propagates from the pigtail 404
to optical fiber 440, to thereby add the selected added
channel(s) to the express/output signal 438. As will be
described hereinafter, the selected add channels 19 and input
channels 14 at the same wavelengths reflect off the same
portion of spatial light modulator 30, and therefore when an
add channel 19 is added to the express signal 438, the
corresponding input channel 14 is dropped simultaneously.

In the operation of the ROADM 430, portions of the
micromirrors 84 are tilted to the second position, as indi-
cated by the black squares, to add and/or drop optical
channels at A, A, A, and &, . Specifically, the micromirrors
at 456 reflect the optical channels 14 of the input light 418
at h,, Ay, A, and A,  away from the return path 433, as
indicated by arrows 458, to the drop output 442. Further, the
micromirrors at 456 reflect the optical channels 14 of the add
signal 432 at A,, Ag A, and A, along the return path, as
indicated by arrows 433, to the express output 440. When
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the micromirrors 84 are tilted to the first position, as
indicated by the white squares, the optical channels 14 of the
input signal 418 are returned to the express output 440,
while the optical channels of the add signal 432 reflect along
the optical path indicated by arrows 454.

In FIG. 14, an embodiment of a multi-functional optical
device 500 in accordance with the present invention is
shown. The optical device 500 combines the function of a
reconfigurable optical filter 502, an optical channel monitor
(OCM) 504 and a reconfigurable optical add/drop multi-
plexer (ROADM) 506 using one spatial modulator 30. The
optical filter portion 502 is substantially the same as the
optical filter portion 302 of FIG. 10 as described hereinbe-
fore. The OCM portion 504 is substantially the same as the
OCM portion 302 of FIG. 10 as described hereinbefore. The
ROADM portion 506 is substantially the same as the
ROADM portion 430 of FIG. 12 as described hereinbefore.

Not only does each device 502, 504, 506 use a common
spatial light modulator 30 in this embodiment, the devices
use a common set of free-space optics, namely the collima-
tor 22, mirror 26, diffraction grating 24 and Fourier lens 28,
similar to the device 400 of FIG. 12. The ends of the pigtails
20, 304, 404 of each device 502, 504, 506, respectively, are
spaced in the spatial direction 88 so that the input light 12,
314, 418 of the devices 502, 504, 506 propagate along
separate optical paths. Consequently, the diffracted light is
spaced spatially on the micromirror device as illustrated in
FIG. 15. As shown, the diffracted light of the input light 12
of the optical filter 502 is spectrally spread over the upper
portion of the micromirror device 82, the diffracted light of
the input light 418 and add light 432 of the ROADM 506 is
spectrally spread over the intermediate portion of the micro-
mirror device, and the diffracted light of the input light 314
of the OCM 504 is spectrally spread over the lower portion
of the micromirror device. The operation of the devices 502,
504, 506 is the same as the optical filter 302 of FIGS. 10, the
OCM 312 of FIG. 10 and the ROADM portion 430 of FIG.
12, as described hereinbefore.

In FIG. 16, an embodiment of a multi-functional optical
device 600 in accordance with the present invention is
shown. The device 600 combines the functions of an inter-
leaver/deinterleaver device 602, a dual pass blocking filter
604 and a reconfigurable optical add/drop multiplexer
(ROADM) 606 using one spatial modulator 30. Similar to
the embodiments described hereinbefore, the devices 602,
604, 606 also use a common set of free-space optics 414,
namely the collimator 22, mirror 26, diffraction grating 24
and Fourier lens 28, similar to the device 400 of FIG. 12. In
addition, the interleaver/deinterleaver device 602 and the
ROADM 606 also use a second set of common optics 412
that comprise the collimator 422, mirror 426, diffraction
grating 424 and Fourier lens 428, similar to the device 400
of FIG. 12. The ROADM portion 606 is substantially the
same as the ROADM portion 430 of FIG. 12, as described
hereinbefore.

The functionality of the interleaver/deinterleaver device
602 is added to the ROADM device 606 by adding an input
pigtail 610, a circulator 612, and an output pigtail 614. Not
only does the interleaver/deinterleaver device 602 use a
common spatial light modulator 30 in this embodiment, the
interleaver/deinterleaver device uses common first and sec-
ond set of free-space optics 412, 414, namely the collimators
22, 422, mirrors 26, 426, diffraction grating 24, 424 and
Fourier lens 28, 428. The interleaver/deinterleaver portion
602 of the optical device 600 is substantially the same as the
interleaver/deinterleaver described in co-pending U.S.
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Patent Application Ser. No. 60/325,064, which is incorpo-
rated herein by reference in its entirety.

The functionality of the dual pass blocking filter 604 is
added to the ROADM device 606 by adding a pair of
three-port circulators 620, 622 and a pair of input pigtails
624, 626. Not only does the blocking filter 604 use a
common spatial light modulator 30 in this embodiment, the
blocking filter uses common set of free-space optics 412,
namely the collimators 22, mirrors 26, diffraction grating 24,
and Fourier lens 28. The blocking filter 604 of the optical
device 600 is substantially the same as the blocking filter
described in co-pending U.S. Patent Application Ser. No.
60/344,585, which is incorporated herein by reference in its
entirety.

The ends of the input pigtails 610, 622, 624, 404 of each
device 602, 604, 606 arc spaced in the spatial direction 88
so that the input light 630, 632, 418 of the devices 602, 604,
606 propagate along separate optical paths. Consequently,
the diffracted light is spaced spatially on the micromirror
device 82 as illustrated in FIG. 17. As shown, the diffracted
light of the input light 630 of the interleaver device 602 is
spectrally spread over the upper portion of the micromirror
device 82, the diffracted light of the input light 632 of the
blocking filter 604 is spectrally spread over the intermediate
portion of the micromirror device, and the diffracted light of
the input light 418 of the ROADM 606 is spectrally spread
over the lower portion of the micromirror device. The
operation of the ROADM 606 is the same as the ROADM
portion 312 of FIG. 12, as described hereinbefore.

The interleaver/deinterleaver device 602 may function as
an interleaver device or a deinterleaver device. As an inter-
leaver, the device combines at least two optical WDM input
signals 630, 634 into a single optical output signal 636. In
one embodiment, as shown, one input signal 630 includes
the odd input channels 14 (e.g., A, A5, A5), and the other
input signal 634 includes the even input channels (e.g., A,
A4s hg). The combined input signals 630, 634 provide a
WDM output signal having each input channel 14, 14' (e.g.,
A—hg). As a deinterleaver, the deinterleaver device separates
an optical WDM input signal 642 into at least two optical
output signals 638, 640. In one embodiment, as shown, the
input signal 642 includes a WDM output signal having input
channels at A,—As. The input signal 642 is separated such
that one output signal 638 includes the odd input-channels
14,14' (i.e., Ay, A5, As5), and the other output signal 640
includes the even input channel (i.e., A, Ay, Ag). In FIG. 16,
the input signals 630, 634 and output signal 636 of the
interleaver device are shown as solid arrows, while the input
signal 642 and the output signals 638, 640 of the deinter-
leaver device are shown as dashed arrows. To simplify the
description of the present invention, the interleaver/deinter-
leaver device is described as an interleaver, however, one
should appreciate that the device may function as a deinter-
leaver by configuring one of the input ports to an output port,
as illustrated by the dashed arrows 638, 640, 642.

Accordingly, the interleaver device 602 comprises a pair
of optical portions 412, 414 that focuses and receives light
to and from the spatial light modulator 30. A three-port
circulator 612 provides input signals 630 to and receives an
output signal 636 (at optical fiber 644) from the optical
portion 414 via pigtail 610. The pigtail 614 receives the
other input signal 634 from the second optical portion 412.

The first input signal 630 exits pigtail 610 (into free space)
and passes through the first collimator 22, which collimates
the first input signal. The collimated input signal is incident
on the light dispersion element 24 (e.g., a diffraction grating
or a prism), which separates spatially the optical channels of
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the collimated input signal by diffracting or dispersing the
light from (or through) the first light dispersion element. The
diffraction grating 24 directs the separated light to the mirror
26. The first mirror 26 reflects the separated light to the first
bulk lens 28 (e.g., a Fourier lens), which focuses the
separated light onto the spatial light modulator 30, as shown
in FIG. 17.

In response to a switching algorithm and input command
46, the spatial light modulator 30 reflects the optical input
channel(s) 14 of first input signal back through the same
optical path to the pigtail 610. The returned optical input
channel(s) propagates to the optical circulator 612 to provide
an output signal 636 from optical fiber 642.

The optical channels 14' of the second input signal 634 are
combined with or added to the output signal 636. The
channel 14' of the second input signal 634 exit the second
pigtail 614 and passes through the collimator 422 to the
diffraction grating 424, which separates spectrally the chan-
nels 14' of the collimated second input signal 634 by
dispersing or diffracting from (or through) the diffraction
grating 424. The diffraction grating 424 directs the separated
light to the mirror 426 for the optical portion 412. The mirror
426 reflects the separated light to the bulk lens 428, which
focuses the separated light onto the spatial light modulator
30. As shown in FIG. 17, the separated light of the first input
signal 630 and the separate light of the second input signal
634 occupy different, alternating portion (or sections) of the
spatial light modulator 30. The spatial light modulator 30
reflects the channel 14' of the separated light to the bulk lens
28.

The channel 14' of the second input signal 634 passes
through the bulk lens 28, which are then reflected off the
mirror 26 onto the diffraction grating 24. The diffraction
grating 24 further disperses the channel 14' onto the colli-
mator 22 which focuses the channels 14' to the pigtail 610.
The channels 14' propagate from the pigtail 610 to optical
fiber 642, to thereby combine the channels 14' to the output
signal 636.

FIG. 17 further illustrates the outline of the optical
channels 14, 14' of the first and second input signals 630,
634, respectively, which are dispersed off respective diffrac-
tion gratings 24, 424 and focused by bulk lens 28, 428
respectively, onto the array of micro-mirrors 84 of the
micro-mirror device 82. Each channel 14, 14' is distinctly
separated from other channels across the spectrum and have
a generally circular cross-section, such that the optical
channels do not substantially overlap spatially when focused
onto the spatial light modulator 30. The optical channels
have a circular cross-section to project as much of the beam
as possible over a multitude of micro-mirrors 84, while
keeping the optical channels separated by a predetermined
spacing. One will appreciate though that the diffraction
gratings 24, 424 and bulk lens 28, 428 may be designed to
reflect and focus any optical channel or group of optical
channels with any desired cross-sectional geometry, such as
elliptical, rectangular, square, polygonal, etc. Regardless of
the cross-sectional geometry selected, the cross-sectional
area of the channels 14 should illuminate a plurality of
micro-mirrors 84, which effectively pixelates the optical
channels.

FIG. 17 further illustrates the position of the micro-
mirrors 84 of the micro-mirror device 82 for combining the
optical channels 14, 14' of the input signals 630, 634. The
outline of each channel 14, 14' is shown to provide a
reference to visually locate the groups of tilted mirrors 650.
As shown, the groups of mirrors 650 associated with each
respective optical channel 14" at A5, A4, Ag, Ag, Ao, Ay, 0f the
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second input signal 634 are tilted away from the return path
to the second position, as indicated by the blackening of the
micro-mirrors 84. Each group of tilted mirrors 650 provides
a generally rectangular shape, but one will appreciate that
any pattern or shape may be tilted to redirect an optical
channel. In an exemplary embodiment, each group of micro-
mirrors 650 reflects substantially all the light of each respec-
tive optical channel 14' and reflects substantially no light of
any adjacent channels. The remaining micro-mirrors 84
reflects substantially all the light of each channel 14 at A,
Ass s, Ay Ao are flat (i.e., first position), as indicated by the
white micro-mirrors, to reflect the light back along the return
path to the first pigtail 610, as described hereinbefore.

Referring to FIGS. 16 and 17 in the operation of the
blocking filter 604, the input signal 632 is first dispersed by
the diffraction grating 24 onto the micro-mirror device 82 of
the spatial light modulator 30. Each input channel 14 is
spread along the spectral axis 86 as shown in FIG. 17. The
groups 452, 453, 454 of shaded micro-mirrors 84 delete the
optical input channels at A5, A4, A, and A, of the input signal
632, and reflect the through input channels at A, A;—A, A,
Ao and A, ;—A back to the first pigtail 622. The through input
channels at A}, A;—As, Ag, Ay and A, —A,, then propagate to
second pigtail 624 through the circulators 620, 622 respec-
tively. The end of the second pigtail 624 is displaced
spatially such that the through input channels 14' at A,
As—hs, hgs hg and A | —h,, are dispersed onto the micro-mirror
device 82 and spaced in the spatial axis 88 a predetermined
distance from the input channels 14 at A,—\,, as shown in
FIG. 17. The micro-mirrors 84 are titled to reflect the
selected input channel 14' back to second pigtail 624, while
the micro-mirrors adjacent the input channels at A,, Aq, A,
and A, are tilted to delete any remaining light. The through
input channels 14' then propagate through the second cir-
culator 622 to the output fiber 656 to provide output signal
658.

While the embodiments of the present invention described
hereinbefore provide optical channels having a circular
cross-section imaged on the micromirror device 82 of the
spatial light modulator 30, the present invention contem-
plates imaging optical channels onto the micromirror device
having different cross-sectional geometry as shown in FIG.
18. As shown, the cross-sectional geometry of one optical
function is elliptical while the cross-sectional geometry of
the second optical function is circular. To accomplish the
different cross-sections using the same optical components
(e.g., collimator 28), an additional lens 700 (e.g., a cylin-
drical lens) is provided in the optical path of one of the
collimated light beams as shown in FIG. 19.

In the embodiments of the present invention described
hereinbefore, the launch pigtails of the optical function are
spaced in the spatial direction 88 that results in the channels
of the corresponding input signals being similarly space in
the spatial direction. The present invention, however, con-
templates spacing the launch pigtail in the spectral direction
86, such that the respective input channels 14 of each
function are spaced sequentially in the spectral direction as
shown in FIGS. 20 and 214. FIG. 20 is also illustrative of the
optical channels of each input signal having a different
cross-sectional geometry, and the channels of the respective
input channels have different spacing.

FIG. 21aq illustrates an optical channel of the second
function that is spread over a large number of micromirrors
84 similar to that used to provide an optical chromatic
dispersion compensation device as described in U.S. Patent
Application Ser. No. 60/332,318 which is incorporated
herein by reference. FIG. 216 shows an embodiment
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wherein the optics (i.e., collimating lens 26, bulk lens 34 and
diffraction grating 24) spread or disperse the input light onto
the micromirror device such that the optical channels sub-
stantially overlap. The tilt of a micromirror will filter or
attenuate the light of two or more adjacent channels. See
patent application Ser. No. 10/115,647 for an example of this
technology applied to a digital signal equalizers.

FIG. 22 shows an embodiment of a reconfigurable mul-
tifunctional optical device generally indicated as 1000 hav-
ing optical portions 15, 16 with one or more optical PDL
devices 1002, 1004, 1006, 1008 for minimizing polarization
dependence loss (PDL). The one or more optical PDL
devices 1002, 1008 are arranged between the capillary tube
36 and the grating 24, while the one or more optical PDL
devices 1004, 1006 are arranged between the grating 24 and
the spatial light modulator 30.

The optical PDL device 1002 may include a polarization
splitter for splitting each channel into its pair of polarized
light beams and a rotator for rotating one of the polarized
light beams of each optical channel. The optical PDL device
1008 may include a rotator for rotating one of the previously
rotated and polarized light beams of each optical channel
and a polarization splitter for combining the pair of polar-
ized light beams of each channel.

The one or more optical devices 1002, 1004, 1006, 1008
may be incorporated in any of the embodiments shown and
described above, including but not limited to the embodi-
ments shown and described above.

In effect, as a person skilled in the art will appreciate, a
diffraction grating such as the optical elements 42, 54 has a
predetermined polarization dependence loss (PDL) associ-
ated therewith. The PDL of the diffraction grating 24 is
dependent on the geometry of the etched grooves 42 of the
grating. Consequently, means to mitigate PDL may be
desired. The A/4 plate between the spatial light modulator 30
and the diffraction grating(s) 24, 54 (before or after the bulk
lens 28, 52) mitigates the PDL for any of the embodiments
described hereinbefore. The fast axis of the A/4 plate is
aligned to be approximately 45 degrees to the direction or
axis of the lines 42 of the diffraction grating 24. The mirror
is angled to reflect the separated channels back through the
A4 plate to the diffraction grating. In the first pass through
the A/4 plate, the A/4 plate circularly polarizes the separated
light. When the light passes through the A/4 plate again, the
light is linearly polarized to effectively rotate the polariza-
tion of the separated channels by 90 degrees. Effectively, the
A4 plate averages the polarization of the light to reduce or
eliminate the PDL. One will appreciate that the A/4 plate
may not be necessary if the diffraction grating has low
polarization dependencies, or other PDL compensating tech-
niques are used that are known now or developed in the
future.

As shown and described herein, the polarized light beams
may have a generally circular cross-section and are imaged
at separate and distinct locations on the spatial light modu-
lator 30, such that the polarized light beams of the optical
channels do not substantially overlap spatially when focused
onto the spatial light modulator, as shown, for example, in
FIGS. 6, 18, 25, 34 and 35.

FIG. 23 shows a reconfigurable multifunctional optical
device generally indicated as 1600 similar to that shown
above, except that the micromirror device is oriented such
that the tilt axis 85 is perpendicular to the spectral axis 86.
The reconfigurable multifunctional optical device 1600 has
a chisel prism 1602 arranged in relation to the spatial light
modulator 30, a set of optical components 1604, a retromir-
ror 1605 and a complimentary set of optical components
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1606. The underlying configuration of the reconfigurable
multifunctional optical device 1600 may be implemented in
any of the embodiments show and described in relation to
that shown and described above in which the pivot or tilt
axis of the mirrors of the DVD device is perpendicular to the
spectral axis of the channels projected on the DVD device.

The set of optical components 1604 and the complimen-
tary set of optical components 1606 are similar to the optical
portions 15, 16 shown and described herein. For example,
see FIG. 1A. The spatial light modulator 30 is shown and
described herein as the well known DMD device. The chisel
prism 1602 has multiple faces, including a front face 1602a,
first and second beveled front faces 16025, 1602c¢, a rear face
16024 and a bottom face generally indicated by 1602e. (It is
noted that in embodiments having no retroflector or third
optical path only two front faces are used, and in embodi-
ments having a retroflector all three front faces are used.)
Light from the set of optical components 1604 and the
complimentary set of optical components 1606 passes
through the chisel prism 1602, reflects off the spatial light
modulator, and passes back through the chisel prism 1602.

The chisel prism design described herein addresses a
problem in the optical art when using micromirror devices.
The problem is the ability to send a collimated beam out to
a reflective object and return it in manner that is insensitive
to the exact angular placement of the reflective object.
Because a light beam is typically collimated and spread out
over a relatively large number of micromirrors, any overall
tilt of the array causes the returned beam to “miss” the
optical component, such as a pigtail, intended to receive the
same.

The present invention provides a way to reduce the tilt
sensitivity by using a classical optical design that certain
combinations of reflective surfaces stabilize the reflected
beam angle with respect to angular placement of the reflec-
tor. Examples of the classical optical design include a
corner-cube (which stabilize both pitch and yaw angular
errors) or a dihedral prism (which stabilize only one angular
axis.).

One advantage of the configuration of the present inven-
tion is that it removes the tilt sensitivity of the optical system
(which may comprise many elements besides a simple
collimating lens such as element 26 shown and described
above) leading up to the retro-reflective spatial light modu-
lator 30. This configuration allows large beam sizes on the
spatial light modulator without the severe angular alignment
sensitivities that would normally be seen.

Patent application Ser. No. 10/115,647, which is hereby
incorporated by reference, shows and describes the basic
principal of these highly stable reflective elements in which
all the surfaces of the objects being stable relative to one
another, while the overall assembly of the surfaces may be
tilted without causing a deviation in reflected angle of the
beam that is large compared to the divergence angle of the
input beam.

FIG. 24 illustrates a schematic diagram of reconfigurable
multifunctional optical device generally indicated as 1700
that provides improved sensitivity to tilt, alignment, shock,
temperature variations and packaging profile, which incor-
porates such a tilt insensitive reflective assembly. The scope
of the invention is intended to include using the chisum
prism technology described herein in any one or more of the
embodiments described herein.

Similar to the embodiments described hereinbefore, and
by way of example, the reconfigurable multifunctional opti-
cal device 1700 includes a first set of optical components
having a dual fiber pigtail 1702 (circulator free operation),
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the collimating lens 26, a bulk diffraction grating 42, a
Fourier lens 34, a 1/4) plate 35, a reflector 26 and a spatial
light modulator 1730 (similar to that shown above). The dual
fiber pigtail 1702 includes a transmit fiber 1702a and a
receive fiber 170256. The first set of optical components
typically provide a first optical input signal having one or
more optical bands or channels on the receive fiber 17025,
as well as providing an optical output signal on the transmit
fiber 17025.

Similar to the embodiments described hereinbefore, the
reconfigurable multifunctional optical device 1700 also
includes a complimentary set of optical components 1703
for providing a second optical input signal, which is typi-
cally an optical signal to be added to the first optical input
signal.

The reconfigurable multifunctional optical device 1700
also includes a chisel prism 1704 having multiple internally
reflective surfaces, including a top surface, a back surface,
as well as transmissive surfaces including two front surfaces
and a bottom surface, similar to that shown in FIG. 23. The
micro-mirror device 1730 is placed normal to the bottom
surface, as shown. In operation, the chisel prism 1704
reflects the first optical input signal from the first set of
optical components and the second optical input signal from
the complimentary set of optical components 1703 both to
the spatial light modulator 1730, and reflects the optical
output signal back to the first set of optical components.

The chisel prism 1704 decreases the sensitivity of the
optical filter to angular tilts of the optics. The insensitivity to
tilt provides a more rugged and robust device to shock
vibration and temperature changes. Further, the chisel prism
1704 provides greater tolerance in the alignment and assem-
bly of the optical filter 1700, as well as reduces the pack-
aging profile of the filter. To compensate for phase delay
associated with each of the total internal reflection of the
reflective surfaces of the prism (which will be described in
greater detail hereinafter), a A/9 wave plate 1708 is optically
disposed between the prism 1704 and the /4 wave plate 35.
An optical wedge or lens 1710 is optically disposed between
the A/4 wave plate 35 and the diffraction grating 30 for
directing the output beam from the micro-mirror device
1730 to the receive pigtail 1702a of the dual fiber pigtail
17025. The optical wedge or lens 1710 compensates for
pigtail and prism tolerances. The scope of the invention is
intended to cover embodiments in which the optical wedge
1710 is arranged parallel or oblique to the front surface of
the wedge 1704. Moreover, as shown, these components are
only arranged in relation to one front surface; however, as a
person skilled in the art would appreciate, these optical
components would typically be arranged in relation to any
one or more front surfaces shown in FIG. 24, as well as the
front surfaces in the other chisel prism embodiments shown
ad described herein.

The optical device 1700 further includes a telescope 1712
having a pair of cylindrical lens that are spaced a desired
focal length. The telescope 1712 functions as a spatial beam
expander that expands the input beam (approximately two
times) in the spectral plane to spread the collimated beam
onto a greater number of lines of the diffraction grating. The
telescope 1712 may be calibrated to provide the desired
degree of beam expansion. The telescope advantageously
provides the proper optical resolution, permits the package
thickness to be relatively small, and adds design flexibility.

A folding mirror 1714 is disposed optically between the
Fourier lens 34 and the A/4 wave plate 35 to reduce the
packaging size of the optical filter 1700.
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FIG. 25 shows a practical embodiment of a tilt-insensitive
reflective assembly 1800 comprising a specially shaped
prism 1804 (referred as the “chisel prism”) arranged in
relation to the micro-mirror device 1830, a set of optical
components as shown, a compliment set of optical compo-
nents generally indicated as 1805, as well as a retroreflector
1803 consistent with that discussed above.

Unlike an ordinary 45 degree total internal reflection
(TIR) prism, in this embodiment the back surface 1821 of
the prism 1804 is cut at approximately a 48 degree angle
indicated as 1804aq relative to the bottom surface 1820 of the
prism 1804. The top surface 1822 of the prism 1804 is cut
at a 4 degree angle indicated as 18045 relative to the bottom
surface 1820 to cause the light to reflect off the top surface
1822 via total internal reflection. The front surface 1823 of
the prism 1804 is cut at a 90 degree angle relative to the
bottom surface 1820. The prism 1804 therefore provides a
total of 4 surface reflections in the optical assembly (two
TIRs off the back surface 1821, one TIR off the micromirror
device 1830, and one TIR off the top surface 1822.)

In order to remove the manufacturing tolerances of the
prism angles, a second smaller compensating prism or
wedge 1810 (or wedge), having a front surface cut at a
shallow angle (e.g., as 10 degrees) with respect to a back
surface, may also be used. Slight tilting or pivoting about a
pivot point of the compensation wedge 1810 causes the light
beam to be pointed in the correct direction for focusing on
the receive pigtail 1802.

The combination of the chisel prism 1804 and the com-
pensation wedge 1810 allows for practical fabrication of
optical devices that spread a beam out over a significant area
and therefore onto a plurality of micromirrors, while keep-
ing the optical system robust to tilt errors introduced by
vibration or thermal variations.

In FIG. 26, the input light rays 1826a first pass through
the A/4 wave plate 35 and the A/9 wave plate 1840. The input
rays 1826a reflect off the back surface 1821 of the prism
1804 the micro-mirror device 1830. The rays 18265 then
reflect off the micromirror device 1830 back to the back
surface 1821 of the prism 1804. The rays 18265 then reflect
off the top surface 1822 for a total of 4 surfaces (an even
number) and passes through the front surface 1823 of the
prism 1804. The rays 18265 then pass back through the A/4
wave plate 35 and the A/9 wave plate 1840 to the wedge
1810. The wedge 1810 redirects the output rays 1826¢ to the
receive pigtail 1802 (FIG. 24 of the dual fiber pigtails 1802.
As shown by arrows, the wedge 1810 may be pivoted about
its long axis 1850 during assembly to slightly steer the
output beam 1826¢ to the receive pigtail 1802 with minimal
optical loss by removing manufacturing tolerances of the
chisel prism.

In FIG. 25, the prism 1804 (with wave plates 35, 1840
mounted thereto) and the micro-mirror device 1830 are
mounted or secured in fixed relations to each other. The
prism 1804 and micro-mirror device 1830 are tilted a
predetermined angle off the axis of the input beam 614 (e.g.,
approximately 9.2 degrees) to properly direct the input beam
onto the micromirrors of the micromirror device, as
described hereinbefore. The wedge 1810 however is per-
pendicular to the axis of the input beam 1826a. Conse-
quently, the receive pigtail of the dual fiber pigtail 1802 is
rotated a predetermined angle (approximately 3 degrees)
from a vertically aligned position with the transmit pigtail.
Alternatively, the wedge 1810 may be rotated by the same
predetermined angle as the prism and the micromirror
device (e.g., approximately 9.2 degrees) from the axis of the
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input beam. As a result, the receive pigtail of the dual pigtail
assembly 1802 may remain vertically aligned with transmit
pigtail.

FIGS. 27a and 275 illustrate a technique to compensate
for this diffraction effect introduced by the micromirror
array 100, described hereinbefore. As shown, each optical
channel 14 is dispersed onto the micro-mirrors array 100
along the spectral axis or direction 86 such that each optical
channel or group of optical channels are spread over a
plurality of micro-mirrors.

FIG. 27a illustrates the case where a grating order causes
the shorter wavelength light to hit a part of the micro-mirror
array 100 that is closer than the section illuminated by the
longer wavelengths. In this case the Fourier or bulk lens 28
is placed at a distance “d” from the grating 30 that is shorter
than focal length “f” of the Fourier lens 28. For example, the
distance “d” may be approximately 71 mm and the focal
length may be approximately 82 mm. It may be advanta-
geous to use this configuration if package size is limited, as
this configuration minimizes the overall length of the optical
train.

FIG. 27b illustrates the case where the grating order
causes the longer wavelengths to hit a part of the micromir-
ror array 100 that is closer than the section illuminated by
the shorter wavelengths. In this case the Fourier lens 28 is
placed a distance “d” from the grating 30 that is longer than
focal length “f” of the Fourier lens 28. This configuration
may be advantageous to minimize the overall area illumi-
nated by the dispersed spectrum on the micromirror array.

The Scope of the Invention

While the micro-mirrors 84 may switch discretely from
the first position to the second position,. as described here-
inabove, the micro-mirrors may move continuously (in an
“analog” mode) or in discrete steps between the first position
and second position. In the “analog” mode of operation the
micro-mirrors can be can be tilted in a continuous range of
angles. The ability to control the angle of each individual
mirror has the added benefit of much more attenuation
resolution than in the digital control case. In the “digital”
mode, the number of micro-mirrors 84 illuminated by each
channel determines the attenuation step resolution. In the
“analog” mode, each mirror can be tilted slightly allowing
fully continuous attenuation of the return beam. Alterna-
tively, some combination of micro-mirrors may be switched
at a predetermined or selected pulse width modulation to
attenuate the optical channel or band.

One will appreciate though that the diffraction grating 24
and bulk lens 28 may be designed to reflect and focus any
input channel or group of input channels with any desired
cross-sectional geometry, such as elliptical, rectangular,
square, polygonal, etc.

The embodiments of the present invention described
hereinbefore include a common spatial light modulator 30
and other optical components, namely a collimating lens 22,
a mirror 26, a diffraction grating 24 and a bulk lens 28. The
present invention, however, contemplates having separate
and distinct components that image onto a common spatial
light modulator. One should therefore appreciate that any of
the optical devices referenced herein may be combined with
any other optical devices referenced herein, including any
alternative embodiments, using a common spatial light
modulator and/or other common optical components.

While the embodiments of the present invention described
hereinbefore describe multi-functional devices wherein the
functions of each device operate independent of the others,
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one will appreciate that the present invention contemplates
interconnecting the inputs and outputs of the separate
devices to provide another level of functionality, similar to
that described for FIG. 10.

One should also appreciate that the only limit on the
number of multifunctional device utilizing a single spatial
light modulator is the number of pixels per channel that
provide the required per channel attenuation or switching
variation or the required channel plan independence.

Although the invention has been described as using an
array of digital micro-mirrors to implement the pixelating
device in the embodiments shown herein, it should be
understood by those skilled in the art that any pixelating
device that provides pixelated optical signal processing may
be used, as described further below. Further, instead of using
micro-mirrors with two reflective states or angles of reflec-
tion (e.g., +/~10 deg) as a pixel that reflects a portion of the
light beam, the pixels may have one reflective state and the
other state may be absorptive or transmissive. Alternatively,
instead of the pixel having at least one state being reflective
(which may provide other design advantages), the pixel may
have one state being transmissive and the other state being
absorptive. Alternatively, the pixel may have two transmis-
sive or partially transmissive states that refract the incoming
light out at two different angles. For each of various pix-
elating devices, the optics surrounding the pixelating device
would be changed as needed to provide the same functions
as that described for each of the embodiments herein for the
different type of pixelated optical signal processing used.

Also, instead of the pixels having a square, diamond or
rectangular shape, the pixels may have any other two or
three-dimensional shapes, i.e., circle, oval, sphere, cube,
triangle, parallelogram, rhombus, trapezoid.

The spatial light modulator is shown and described herein
as a DMD device; however, the scope of the invention is
intended to include other types of light modulator devices.
For example, the spatial light modulator may also include a
pixelating device, based on, for example, liquid crystal
technology, such as a liquid crystal display (LCD). An LCD
may provide a device having either one absorptive state and
one reflective state, or one absorptive state and one trans-
missive state. The underlying principle of an LCD is the
manipulation of polarized light (i.e., an optical channel). For
example, the polarized light may be rotated by 90 degrees in
one state of the liquid crystal and not rotated in another state.
To provide an LCD having one absorptive state and one
transmissive state, a polarizer is provided at each side of the
liquid crystal, such that the polarization angles of the polar-
izers are offset by 90 degrees. A mirror can be added at one
end to provide an LCD having one absorptive state and one
reflective state.

One example of having a reflective state and a transmis-
sive state is a variation on existing bubble jet technology
currently produced by Agilent and Hewlett-Packard Co., and
described in U.S. Pat. Nos. 6,160,928 and 5,699,462, respec-
tively. In that case, when the bubble is in one state, it has
total internal reflection; and when in the other state, it is
totally transmissive. Also in that case, the pixels may not be
square but circular or oval.

One example of having a transmissive state and an
absorptive state is Heterojunction Acoustic Charge Trans-
port (HACT) Spatial Light Modulator (SLM) technology,
such as that described in U.S. Pat. Nos. 5,166,766, entitled
“Thick Transparent Semiconductor Substrate, Heterojunc-
tion Acoustic Charge Transport Multiple Quantum Well
Spatial Light Modulator”, Grudkowski et al and 5,158,420,
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entitled “Dual Medium Heterojunction Acoustic Charge
Transport Multiple Quantum Well Spatial Light Modulator”
to Grudkowski et al, provided the material used for the
HACT SLM will operate at the desired operational wave-
length. In that case, the pixels may be controlled by charge
packets that travel along a surface acoustic wave that propa-
gates along the device, where the size of the charge controls
the optical absorption.

The dimensions and geometries for any of the embodi-
ments described herein are merely for illustrative purposes
and, as much, any other dimensions may be used if desired,
depending on the application, size, performance, manufac-
turing requirements, or other factors, in view of the teach-
ings herein.

It should be understood that, unless stated otherwise
herein, any of the features, characteristics, alternatives or
modifications described regarding a particular embodiment
herein may also be applied, used, or incorporated with any
other embodiment described herein. Also, the drawings
herein are not drawn to scale.

Although the invention has been described and illustrated
with respect to exemplary embodiments thereof, the fore-
going and various other additions and omissions may be
made therein without departing from the spirit and scope of
the present invention.

We claim:

1. A reconfigurable multifunctional optical device com-
prising:

an optical arrangement for receiving a first optical input

signal and a second optical input signal, each of the first
and second optical input signals having optical bands or
channels, the optical arrangement having a free optics
configuration with a light dispersion element for
spreading each of the first and second optical input
signals into respective optical bands or channels on
separate portions of a spatial light modulator having an
array of micromirrors and being programmable to
perform separate optical functions on each of the first
and second optical signals;

the spatial light modulator having a first set of micromir-

rors programmed to perform a first overall optical
function on the first optical input signal, and having a
second set of micromirrors programmed to perform a
second overall optical function on the second optical
input signal, wherein the first overall optical function
and second overall optical function are different.

2. A reconfigurable multifunctional optical device accord-
ing to claim 1, wherein the separate optical functions include
reflecting the first and second optical input signals off
separate non-overlapping areas on the spatial light modula-
tor.

3. A reconfigurable multifunctional optical device accord-
ing to claim 1, wherein the separate optical functions include
optical switching, conditioning or monitoring functions such
as either an optical add/drop multiplexer function, an optical
channel monitor function, an optical cross-connect function,
an optical interleaver/deinterleaver, an optical filtering func-
tion, or any some combination thereof.

4. A reconfigurable multifunctional optical device accord-
ing to claim 1, wherein the light dispersion elements include
either a diffraction grating, an optical splitter, a holographic
device, a prism, or a combination thereof.

5. A reconfigurable multifunctional optical device accord-
ing to claim 4, wherein the diffraction grating is a blank of
polished fused silica or glass with a reflective coating having
a plurality of grooves either etched, ruled or suitably formed
thereon.
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6. A reconfigurable multifunctional optical device accord-
ing to claim 1, wherein the light dispersion element is
oriented to spread the at least two optical input signals along
a spectral axis, wherein the spectral axis is parallel to the tilt
axis of the micromirrors of the spatial light modulator.

7. A reconfigurable multifunctional optical device accord-
ing to claim 6, wherein the switching algorithm is based on
the wavelength of the at least two optical input signals.

8. A reconfigurable multifunctional optical device accord-
ing to claim 7, wherein the one or more optical portions
provide one optical input signal, the other optical input
signal, or a combination thereof as different channels having
different wavelengths on the spatial light modulator.

9. A reconfigurable multifunctional optical device accord-
ing to claim 8, wherein the different channels have a desired
cross-sectional geometry, including elliptical, rectangular,
square or polygonal.

10. A reconfigurable multifunctional optical device
according to claim 8, wherein the spatial light modulator is
configured so one group of channels is spaced at 100 GHz
and another group of channels is spaced at 50 GHz.

11. A reconfigurable multifunctional optical device
according to claim 6, wherein the light dispersion element is
oriented to spread the optical signal along a spectral axis,
wherein the spectral axis is perpendicular to the tilt axis of
the micromirrors of the spatial light modulator.

12. A reconfigurable multifunctional optical device
according to claim 1, wherein the spatial light modulator
includes an array of micro-mirrors having a multiplicity of
micro-mirrors that are separately controllable for tilting on
an axis depending on a control signal in accordance with a
switching algorithm.

13. A reconfigurable multifunctional optical device
according to claim 1, wherein the at least two optical input
signals include a wavelength division multiplexed (WDM)
optical input signal having a plurality of wavelengths and a
corresponding plurality of optical bands or channels, each
optical band or channel reflecting off a respective group of
micro-mirrors of the micro-mirror device.

14. A reconfigurable multifunctional optical device
according to claim 13, wherein the respective group of
micro-mirrors are collectively tilted to reflect channels in the
at least two optical input signals.

15. A reconfigurable multifunctional optical device
according to claim 1, wherein the different optical charac-
teristics includes different channel spacing, the shape of the
light beam, the center wavelength of the light beam of the at
least one optical signal, or some combination thereon.

16. A reconfigurable multifunctional optical device
according to claim 1, wherein each micro-mirror is tiltable
in either a first position or a second position along an axis
either substantially parallel to the spectral axis of the at least
two optical input signals, parallel to the spatial axis of the at
least two optical input signals, or at an angle of 45 degrees
in relation to the spatial axis.

17. A reconfigurable multifunctional optical device
according to claim 1, wherein the optical arrangement
includes one or more optical portions that provide the at least
two optical input signals to the spatial light modulator, and
also provide reflected optical signals depending on the first
optical function and the second optical function.

18. A reconfigurable multifunctional optical device
according to claim 17, wherein the one or more optical
portions include either one or more circulators, one or more
waveguides, or a combination thereof.
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19. A reconfigurable multifunctional optical device
according to claim 18, wherein the one or more circulators
includes a pair of circulators.

20. A reconfigurable multifunctional optical device
according to claim 18, wherein the one or more waveguides
includes a pair of capillary tubes.

21. A reconfigurable multifunctional optical device
according to claim 18, wherein the one or more circulators
includes a three port circulator.

22. A reconfigurable multifunctional optical device
according to claim 17, wherein the one or more optical
portions include a pair of optical portions, including one
optical portion for providing one optical input signal to the
spatial light modulator, and another optical portion for
providing another optical input signal to the spatial light
modulator.

23. A reconfigurable multifunctional optical device
according to claim 17, wherein the one or more optical
portions include a collimator, a reflective surface, the dis-
persion element, a bulk lens, or a combination thereof.

24. A reconfigurable multifunctional optical device
according to claim 23, wherein the collimator includes either
an aspherical lens, an achromatic lens, a doublet, a GRIN
lens, a laser diode doublet, or a combination thereof.

25. A reconfigurable multifunctionall optical device
according to claim 23, wherein the reflective surface
includes a mirror.

26. A reconfigurable multifunctional optical device
according to claim 23, wherein the bulk lens includes a
Fourier lens.

27. A reconfigurable multifunctional optical device
according to claim 23, wherein the lens distance between the
spatial light modulator and the bulk lens is greater than the
focal length of the bulk lens.

28. A reconfigurable multifunctional optical device
according to claim 23, wherein the lens distance between the
spatial light modulator and the bulk lens is less than the focal
length of the bulk lens.

29. A reconfigurable multifunctional optical device
according to claim 17, wherein the one or more optical
portions include one or more optical PDL mitigating devices
for minimizing polarization dependence loss (PDL).

30. A reconfigurable multifunctional optical device
according to claim 29, wherein one optical PDL mitigating
device is arranged between a waveguide and a grating in the
optical arrangement, and another optical PDL mitigating
device is arranged between a grating and the spatial light
modulator.

31. A reconfigurable multifunctional optical device
according to claim 29, wherein the one or more optical PDL
mitigating devices include a pair of optical PDL mitigating
devices.

32. A reconfigurable multifunctional optical device
according to claim 29, wherein the one or more optical PDL
mitigating devices includes one optical PDL mitigating
device having a polarization splitter for splitting each chan-
nel into a pair of polarized light beams and a rotator for
rotating one of the polarized light beams of each optical
channel.

33. A reconfigurable multifunctional optical device
according to claim 32, wherein the one or more optical PDL
mitigating devices includes another optical PDL mitigating
device having a rotator for rotating one of the previously
rotated and polarized light beams of each optical channel
and a polarization splitter for combining the pair of polar-
ized light beams of each channel.
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34. A reconfigurable multifunctional optical device
according to claim 29, wherein the one or more optical PDL
mitigating devices includes a A/4 plate.

35. A reconfigurable multifunctional optical device
according to claim 17, wherein the optical arrangement
includes a chisel prism having multiple faces for modifying
the direction of the at least one optical signal.

36. A reconfigurable multifunctional optical device
according to claim 35, wherein the multiple faces include at
least a front face, first and second beveled front faces, a rear
face, a top face and a bottom face.

37. A reconfigurable multifunctional optical device
according to claim 35, wherein optical light from first or
second optical portions passes through one or more faces of
the chisel prism, reflects off one or more internal surfaces of
the chisel prism, reflects off the spatial light modulator,
again reflects off the one or more internal surfaces of the
chisel prism, and passes back to the first or second optical
portions.

38. A reconfigurable multifunctional optical device
according to claim 1, wherein the diffraction grating has a
low PDL.

39. A reconfigurable multifunctional optical device
according to claim 1, wherein

the reconfigurable multifunctional optical device includes

an optical add/drop multiplexer configuration; and
the dispersion element spreads at least one optical signal
and an optical add signal so that each optical band or
channel is reflected by one respective plurality of
micro-mirrors of the spatial light modulator to selec-
tively add or drop the one or more optical bands or
channels to and/or from the at least one optical signal.

40. A reconfigurable multifunctional optical device
according to claim 1, wherein

the reconfigurable multifunctional optical device includes

an optical cross-connect configuration; and

the light dispersion element spreads two or more optical

input signals so that each optical band or channel is
reflected by one respective plurality of micro-mirrors of
the spatial light modulator to selectively switch the one
or more optical bands or channels between the two or
more optical input signals.

41. A reconfigurable multifunctional optical device
according to claim 1, wherein the reconfigurable multifunc-
tional optical device includes an optical channel monitor
configuration having a light detector, the light dispersion
element directing one or more reflected optical bands or
channels reflected by one respective plurality of micro-
mirrors of the spatial light modulator to provide an optical
output signal, and the light detector detecting the one or
more reflected optical bands or channels in the optical output
signal.

42. A reconfigurable multifunctional optical device
according to claim 1, wherein

the reconfigurable muitifunctional optical device includes

an interleaver/deinterleaver configuration; and

the light dispersion element spreads two or more optical

input signals so that each optical band or channel is
reflected by one respective plurality of micro-mirrors of
the spatial light modulator to selectively either combine
two respective sets of at least one optical band or
channel into one optical output signal, or de-combine
one set of the at least one optical band or channel into
two optical output signals each having a different set of
the at least one optical band or channel.

43. A reconfigurable multifunctional optical device
according to claim 1, wherein
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the reconfigurable multifunctional optical device includes
a chromatic dispersion compensation configuration for
receiving an optical signal having one or more optical
channels; and

the spatial light modulator selectively reflects a respective

spectral portion of a plurality of spectral bands or
sections of the one or more channels from one respec-
tive plurality of micro-mirrors of the spatial light
modulator to compensate each channel for chromatic
dispersion.

44. A reconfigurable multifunctional optical device
according to claim 1, wherein

the reconfigurable multifunctional optical device includes

an optical blocking filter for receiving an optical input
signal having one or more optical bands or channels;
and

the spatial light modulator selectively deflects the one or

more optical bands or channels from one respective
plurality of micro-mirrors of the spatial light modulator
to eliminate a selected band or channel or a specified
selection of bands or channels from the optical signal
provided along an optical return path.

45. A reconfigurable multifunctional optical device
according to claim 1, wherein one optical function is per-
formed on one optical input signal for providing an optical
output signal, and wherein a second optical function is
performed on the optical output signal.

46. A reconfigurable multifunctional optical device
according to claim 1, wherein the free optics configuration
includes a common set of optical components for perform-
ing the separate optical functions on each optical signal.
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47. A reconfigurable multifunctional optical device
according to claim 1, wherein the optical arrangement
disperses optical channels so they are substantially sepa-
rated.

48. A reconfigurable multifunctional optical device
according to claim 1, wherein the optical arrangement
disperses optical channels so they are substantially overlap-
ping.

49. A reconfigurable multifunctional optical device
according to claim 1, wherein the light dispersion element
provides two or more optical return signals, each having
modified optical bands or channels depending on the sepa-
rate optical functions performed on each optical input signal.

50. A reconfigurable multifunctional optical device
according to claim 1, wherein said spatial light modulator is
reconfigurable by modifying a switching algorithm that
drives the array of micro-mirrors to change the first overall
optical function to a different overall optical function, and/or
the second overall optical function to a different overall
optical function.

51. A reconfigurable multifunctional optical device
according to claim 1, wherein the spatial light modulator is
selectively reconfigurable by statically or dynamically
modifying a switching algorithm to accommodate different
optical characteristics of the first and/or second optical input
signals.
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subdivided into pixels and pixel reflectors are used displace
portions of the wave front in a direction generally perpen-
dicular to the beam axis and relative to each other. Beam
splitters, lenses, decoders and controllers provide the ability
to cross connect or reroute beams and route packets.

40 Claims, 17 Drawing Sheets
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1
OPTICAL SWITCH

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention is directed to an optical switch and,
more particularly, to a switch that switches an optical beam
from an input port to an output port without converting the
signal to electrical form by the use of one or more optical
phase changing spatial light modulators (SLMs).

2. Description of the Related Art

Today’s packet switched communication networks, such
as the Internet, are implemented using fiber optic technology
where a modulated laser beam is transmitted down an
optical fiber or glass wave guide. Switching between fibers
within the network is typically performed by converting the
light signal into an electrical signal, performing the switch-
ing function on the electrical signal and then converting the
electrical signal into a light signal. These conversion opera-
tions are slow and expensive.

What is needed is a switch that switches the light beam
between input and output fibers optically directly without
converting the signal into electrical form.

A direction of a laser beam can be changed via a number
of different techniques, including reflecting the beam from a
mirror that can be rotated. However, rotating a mirror is slow
slower than desired for many switching operations.

What is needed is an optical switch that will switch beam
directions faster.

SUMMARY OF THE INVENTION

It is an object of the present invention to perform optical
switching for an optical network by changing the relative-
phase of individual portions of the cross section of a wave
front of a beam.

It is another object of the present invention to use one or
more phase spatial light modulators (SLMs) to perform
optical switching.

It is another object of the present invention to use phase
spatial light modulators that include an array of phase
shifting elements in such a manner that each of the phase
shifting elements moves a maximum distance of about one
half of the wavelength of light.

It is an additional object of the present invention to use
phase spatial light modulators that include an array of phase
shifting elements in such a manner that the area of the phase
shifting mirror or element is smaller than the cross section
of the portion of the beam of light the element is modulating.

It is also an object of the present invention to provide
optical routers and cross connect switches which perform
switching of one or more optical beams between optical
fibers using phase spatial light modulation.

The above objects can be attained by a system that
includes one or more phase spatial light modulators as
optical switching elements in an optical switching system.
One or more input light beams are deflected by one or more
input optical deflectors. The beam can be further deflected
by one or more output optical deflectors. Each deflector
changes the direction of the light beam by changing the
phase of the beam wave front by displacing pixel reflectors
in a direction essentially perpendicular to the beam axis and
relative to each other.

These together with other objects and advantages which
will be subsequently apparent, reside in the details of
construction and operation as more fully hereinafter
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2

described and claimed, reference being had to the accom-
panying drawings forming a part hereof, wherein like
numerals refer to like parts throughout.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts the operations of an SLM according to the
present invention.

FIG. 2 depicts the changing of the direction of a beam
using SLM pixels.

FIGS. 3 and 4 show how a beam is defected between
SLMs and corrected for divergence.

FIGS. 5A and 5B shows pixel reflectors of an SLM.
FIGS. 6A and 6B show embodiment of a pixel.

FIG. 7 shows an arrangement of pixels of a deflector.
FIGS. 8-14 depict beam reflecting embodiments.
FIG. 15 depicts input and output deflector arrays.

FIGS. 16 and 17 depict a relationship between beam
characteristics and pixels.

FIGS. 18 and 19 depict a packet router.
FIG. 20 depicts a beam cross connect.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The present invention optically switches a signal carrying
light beam, such as a laser beam, between input and outputs,
such as input and output optical fibers, by changing the
direction of an optical beam, such as a data carrying laser
beam, by independently changing a phase of individual
sections of the beam wave front using a phase spatial light
modulator (SLM). This change in direction can be accom-
plished by a transmissive SL.M, such as those available from
Kopin Corporation of Taunton, Mass. or Coretech of
Burlington, Mass. or, more preferably by a reflective SLM.,
such as those available from MEMS Optical, Inc. of
Huntsville, Ala. or Boulder Nonlinear of Boulder, Colo. The
direction of each light beam is altered by varying the relative
phase shift imparted to successive adjoining pixels within
the beam. The angular deviation of each light beam is equal
to the relative optical phase shift imparted to adjacent pixels
divided by the pitch of the pixel array measured in wave-
lengths of the light. The advantage of using an array of small
phase shifting pixels is that the pixels can be brought to the
correct position for the desired deflection angle much more
rapidly than other types of devices and that no pixel of the
SLLM needs to advance the phase of the wave front by more
than one wavelength of the light.

A portion of a reflective SLM, as depicted in cross section
in FIG. 1, changes the phase of a beam 12 wave front by
changing the positions of small plate shaped reflectors
14-24 in the path of the beam 12. The beam 12 is “divided”
into or by a series of pixels that correspond to these
reflectors. Each pixel or pixel reflector has width d and is
positioned a varying distance from a reference position 25.
Each pixel reflector is moved in a direction that is generally
perpendicular the reflective surface of the element. When
successive pixel reflectors are advanced & relative to the
previous pixel reflector, such as depicted for the pixel
reflectors 16 and 18, successive wave front elements
(portions of the incoming beam) 26-36 will be relatively
advanced or displaced by 2. As a result, the advancement
of the wave front 36 for the last pixel 24 is n*2d, where n
is the number of pixels. This results in a beam deflection
angle of O=arc tan(28/d), such that the incoming beam
direction 38 is reflected in an outgoing direction 40 at an
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angle of 6. The phase change can be made to increase
linearly across the beam, thus causing a deflection as shown
in FIG. 1. The effect of the wave front displacements caused
by moving the reflectors is the creation of a virtual mirror 42
depicted by the dashed line in FIG. 1.

When the reflector displacement 60 of successive pixels,
for example pixels 62 (see FIG. 2) cumulatively exceeds A/2,
where A is the wavelength of the light, the displacement for
the nth element, such as pixel 64, is reduced by A/2, that is
to nd modulo(»/2). nd modulo(}/2) is the remainder when
nd is divided by A/2, thus no mirror displacement need be
greater than A/2. Since the light beam is from a laser it is
essentially monochromatic and has a phase angle which is
periodic in distance A, the relative phase angle of the
reflected light between pixel 62 and pixel 64 is equivalent to
d. In this figure the incoming beam 66 arrives via direction
68 and results in an outgoing beam 70 being reflected in an
exit direction 72 and again creating a virtual mirror 74
depicted by the dashed line in FIG. 2. That is, with this
approach a pixel reflector must be moved at most the A/2
distance which is a fraction of the distance or virtual
displacement VD that an edge of a rotating mirror is moved
to produce the same angle of reflection. VD indicates the
displacement of a mirror that rotates or pivots around it’s
axial center which is the place where the beam line 68 hits
the virtual mirror 74 and reflects as beam line 72. If the
virtual mirror 74 pivots around an end, rather than around
the center, the displacement will be 2*VD. As a result, the
angle of the beam can be changed much faster using an SLM
than when using a rotating mirror. Additionally, the reflector
elements of an SLM are very small requiring that a very
small mass be moved. The mass of the reflectors may be
much smaller than that of a stiff relatively massive rotating
mirror and for this additional reason, the switching of the
beam is faster.

The virtual mirror 74 has the same resolving power as a
real plane mirror of the same diameter. A separate resolvable
direction requires a motion of one side of the mirror with
respect to the other side of A/2. Thus for a deflector that is
n pixels wide, & should be chosen to be approximately
M(2*n) depending on the application.

Note that FIG. 2 is somewhat of a simplification of the
actual relationship between successive pixels as the relative
movement of a pixel crosses the A/2 reset threshold. FIG. 2
could be seen to imply that when the modulo(r/2) shift is
performed that a successive pixel position always returns to
the same base level set above the reference level 25. In fact
that could be the case, but most of the time it will not return
to the base level. The reflector position will return to the base
level only when 0 is a sub-multiple of A./2. In practice pixels
A, B and 64 do not typically return to the same level. For
instance pixel B might return to half the level of pixel A and
pixel 64 might return to the base level. However, all incre-
ments between successive pixels do remain the same.

Although it is not necessary to advance any pixel mirror
more that a distance of A/2 the deflector will deflect the beam
equally well if full advantage is not taken of this principle.
For instance successive mirrors might be advanced by 0.0,
0.2,04, 0.6, 0.8, 0.5, 0.7, etc. wavelengths. In this case the
mirror was moved a distance equal to 0.8 wavelengths. The
mirrors can also be allowed to advance more than A/2,
generally in integral multiples. The advantage of moving the
mirror no more than A/2 is that it will allow higher speed
switching but not taking full advantage of the feature does
not violate the spirit of this invention. Any decrease of
motion or wave front phase modulation allowed by dividing
up the deflector into separate pixels is within the spirit of this
invention.
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The pixel reflector displacement structure depicted in
FIGS. 1 and 2 is repeated in the dimension perpendicular to
the diagrams allowing the beam to be steered in two dimen-
sions.

A transmissive SLM changes a direction of the beam by
changing the phase of the wave front of the beam passing
through the pixels of the SLM by retarding the wave front
elements by a displacement equivalent to that of the
advancement displacement of the wave front elements
caused by the reflective SLM. This advancement need not be
greater than h.

FIG. 3 is a 2 dimensional depiction of another configu-
ration of the invention. This particular illustrative example
switches a 3 by 3, 2 dimensional array of optical fibers.
Referring to FIG. 3, lens 76 of lens array 77 collimates the
light from fiber 78. This light then passes through an
optional field lens 79 and strikes a reflective SLM 80 in the
region of nxn pixel elements 81 corresponding to fiber
channel 78. An SLLM control adjusts and maintains the
relative phase modulo A (as discussed earlier) of nxn ele-
ments 81 to direct the resulting reflected collimated beam 82
back through field lens 79, through another optional field
lens 83 and onto reflective SLM 84 in the region of any of
the other 9 groups of nxn elements corresponding, such as
group 85 forming an output deflector, to one of 9 output fiber
channels. In FIG. 3 SLM 84 then directs the beam 82 back
through field lens 83 to fiber channel 86 which corresponds
to SLM region 85.

The optional field lenses 79 and 83 serve to aim the
diffraction pattern of each SLM element towards the center
of the other SLM so as to reduce power loss particularly
from channels near the periphery of the input and output
arrays. As such the lenses 79 and 83 should have a focal
length of twice the separation between SLM 79 and 83. For
transmissive SLM configurations the focal length should
equal the separation between SLMs since the beams pass
through each lens only once.

From a consideration of the light propagation modes for
square arrays, n squared equals the total number of channels
and the total number of SLM elements equals n squared
times the total number of channels. These exact relations are
not required. The invention only requires enough elements
to sufficiently confine and deflect each beam into the
intended channel so that any portion of the beam which
strikes any other elements results in radiant energy in other
channels which produces no more than acceptable crosstalk.

The invention also provides additional phase adjustments
to be added by the SLM elements to further confine the
beams and reduce diffraction effects. Consider, for example,
that even after collimation each beam may continue to
diverge due to diffraction. For example, the beam will
continue to diverge as it is reflected by regions 81 and 85.
The invention further adjusts and maintains each of the nxn
elements to provide a focusing effect at SLM 80. FIG. 4
shows this additional set of phase corrections 87 which
when added to the original phases 88 used for deflection
produce the result 89 which is reduced to modulo(}/2) as
discussed earlier. This focusing correction can be applied to
all deflecting regions on SLMs 80 and 84. Further, the
invention provides that additional phases can be added or
subtracted by the SLMs to correct for other errors such as in
the lens arrays, such discussed below.

The pixel reflectors can be manufactured in a planar array
of mirror elements 92 as depicted in FIG. SA where each
element 92 or pixel reflector includes a mirror 94 and springs
96. FIG. 5A shows a close packed array of pixels 92 of an
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SLM 97 divided into individual beam deflection regions 98.
FIG. 5B shows the pixels 92 separated into regions 98 on an
SLM 97.

Each element 92 may also include a lens 99 that covers
the surface of the element and focuses light onto the mirror
94 where it reflected back through the lens 99, as shown in
FIG. 6A. The position or displacement of each mirror 94
above the back plate or base 100 of the cavity 102 is
controlled by a voltage applied between the reflector 94 and
the base plate 100. Lenses 99 of contiguous pixels can form
a continuous array/plane (see FIGS. 5A and 5B) thus col-
lecting more of the incident light which is focused on to the
mirror which has a smaller area. The small size of the mirror
allows it to be moved more rapidly than a larger mirror.

In another embodiment as shown in FIG. 6B, the reflector
104 is made larger that the reflector 94 allowing the lens 99
to be eliminated and increasing the useful solid angle into
which the beam can be deflected compared to the pixel with
the lens.

The use of a lens array with the pixels allows the use of
smaller mirrors, which allows faster switching operation
than the use of bare mirrors that have the same light
collection efficiency. The smaller mirrors can be made less
massive than larger mirrors by a proportion greater than their
ratio of the areas because the smaller mirrors also require
less material strength to maintain flatness.

If the position of the mirrors (94/104) is controlled to 8
bits the reflected wave front will be flat to approximately one
part in 64, sufficient to maintain and precisely direct a
diffraction limited beam for a 4000 port crossbar or cross
connect type switch.

In the above discussion the input, output and deflector
arrays have been described as contiguous close packed
rectangular arrays of pixels, however, other arrangements
can be used such as the hexagon depicted in FIG. 7. The
pixels may, of course, be arranged in a rectangular grid as
previously discussed or in another convenient pattern.

FIG. 8 depicts a folded path cavity embodiment in which
input an beam(s) 112 from an input plane 114 is deflected by
a first SLM 116 to a second SLM 118 which deflects the
beam to an output channel on the output plane 119. A cross
connect cavity design capable of switching 900 channels (a
30x30 array) using 30 micron pixels results in a cavity 4 cm
high, 12 cm wide and 24 cm long. A similar switch using 20
micron pixels would be only 2.5 cm high, 7.5 cm wide and
11 cm long.

FIG. 9 depicts a folded light path cavity 120 in which an
input beam from an input fiber of an array 124 of fiber input
channels passes through an input lens of a lens array and is
incident on an SLM input beam deflector within an array 128
of input beam deflectors. The beam is directed to a mirror
130 where it is reflected onto an output deflector of the array
128. The output beam is deflected to an output lens of the
array 124 where it is focused into an output fiber of the array
124.

FIG. 10 depicts another embodiment in which each end of
the cavity 132 includes a plane that functions as an input
plane, an SLM deflector and an output plane such that a
beam 134 entering on the left via plane 136 is deflected by
a deflector on plane 138 back to a deflector on plane 136 and
then back to plane 138 where it is output. This configuration
allows the inputs to be on the opposite side of the cavity 132
from the outputs.

FIG. 11 shows another configuration in which 4 SLMs are
used. SLM 1 (158) and SLM 2 (160) are configured in a
Michelson interferometer as are SLM 3 (164) and SLM 4
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(166). An input beam 150, from an input array 154, is split
into two equal intensity beams by beam splitter 156. Each of
these beams is incident on beam deflectors on the SLMs 1
and 2. The beam incident on SLM 2 is deflected in direction
155. The beam incident on SLM 1 is deflected so that it is
incident on beam splitter 156 coincident with the beam from
SLLM 2. By proper adjustment of the phases of the individual
pixels, which is within the ordinary skill in the art of
Michelson of interferometers, the relative phase of these two
beams is controlled so that when they interfere on beam
splitter 156 all of the beam intensity is directed in the
direction of beam 155 where it is split into two equal
intensity beams by beam splitter 162. When these two equal
intensity beams are incident on the same region of beam
splitter 156 from opposite sides, one direction being a mirror
image of the other, their electric vectors will add vectorially
according to their relative optical phases. They may proceed
in their original direction as two beams, dividing up the
energy such that the intensity of one beam is proportional to
the square of the sine of their relative phases and the other
beam is proportional to the square of the cosine of their
relative phases. Thus, adjustment of the relative phase can
allow all of the light to proceed along direction 155. The
relative phase of the two beams can be adjusted by setting
the displacement of the pixels mirrors of one of the SLMs.

The two equal intensity beams are directed on to beam
deflectors on SLMs 3 and 4 where they are deflected onto
coincident regions of beam splitter 162. As discussed above,
the relative phase of the beams is controlled so when they
interfere on 162 all of the light is directed to outport 168.
This configuration allows the use of lensed pixels without
having output ports and input ports occupy the same areas.

A cross connect configuration and a configuration which
can function as a multiple channel router includes a cavity
180 depicted in cross section in FIG. 12. The cavity 180
includes a two dimensional array 182 of input channels or
beams which are deflected by a two dimensional input
deflector array 184 (SLM) onto a mirror 186. Each of the
input beams is preferably collimated so that it can traverse
the whole path through the switch maintaining essentially
the same diameter. Each beam is directed onto a different
pre-assigned deflection region on the “input deflector”
plane. The mirror 186 reflects the beams onto an output
deflector 188 (SLM) where the beams are deflected onto an
output channel array 190. This figure also depicts the
steering of an input beam 192 from an input fiber location
194 over a path 196 to a first output fiber position 198 and
the steering of the beam 192 over a different path 200 to a
second output fiber position 202. Within each deflection area
(pixel array) on the input SLM 184 (or SLMs as needed) the
pixel phase delays are adjusted to impart the phase delay
appropriate to direct the incident beam to a desired deflec-
tion area on the output deflector plane including the output
SLM 188 (or SLMs as needed), which is populated by a
similar array of pixels divided into beam deflecting areas. In
addition to deflecting the beam the deflecting region will
refocus the beam by appropriate phase adjustment of the
pixel mirrors.

FIG. 13 depicts an embodiment which is particularly
suitable for a router. This embodiment includes an input port
214 and multiple output ports 215, 216 and 217. This switch
also has single deflector 218 which can be on the axes of
both the input port and all of the output ports. One input port
and three output ports are shown, however, additional output
ports are possible as discussed below. The deflector 218 is,
like other embodiments, a phase SLM array of pixels which
can include a micro lens array, having one lens per pixel as
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in FIG. 6A or be without the lenses as in FIG. 6B. Only one
deflecting region is necessary. The array of output ports can
be duplicated in the dimension perpendicular to the drawing
allowing a greater number of output ports. Alternatively the
view shown can be duplicated in n parallel planes allowing
for n input ports. Other applications of the same device are
possible such as any of the n ports can be used as inputs that
can be sequentially switched to any other port.

FIG. 14 shows the optical configuration for a router that
uses two SLMs 220 and 221 in a Michelson interferometer
configuration. It combines features of FIG. 11 and FIG. 13.
Light from input fiber 222 is collimated by lens 223 to form
an input beam 224 which is input to a Michelson Interfer-
ometer formed from beam splitter 225, SLM 1 (220) and
SLM 2 (221). The input beam 224 is split into two equal
intensity beams by beam splitter 225 incident on SLM 1 and
SLM 2, respectively. These SLMs are phase SLMs as
previously described except they are made up of an nxn
array of pixels, comprising a single deflector. The pixels may
have bare reflectors or be lensed pixels, as previously
described.

The light beams incident on deflector SLMs 1 (220) and
2 (221) are deflected respectively into directions 226 and
227, where they interfere on beam splitter 225 and are
directed through one of the output collimating lenses 228 to
the output optical fibers 230 as output beams 232. The
relative phases of pixels of the output beams can be adjusted
by the phase shifting mirrors of the SLMs so that all of the
light of the output beam is directed to, for example, output
fiber 233. Changing the deflection angles while maintaining
the same relative phases between the beams will allow the
output to be directed to outputs fibers 234, 236 or 236. The
light beam can also be deflected into a dimension perpen-
dicular to the plane of the figure. The order of nxm output
ports can be addressed using an array of nxm pixels having
reflectors nxm wavelengths in size.

Because of the limited ability of the beam deflectors
(pixel deflection areas or pixel arrays) to steer each beam,
the configuration of the input, output and deflector arrays
can have rectangular type shape as shown in FIG. 15 for
embodiments such as that of FIG. 12. In such a situation the
path with the greatest deflection is between input fiber 237
and output fiber 238. The arrangement of the input and
output channels in a two dimensional array is advantageous
in that in such arrays the deflectors move into position to
connect each input channel individually to any output chan-
nel The two dimensional input and output configuration of
the present invention can also be more compact for a large
number of channels that other devices. The packing of the
pixels on an array can be hexagonal.

In the configurations shown in FIGS. 8-12, any input
channel of the switch may also be an output channel.

The multi-channel inputs and outputs are arranged in
essentially two-dimensional planar arrays as indicated in
FIG. 12. The input deflector plane 184 and output deflector
plane 188 are SL.Ms. If the input and output each have N
channels, each SLM is divided into N contiguous close
packed arrays of pixels 112, called beam deflectors, such as
the hexagon depicted in FIG. 7. The pixels may, of course,
be arranged in a rectangular grid or other convenient pattern.
For convenience, we will consider a square rectangular grid.
Note that a rectangular array of pixels of an SLM as depicted
in FIGS. 5A and 5B would be grouped into deflector areas
or regions and the pixels within such designated areas are
deflection adjusted together and will together deflect the
beam from a single channel.
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Each input beam requires a deflector, which is located on
the axis of the input beam. Similarly each output beam is
reflected from a deflector that is on the axis of the output
beam. Since we are using diffraction limited beams and
single mode fibers this alignment needs to be accurate. Thus,
there is a symmetry between input and output optics as
shown in several of the figures where each input deflector
deflects its beam to the output deflector assigned to the
desired output channel. That output deflector deflects the
beam to its assigned output position. Note that stray light
from areas other than the assigned output deflector will not
be able to enter the single mode fiber core. Thus, the effects
of stray light are diminished.

Note that because of symmetry between the input optics
and the output optics any single channel can be used either
as an input or an output. The number of input channels need
not be the same as the number of output channels. Further
discussion here will assume an equal number of input
channels and output channels.

For an n*m two dimensional array of input beams there
will be an n*m two dimensional array of input deflectors and
an n*m array of output deflectors. In order to maintain the
diffraction limited beam diameter and be able to not have
cross talk between beams, it is preferred that each deflector
include approximately n*m pixels. Thus, there should be
approximately (n*m)> pixels in each SLM.

The size or dimension, number of reflectors, etc. for each
deflector needs to be determined. General design consider-
ations that apply to a two dimensional SLM array optical
switch design include the following considerations as dis-
cussed below.

The number of pixels per dimension (“n” above ) pref-
erably equals or exceeds the number of beams in that same
dimension (“m” above). This is preferred so that side lobes
from one beam do not interfere with adjacent beams. A
matching array of micro lenses, such as previously
discussed, placed over the SLM, one per pixel, can increase
the throughput efficiency and decrease stray light. The range
of the wave front phase shift need only be a total of A. Thus,
the total motion required for the pixel mirrors is only A/2,
which for 1.55 micron light used in long distance fiber optic
communication, is about 0.76 microns.

Pixel size has large impact on the design. The length of
the switch and the SLM area both increased as the pixel
width is squared. In the case of the SLM developed by
MEMS Optical, Inc. the small reflector (or membrane) is
displaced by varying an electric field between the reflector
and the back plate. The speed of response can be less than
1077 seconds for pixels of 20 microns diameter or smaller.
The speed decreases for larger pixels.

Design of the electronic backplane imposes tradeoffs in
optical design. The voltages or charge appropriate for each
deflection can be stored in memory and accessed as needed.
As is known in the operation of MEMS devices, controlling
the voltage to cause deflection of a pixel mirror introduces
instability in the mirror positioning. This is because, as the
mirror moves closer to the back electrode in response to the
electric force, the capacitance increases causing more charge
to collect on the electrodes thus, further increasing the
pulling force. To eliminate this instability the invention
provides that charge may be placed onto the pixel electrodes
by connecting them to a constant current source for a
controlled time. The appropriate times to achieve the various
useful deflections can be stored in memory. Symmetry
characteristics of the array significantly reduce the number
of individual deflection patterns that need be stored.
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For a cross connect type switch only a few beams are
typically switched during any switching period. Switching
all channels of a very large array at the same time may put
high data rate demands on an electronic backplane. The
number of channels to be switched essentially simulta-
neously effects the number of input and output channels that
a switch can handle.

FIG. 16 is a cross section schematic diagram, in which the
direction of the collimated input beam is perpendicular to
the deflector elements, i.e. parallel to the optic axis. The
main features of the region of the switch between the input
and the output SLMs are shown. The diagram is not to scale,
however, it is useful in describing the geometric design
parameters of the switch. The bare pixels are illuminated by
a collimated beam of light 242 aimed essentially perpen-
dicular to their surfaces. 243 is the direction of a wave front
reflected by a group of n pixels comprising one deflector
(region) for a single beam 248 (or 243). Light from an
individual pixel spreads out by diffraction into angle 2*h./d,
244, giving rise to single pixel diffraction pattern 246. The
interference of the coherent light from the n individual
pixels gives rise to a deflected beam 248 of angular spread
M(n*d) that is incident on a single deflector region of the
output SLM 250. The displacement of the deflected beam
from the axis of the optical system is 2*6*L/d. At a distance
L*)/d from the main beam there is side lobe beam 252
caused by another order of interference. The number of
pixels per deflector is preferred to be approximately as great
as the number of beams in each of the two dimensions of the
beam array so that adjacent beams do not interfere with each
other.

FIG. 17 shows an input beam incident on the bare pixel
mirrors from an angle 6 from below the perpendicular to the
pixel mirror. The center of the single pixel diffraction pattern
shifts to an angle 6 above the axis as shown in the figure.
Thus, the input array can be displaced from the region of the
deflected beams. However, if individual lenses are used on
each pixel as in FIG. 6A, the single pixel diffraction pattern
may overlap the region of the input ports as in FIG. 16,
decreasing the optical channel capacity of the switch. The
use of a lens array with the pixels allows the use of smaller
mirrors resulting in a faster switching operation than the use
of bare mirrors with the same effective optical collection
area.

Thus, lensed pixels offer an advantage for routers, in
which very high switching speed is appropriate and in which
the demand for total number of channels is less.

The Appendix contains a table of approximate switch
dimensions for different pixel sizes, number of beams and
number of pixels per beam for one dimension of the input
array. The values given in the table are approximate, based
on a simplified analysis. The actual practical values will be
determined by more detailed optical design, as is practiced
by persons knowledgeable in the art of optical system
design, and by component cost. Similar calculations can be
made for a two-dimensional array suitable for an optical
router, switch or preferably an optical cross connect switch.

As previously noted the present invention is suitable for
use as an optical router switch (see the block diagrams of
FIGS. 18 and 19) and as an optical cross connect switch (see
block diagram of FIG. 20).
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A router switch 272 (see FIG. 18) includes an input beam
274 from an input optical fiber which is split by an optical
beam splitter 276 and decoded by a routing address decoder
278. An address produced by the decoder 278 is supplied to
a routing controller 280. The controller 280 produces pixel
displacement values for the pixels of an input deflector
region 282 which can be produced via table look-up or via
hardwired encoding logic. The circular pattern of the deflec-
tor 282 is designed to indicate that the “shape™ of the virtual
reflecting surface of the deflector has been changed. The
controller also selects an output channel or deflector region
288 from among plural output channels or deflector regions
284, 286, 288 and 290 to activate and the produces pixel
displacement values for each of the pixels of the selected
deflector 288. Because the beam from deflector 282 reaches
only one of the deflectors 284288 (in this example deflector
288), the output deflection values can be applied to all of the
output deflectors since only the one that receives the beam
will displace it further. This can also be determined by table
look-up or hardwired logic. The output deflector 288
receives the input beam from the input deflector 282 via a
mirror (not shown) and produces an output beam 292
transmitted by an outgoing optical fiber.

A router switch 293 (see FIG. 19) can also have a
configuration which essentially uses a single deflector 294
(such as in FIGS. 13 and 14) to deflect an input beam 295
to one of several output positions such as an output beam
296 among output beam positions 296, 297, 298 and 299.

A cross connect switch 312 (see FIG. 20) receives a
switching configuration signal from a configuration control-
ler (not shown) which determines a switch configuration
responsive to network conditions such as fiber availability/
failure. A connection controller 314, responsive to the con-
figuration signal, selects appropriate deflectors 316, 318 and
320 of an input array 322 to activate and produces deflection
values for the pixels of the selected deflectors 316, 318 and
320. The deflectors receive input beams 324, 326 and 328
and deflect the beam via a mirror (not shown) to an output
deflector array 330. At the same time, the controller 314 also
selects deflectors 332, 334 and 336 of the output array 330
and produces deflection values for the pixels of the selected
deflectors 332, 334 and 336 of the array 330. The beams
from the input array 322 are deflected as corresponding
output beams 338, 340 and 400. The switch configuration of
FIG. 13 can also be used as an optical router.

The many features and advantages of the invention are
apparent from the detailed specification and, thus, it is
intended by the appended claims to cover all such features
and advantages of the invention which fall within the true
spirit and scope of the invention. Further, since numerous
modifications and changes will readily occur to those skilled
in the art, it is not desired to limit the invention to the exact
construction and operation illustrated and described, and
accordingly all suitable modifications and equivalents may
be resorted to, falling within the scope of the invention.
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APPENDIX
Switch examples: calculations for one dimension input arrays
Calculation for optical path between input port plane and output port plane
Input data entries underlined. Wavelength assumed to be 1.55 um

(Want <

1) max

adjacent

phase
dif- shift
frac- un- diffrac- range # of
tion folded tion in- chan-
half input apo- diff beam  length distance  spot 1-D  cluding nels
pixel angle array dized angle Fresnel inin between  size deflec- +&-  pixels in

size of Pixel/ No of width beam of length  Fresnel orders must < tion wave-  per  2-D
d  pixel beam beams (cm) width beam (cm)  lengths  (cm) H needed lengths) dim array
5 0300 25 20 0.25 125 0.0120 1.04 1.0 0.313 125 0240  0.800 500 400
5 0300 25 25 0.31 125 0.0120 1.04 1.0 0.313 125 0.300  1.000 625 625
5 0300 40 30 0.60 200 0.0075 2.67 1.0 0.800 200 0225 0.750 1200 900
5 0300 40 40 0.80 200 0.0075 2.67 1.0 0.800 200 0.300  1.000 1600 1600
5 0300 60 60 1.80 300 0.0050 6.00 1.0 1.800 300 0.300  1.000 3600 3600
10 0150 25 20 0.50 250 0.0060 4.17 1.0 0.625 250 0.120  0.800 500 400
10 0150 25 25 0.63 250 0.0060 4.17 1.0 0.625 250 0.150  1.000 625 625
10 0150 40 30 120 400 0.0038  10.67 1.0 1.600 400 0113 0.750 1200 900
10 0150 40 40 1.60 400 0.0038  10.67 1.0 1.600 400 0.150  1.000 1600 1600
10 0150 60 50 3.00 600 0.0025 24.00 1.0 3.600 600 0.125  0.833 3000 2500
10 0150 80 70 5.60 800 0.0019  42.67 1.0 6.400 800 0.131  0.875 5600 4900
15 0100 80 70 8.40 1200 0.0013  96.00 1.0 9.600 1200 0.088  0.875 5600 4900
20 0.075 25 20 1.00 500 0.0030 16.67 1.0 1.250 500 0.060  0.800 500 400
20 0.075 25 25 125 500 0.0030 16.67 1.0 1.250 500 0.075  1.000 625 625
20 0.075 40 30 2.40 800 0.0019  42.67 1.0 3.200 800 0.056  0.750 1200 900
20 0.075 40 40 320 800 0.0019  42.67 1.0 3.200 800 0.075  1.000 1600 1600
20 0.075 &0 75 12.00 1600 0.0009 170.67 1.0 12.800 1600 0.070  0.938 6000 5625
30 0050 25 20 1.50 750 0.0020 37.50 1.0 1.875 750 0.040  0.800 500 400
30 0050 25 25 1.88 750 0.0020 37.50 1.0 1.875 750 0.050  1.000 625 625
30 0.050 40 30 3.60 1200 0.0013  96.00 1.0 4.800 1200 0.038 0.750 1200 900
30 0.050 40 40 4.80 1200 0.0013  96.00 1.0 4.800 1200 0.050  1.000 1600 1600
5 0300 60 40 120 300 0.0050 6.00 1.0 1.800 300 0200  0.667 2400 1600
30 0.050 &0 60 14.40 2400 0.0006 384.00 1.0 19.200 2400 0.038  0.750 4800 3600
40 0.038 &0 60 19.20 3200 0.0005 682.67 0.6 25.600 1920 0.047 1250 4800 3600

What is claimed is:

1. An apparatus, comprising:

an optical switch changing a direction of a light beam by

changing a phase of an optical wave front of the beam.

2. An apparatus, as recited in claim 1, wherein said switch
comprises a spatial light modulator changing the direction of
the beam.

3. An apparatus as recited in claim 2, wherein said
modulator comprises a reflective phase spatial modulator
having pixels grouped as a deflector region.

4. An apparatus as recited in claim 3, wherein each pixel
comprises a spring held mirror having a position adjusted by
a voltage.

5. An apparatus as recited in claim 4, wherein each pixel
comprises a focusing lens.

6. An apparatus as recited in claim 5, wherein the mirror
has an area substantially smaller than a size of the pixel.

7. An apparatus as recited in claim 4, wherein the mirror
has an area substantially a size of the pixel.

8. An apparatus as recited in claim 3, wherein pixels are
grouped into plural deflector regions.

9. An apparatus as recited in claim 8, wherein the deflector
regions are contiguous.

10. An apparatus as recited in claim 8, wherein the
deflector regions are separate.

11. An apparatus as recited in claim 3, wherein the beam
is incident at an angle with respect to an axis of the deflector.

12. An apparatus as recited in claim 3, wherein the pixels
are adjusted to form a virtual mirror.
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13. An apparatus as recited in claim 1, wherein the phase
of the wave front is changed in segments.

14. An apparatus as recited in claim 13, wherein the phase
for each segment is modulo w/2.

15. An apparatus as recited in claim 1, wherein the beam
is divided into pixels and each pixel comprises a spring held
mirror having a position adjusted by a depositing a known
charge upon mirror electrodes.

16. An apparatus as recited in claim 1, wherein the phase
is additionally adjusted for divergence due to diffraction.

17. An optical switch, comprising:

an array of displaceable reflectors, each reflector displac-

ing a portion of a wave front of an optical beam.

18. An optical switch as recited in claim 17, wherein the
reflectors reflect the beam from an input port to one of plural
output ports.

19. An optical switch as recited in claim 18, wherein the
displaceable reflector are displaced relative to the adjoining
deflector by a distance modulo()./2).

20. An optical switch, comprising:

an input spatial light modulator deflecting an input beam

producing an intermediate beam; and

an output spatial light modulator reflecting the interme-

diate beam as an output beam to one of two or more
output ports.

21. An optical switch as recited in claim 20, further
comprising a mirror in the optical path between the input
spatial modulator and the output spatial modulator.
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22. An optical switch, comprising:
an input optical deflector deflecting an input optical beam
producing an intermediate optical beam; and

an output array of optical deflectors with one of the
deflectors of the output array deflecting the intermedi-
ate beam producing an output beam with each of the
optical deflectors comprising a spatial light modulator.

23. An optical switch as recited in claim 22, wherein the
optical deflectors are phase SLMs comprising an array of
reflecting mirrors inducing phase changes in the light beam
by amounts of modulo(3/2).

24. An optical switch as recited in claim 22, further
comprising a mirror reflecting the intermediate beam from
the input deflector to the output deflector array.

25. An optical switch as recited in claim 22, further
comprising:

a beam decoder decoding a routing address of an input

beam; and

a routing controller controlling selection and deflection of
the optical deflectors.

26. An optical switch, comprising:

an input array of optical deflectors deflecting the input
optical beams producing intermediate optical beams;
and

an output array of optical deflectors with the deflectors of
the output array deflecting the intermediate beams
producing output beams with each of the optical deflec-
tors comprising a spatial light modulator.

27. An optical switch as recited in claim 26, wherein the
optical deflectors are phase SLMs comprising an array of
reflecting mirrors inducing phase changes in the light beam
by amounts of modulo(3/2).

28. An optical switch as recited in claim 27, further
comprising a connect controller controlling selection and
deflection of the optical deflectors.

29. An optical switch as recited in claim 28, wherein the
deflection includes a phase adjustment for divergence due to
diffraction.

30. An optical switch as recited in claim 27, further
comprising a mirror reflecting the intermediate beam from
the input deflector to the output deflector array.

31. An optical switch as recited in claim 26, further
comprising:

a first field lens focusing the input optical beams; and

a second field lens focusing the intermediate optical
beams.

32. An apparatus, comprising:

an optical switch changing a direction of a light beam by
changing a phase of an optical wave front of the beam
using a phase spatial light modulator where the beam is
divided into pixels and each pixel of the modulator
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comprises a focusing lense and spring held mirror
having a position adjusted by a depositing a known
charge upon the mirror, the phase of the wave front is
changed in segments where the phase for each segment
is responsive to an integral number of light beam
wavelengths and additionally adjusted for beam diver-
gence; and

a controller controlling the direction responsive to a
routing address.

33. A method, comprising:

optically switching a light beam by changing a phase of
a wave front of the beam using a spatial light modu-
lator.

34. Amethod as recited in claim 33, wherein the switching
switches multiple input light beams to multiple output ports
by switching the light beams using pixelated spatial light
modulators in which the phase of no part of the wave is
changed more than one wavelength of light.

35. Amethod as recited in claim 33, wherein the phase of
no part of the wave is changed more than three wavelengths
of light.

36. An optical switch receiving a single input beam and
producing of output beams and comprising two spatial light
modulators configured in a Michelson interferometer to
receive the single input beam and produce of output beams.

37. An optical switch receiving input beams and produc-
ing output beams and comprising four phase optical light
modulators configured in pairs into two Michelson Interfer-
ometers receiving the input beams and producing the output
beams.

38. An optical switch, comprising:

a optical beam splitter having an input side and splinting
an input optical beam into two equal intensity beams;
and

a pair of spatial light modulators deflecting the equal
intensity beams back to a same area of the beam splitter
with relative phase such that all of the light intensity
exits from an output side opposite the side of the beam
splitter from the input side where the modulators
deflect the input optical beam into one of plural output
beam positions.

39. An optical switch, comprising:

a Michelson interferometer having a pair of spatial light
modulators deflecting an input optical beam to one of
plural output beam positions.

40. An optical switch, comprising:

a pair of Michelson interferometers, each interferometer
having a pair of spatial light modulators deflecting an
input optical beam to one of plural output beam posi-
tions.
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57 ABSTRACT

A wavelength selective manipulation device and method
including: at least a first optical input port for inputting an
optical signal including a plurality of wavelength channels;
a first wavelength dispersing element for angularly dispers-
ing the wavelength channels of the optical signal into
angularly dispersed wavelength signals; an optical power
element for focussing in the angularly dispersed dimension
the angularly dispersed wavelength signals into a series of
elongated spatially separated wavelengths bands; a spatial
manipulation element for selectively manipulating the spa-
tial characteristics of the spatially separated wavelength
bands to produce spatially manipulated wavelength bands.

25 Claims, 10 Drawing Sheets
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WAVELENGTH MANIPULATION SYSTEM
AND METHOD

FIELD OF THE INVENTION

The present invention relates to an optical switching
systems and, in particular, discloses a wavelength selective
switch having possible attenuation control characteristics.

BACKGROUND OF THE INVENTION

In optical communications systems, the use of wavelength
selective switching for applications of optical cross-con-
nects has attracted much interest because of the goal of fully
flexible, networks where the paths of each wavelength can
be reconfigured to allow arbitrary connection between nodes
with the capacity appropriate for that link at a particular
point in time. Although this goal is still valid, it is clear that
optical networks will evolve to this level of sophistication in
a number of stages—and the first stage of the evolution is
likely to be that of a reconfigurable add/drop node where a
number of channels can be dropped and added from the main
path, whose number and wavelength can be varied over
time—either as the network evolves or dynamically as the
traffic demands vary.

This present invention is directed to applications such as
reconfigurable optical add/drop multiplexer (ROADM) net-
works and is scalable to the application of wavelength
reconfigurable cross-connects referred to generically as
Wavelength Selective Switchs (WSS).

The characteristics of a wavelength selective element
which is ideal for the applications of Optical Add/drop and
Wavelength selective switching can be summarized follows:

1) scalable to multiple fibre ports

ii) one channel per port or multiple channels per port
operation

iii) reconfiguration of wavelength selectivity to different
grids eg/50 GHz or 100 GHz or a combination of both

iv) low optical impairment of the express path

v) low losses on the drop and express paths

vi) ability to add and drop wavelengths simultaneously

vii) ability to reconfigure between any ports or between
any wavelengths without causing transient impairments
to the other ports

viil) equalisation of optical power levels on express path
(OADM) or all paths (WSS)

ix) provision of shared optical power between ports for a
given wavelength (broadcast mode)

x) flat optical passband to prevent spectral narrowing

xi) power off configurations that leave the express path of
an OADM undisturbed

xii) small power and voltage and size requirements.

In reviewing the many technologies that have been
applied it is necessary to generalize somewhat, but the
following observations can be made.

Two basic approaches have been made for the OADM and
WSS applications.

i) The first has been based on wavelength blocking
elements combined with a broadcast and select archi-
tecture. This is an optical power intensive architecture,
which can provide for channel equalization and recon-
figuration of wavelength selectivity, but is not scalable
to multiple ports, has very high loss and because of the
many auxiliary components such as wavelength tune-
able filters has a large power and footprint requirement.

i1) Wavelength switches have been proposed for OADMs,
but do not naturally provide for channel equalization,
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the channel by channel switching in general leads to
dispersion and loss narrowing of optical channels, and
in the case of multiple port switches it is generally not
possible to switch between ports without causing
impairment (a hit) on intermediate ports. In addition the
channel spacing cannot be dynamically reconfigured.
Tuneable 3-port filters have also been proposed having
a lack of impairment to the express paths but do not
scale easily to multiple ports and may suffer from
transient wavelength hits during tuning. Tuneable com-
ponents are usually locked to a particular bandwidth
which cannot be varied. In addition poor isolation of
tuneable 3 ports means they are less applicable to many
add/drop applications which demand high through path
isolation.

One technology that has been applied to optical cross
connects has become known as 3-D MEMs utilises small
mirror structures which act on a beam of light to direct it
from one port to another. Examples of this art are provided
in U.S. Pat. Nos. 5,960,133 and 6,501,877. The ports are
usually arranged in a 2 dimensional matrix and a corre-
sponding element of the 2 dimensional array of mirrors can
tilt in two axis to couple between any one of the ports.
Usually two arrays of these mirrors are required to couple
the light efficiently and because of the high degree of
analogue control required structures based on this technol-
ogy have proved to be extremely difficult to realize in
practice and there are few examples of commercially suc-
cessful offerings. In this type of structure, a separate com-
ponent is required to separate each wavelength division
multiplexed (WDM) input fibre to corresponding single
channel/single fibre inputs.

One of the most promising platforms for wavelength
routing application relies on the principle of dispersing the
channels spatially and operating on the different wave-
lengths, either with a switching element or attenuation
element. These technologies are advantageous in that the
switching element is integrated with the wavelength disper-
sive element—greatly simplifying the implementation. The
trade-off is that in general the switching is more limited,
with most implementation demonstrated to date being lim-
ited to small port counts—and the routing between ports is
not arbitrary. In general a diffraction grating is used for
micro-optic implementations or an Array waveguide grating
for waveguide applications. Most of the switching applica-
tions have been based on MEMS micro mirrors fabricated in
silicon and based on a tilt actuation in one dimension. The
difficulty with this approach has been that to achieve the
wavelength resolution required when the angular dispersion
is mapped to a displacement. In such cases, an image of the
fibre (with or without magnification) is mapped onto the tilt
mirror array. In order to couple the light into a second port,
additional optical elements are required that convert the
angle into a displacement. Different approaches to this have
included retroreflection cubes wedges (U.S. Pat. No. 6,097,
519) which provide discrete displacements or Angle to
Displacement elements (U.S. Pat. No. 6,560,000) which can
provide continuous mapping using optical power provi-
sioned at the Rayleigh length of the image. In all of these
cases, in order to switch between ports, the tilt mirror needs
to pass through the angles corresponding to intermediate
ports. In addition, the number of ports is limited in each of
these cases by the numerical aperture of the fiber as each of
the different switch positions are discriminated by angles.
For a fibre with a numerical aperture of 0.1, a switch which
can tilt by +-12 degrees could not distinguish 8 different
switch positions. One approach that can be used is to
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decrease the numerical aperture through the use of thermally
expanded cores or micro lenses—but this is done at the
expense of wavelength resolution.

An alternative has been to use polarization to switch
between ports. Obviously this is most appropriate to switch-
ing between 2 ports corresponding to the 2 polarisation
states—so is not readily scalable, though more complicated
schemes can be envisaged to allow for switching between
multiple ports. With polarization switching, the dynamic
equalization of channels can be done at the expense of the
rejected light being channelled into the second fibre—so it
is not applicable to equalization of the express path whilst
dropping a number of wavelengths.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide for an
improved form of optical switching system.

In accordance with a first aspect of the present invention,
there is provided a wavelength selective manipulation
device comprising: at least a first optical input port for
inputting an optical signal including a plurality of wave-
length channels; a first wavelength dispersing element for
angularly dispersing the wavelength channels of the optical
signal into angularly dispersed wavelength signals; an opti-
cal power element for focussing in the angularly dispersed
dimension the angularly dispersed wavelength signals into a
series of elongated spatially separated wavelengths bands; a
spatial manipulation element for selectively manipulating
the spatial characteristics of the spatially separated wave-
length bands to produce spatially manipulated wavelength
bands.

Preferably, the device also includes a first wavelength com-
bining element for selectively combining the spatially
manipulated wavelength bands together to produce a first
output signal. The first wavelength dispersing element pref-
erably can include a diffraction grating. The optical power
element preferably can include a cylindrical lens and the
spatial manipulation element can comprise a liquid crystal
display device or splatial light modulator (SLM) acing on
the phase of the light.

The SLM device can be divided into a series elongated
cell regions substantially matching the elongated spatially
separated wavelength bands. The cell regions each can
include a plurality of drivable cells and wherein, in use, the
cells are preferably driven so as to provide a selective
driving structure which projects a corresponding optical
signal falling on the cell region substantially into one of a
series of output order modes. The optical power element also
preferably can include a spherical or cylindrical mirror. The
diffraction grating can be utilised substantially at the Littrow
condition.

In one mode of operation, when the spatial manipulation
element is in a first state, first predetermined wavelengths
input at the first optical input port are preferably output at a
first output port; and when the spatial manipulation element
is in a second state, second predetermined wavelengths input
at the first optical input port are preferably output at a second
output port. Further, when the spatial manipulation element
is in the first state, first predetermined wavelengths input at
a third optical input port are preferably output at a fourth
output port; and when the spatial manipulation element is in
a second state, first predetermined wavelengths input at the
third optical input port are preferably output at the first
output port.

In accordance with a further aspect of the present inven-
tion, there is provided a wavelength selective manipulation
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device comprising: a series of optical input and output ports
including a first optical input port inputting an optical signal
including a plurality of wavelength channels; a first wave-
length separation element for angularly dispersing the wave-
length channels of the optical signal into angularly dispersed
wavelength signals; a focussing element for focussing in the
angularly dispersed dimension the angularly dispersed
wavelength signals into a series of elongated spatially sepa-
rated wavelengths bands; a spatial manipulation element for
selectively manipulating the spatial characteristics of the
spatially separated wavelength bands to produce spatially
manipulated wavelength bands; the spatially manipulated
wavelength bands being subsequently focused by the optical
power element and combined in a spatially selective manner
by the first wavelength separation element for output at the
output ports in a spatially selective manner.

In accordance with a further aspect of the present inven-
tion, there is provided a method of providing wavelength
selective separation capabilities for an optical input signal
having multiple wavelength components, the method com-
prising the steps of: (a) projecting the optical input signal
against a grating structure so as to angularly separate the
wavelength components; (b) focussing each of the wave-
length components in the wavelength dispersed dimension
(vertical) into an elongated wavelength component element;
(c) independently manipulating the elongated wavelength
component element; (d) combining predetermined ones of
the manipulated elongated wavelength components.

The focussing step preferably can include utilising a
cylindrical lens and spherical mirror to focus the wavelength
components. The step (c) preferably can include utilising a
liquid crystal display device to separately manipulate each
of the wavelength components. The liquid crystal display
device can be divided into a series elongated cell regions
substantially matching the elongated wavelength compo-
nents. The cell regions each can include a plurality of
drivable cells and wherein, in use, the cells are preferably
driven so as to provide a selective driving structure which
projects a corresponding optical signal falling on the cell
region substantially into one of a series of output order
modes.

In accordance with a further aspect of the present invention
there is provided a wavelength selective manipulation
device comprising: at least a first optical input port for
inputting an optical signal including a plurality of wave-
length channels; polarisation alignment element for aligning
the polarisation state of the optical signal; a wavelength
dispersion element for angularly dispersing the wavelength
channels of the optical signal into angularly dispersed wave-
length signals; an optical power element for focussing in the
angularly dispersed wavelength signals into a series of
elongated spatially separated wavelengths bands; a spatial
manipulation element for selectively spatially manipulating
the characteristics of the spatially separated wavelength
bands to produce spatially manipulated wavelength bands.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred forms of the present invention will now be
described by way of example only with reference to the
accompanying drawings in which:

FIG. 1 illustrates schematically a side perspective view of
the preferred embodiment;

FIG. 2 is a schematic top plan view of the arrangement of
the preferred embodiment;
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FIG. 3 illustrates schematically the operation of reflective
modes;

FIG. 4 illustrates schematically the arrangement of cells
on a Liquid Crystal Display device;

FIG. 5-FIG. 9 illustrate various driving arrangements for
producing different diffractive orders;

FIG. 10(a) to FIG. 10(d) illustrates the driving arrange-
ment for an AC driving of a Liquid Crystal type display;

FIG. 11 illustrates schematically a further alternative
embodiment of the present invention; and

FIG. 12 illustrates the optical beam profile along the
optical arrangement of FIG. 11

DESCRIPTION OF PREFERRED AND OTHER
EMBODIMENTS

In the preferred embodiment, an arrangement is provided
for each wavelength of light to be dispersed and focused in
one axis and collimated in the orthogonal axis such that a
mode selecting liquid crystal array or spatial light modulator
can be utilised to select between the various orders of the
reflective or transmissive diffraction grating as established
by the liquid crystal operating on one polarisation state of
light. As is well known, for a collimated beam an angular
deflection of the beam such as that obtained by changing the
order of a reflective diffraction grating will have the effect of
translating the focus of the beam. If the optical train is
established to be telecentric then this translation is achieved
without affecting the coupling efficiency and so can be
coupled effectively into a second port located at a given
translation from the first post such as would be provided in
the case of a fibre array

Turning initially to FIG. 1, there is illustrated schemati-
cally a side perspective view 11 of the arrangement of the
preferred embodiment. An array in the x-dimension of
optical input output fibres 1-10 is initially provided with the
initial input being along the fibre 3. Each of the fibres can
have thermally expanded core ends. The emitted light from
core 3 is assumed to be of a single vertical polarisation only
(If required, a polarisation alignment means (not shown) can
be utilised to obtain the single polarisation light in a known
manner). The light is projected to a spherical mirror 12
where it is reflected and collimated before striking a dif-
fraction grating 14. The diffraction grating 14 is arranged at
the Littrow condition. At the Littrow condition, as is known
in the art, the reflected light is angularly dispersed in the y
axis into its spectral components.

The light emitted from the grating 14 will have an angular
separation in accordance with wavelengths. The spectral
components are reflected back through the cylindrical lens
13 having optical power in the x dimension. The spectral
components are focussed in the x dimension near to the
mirror 12 but remains collimated in the y dimension. Upon
return through the cylindrical lens 13 the spectral compo-
nents are now collimated in the x dimension but continue to
converge in the y dimension so as to focus in that dimension
on or near an active or passive Liquid Crystal Display (LCD)
device 14 providing a series of elongated spectral bands.

For clarity of understanding, FIG. 2 illustrates a top plan
view of the arrangement of FIG. 1. Where the light striking
the Liquid Crystal Display 15 undergoes pure reflection, the
light traverses the return path 20-23 where it again strikes
the grating 14 at the Littrow condition where it is recom-
bined with other frequencies and follows a return paths
26-28 where it passes to output port 8.

The Liquid Crystal Display device 15 can be of an active
or passive type with a series of independently controllable
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areas. It is assumed that the reader is well aware of the
understanding of Liquid Crystal Display devices and their
operation can be entirely standard. In the first preferred
embodiment it is noted that the LCD can be essentially
equivalent to that used in Spatial Light Modulators (SLM),
in particular a phase only reflective SLM such as that
demonstrated by Boulder Nonlinear systems using CMOS
technology. The design of the CMOS back plane is readily
adapted to the pixel size requirements as would be apparent
to one skilled in the art.

In the preferred embodiment we use a reflective LCD
device and we illustrate for the case of selection between a
purely reflective and 4 different diffraction states. The pro-
posed structure is also designed to achieve high extinction
between the selected order and the other orders and also the
reflective state. This is achieved by the use of symmetry to
ensure that at each of the modes not selected or the purely
reflective state the integral of the phase of the components
goes to zero in theory. Although higher order diffractions can
be excited with some efficiency proper choice of cell size
(which determine the slit diffraction numerical aperture) can
limit this to small fractions and achieve high through-put.

The order-selection mechanism relies on varying the

retardation in the sub cells of the induced grating structure
in a way that achieves the necessary selectivity and extinc-
tion. In this example a simplified drive is achieved by the use
of only 4 levels:
State 0:4A/8 retardance
State 1:3 A/8 retardance
State 2:2 A/8 retardance
State 3:A/8 retardance

Ideally, the reflected light from the LCD is controlled so
that different diffraction orders correspond to different
angles of propagated light. In the example given, the first
order of diffraction is assumed to be at 0.0955 degrees. By
controlling the Liquid Crystal Display device, selective
excitation of the positive or negative first order of diffraction
line can be achieved. This corresponds to a spatial period-
icity of 377.5 um. Hence, as illustrated in FIG. 4, the
diffraction line 40 is assumed to be 337.5 um in length and
is divided into 8 cells 41 with each cell being approximately
42 um in length. This can be readily achieved utilising
standard lithographic techniques for the electrode structure.

In a first embodiment, the Liquid Crystal Display device
is utilised to form a reflective diffraction grating such that,
as illustrated in FIG. 3, input light 30 is output selectively
either in a fully reflective manner 31, to the first order 32, 33
or to the second orders 34, 35.

The cells of the Liquid Crystal structure can be driven so
as to select the output order. FIG. 5-FIG. 9 illustrates one
form of the various possible driving arrangements for the 8
cells. In a first arrangement in FIG. 5, designed to produce
a 0.0955 first order deflection, the driving state can be as
illustrated 52 with the states being 0,0,1,1,2,2,3,3. In FIG. 6,
for the negative first order 60, the driving states can be
3,3,2,2,1,1,0,0. In FIG. 7, for the second order output 70, the
driving states 71 can be 0,1,2,3,0,1,2,3. Next in FIG. 8, for
the negative second output order 80, the driving states 81
can be 3,2,10,3,2,1,0. Finally, in FIG. 9, for the purely
reflective state 90, the driving state 91 can be all 0’s.

Each of these modes can then be used in the arrangement
of FIG. 1 and FIG. 2 to couple between different input 1-5
and output 6-10 fibres. At wavelengths where the selected
LCD mode is in the pure reflective state (0 degrees), the
coupling is as follows

Fibre 1 to fibre 10

Fibre 2 to fibre 9
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Fibre 3 to fibre 8 (express path in to out)

Fibre 4 to fibre 7

Fibre 5 to fibre 6

At wavelengths where the selected mode is +0.0955
degrees, the wavelength from fibre 3 is now coupled to drop
fibre 7 as seen below

Fibre 1 to fibre 9

Fibre 2 to fibre 8 (add path)

Fibre 3 to fibre 7 (drop path)

Fibre 4 to fibre 6

At wavelengths where the selected mode is -0.0955
degrees, the wavelength from fibre 3 is now coupled to drop
fibre 9

Fibre 2 to fibre 10

Fibre 3 to fibre 9 (drop path)

Fibre 4 to fibre 8 (add path)

Fibre 5 to fibre 7

At wavelengths where the selected mode is +0.1910
degrees, the wavelength from fibre 3 is now coupled to drop
fibre 6 as seen below

Fibre 1 to fibre 8 (add path)

Fibre 2 to fibre 7

Fibre 3 to fibre 6 (drop path)

Fibre 4 to fibre 5

At wavelengths where the selected mode is -0.1910
degrees, the wavelength from fibre 3 is now coupled to fibre
10 as seen below

Fibre 3 to fibre 10 (drop path)

Fibre 4 to fibre 9

Fibre 5 to fibre 8 (add path)

Fibre 6 to fibre 7

Selective attenuation of a particular wavelength channel
can be achieved by attenuation of the individual coupling
efficiency into modes and having a separate order which is
used only for attenuation and is selectively excited at the
expense of the efficiency of the selected order. In this way,
the power at the selected order can be adjusted to a desired
level. Additionally, a diffraction order can be used for
monitoring purposes. Light can be coupled at one wave-
length into the additional diffraction order—received on a
photo detector and used as a monitor or control mechanism
for the power levels in the system. This light could be
collected by the addition of a fibre (single or multimode).

It is easy to generalize the principles here to other
numbers of orders as required.

In a second further embodiment, the diffraction orders be
addressed in a simple way and an electrode structure and
driving scheme is proposed that can achieve this simply—
though many alternative implementations are possible and
the scope of the invention is not limited in any way to this
method.

In the y-axis in which the wavelengths of light are
resolved, one of 5 voltage functions Fyi(t) is applied to the
electrode corresponding to the mode we wish to excite. Each
of the electrodes corresponding to the subcells in the x-axis
have voltage functions Fx(j). The voltage function is chosen
such that the relationship between the top and bottom
electrodes (Fyi(t)-Fxj(t)) for each of the subcells cells pro-
duces an AC component with a corresponding retardance to
that required for the particular mode.

The exact form of these functions will depend on the
linearity and frequency dependency of the exact liquid
crystal used. To exemplify the approach a linear voltage
retardance response and no frequency dependence is
assumed.

In this case, the modes can be produced by using four
different driving frequencies for the different orders of the
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induced grating. Each of the subcell electrodes is driven by
a combination of the four frequencies with equal magnitude
but a phase chosen to give Fyi(t)-Fxj(t), the correct AC
component to achieve the required retardance. For example,
when the phase of the drive frequency and the phase of the
corresponding frequency component of the subcell is in
phase there is no contribution to the AC voltage (with the
only contribution being for the 2" to 4” frequency compo-
nents which is equal for all subcells and provides a bias
voltage). Equally when the phase of the drive frequency and
the phase of the corresponding frequency component of the
subcell are m out of phase, then the AC component is a
maximum. In this cased the maximum AC component is
chosen to achieve a retardance of /8 and the minimum AC
component is chosen to achieve a retardance of /2. The two
other states (m/4 retardance and 3m/8 retardance) are
achieved by phase delays in the corresponding subcells of
7/3 and 271/3. So by control of the drive frequency and phase
of Fy it is possible to choose between one of the four
diffraction modes. When Fy is zero then the retardance of
each subcell is equal so the induced grating is in a purely
reflective state. FIG. 10(a) to FIG. 10(d) illustrate the
corresponding driving arrangements. By using frequency
components of 1 kHz, 2 kHz, 4 kHz and 8 kHz, each of the
modes can be successtully driven to give a desired structure
of the subcells. Similar approaches have been used to
achieve grey level modulation in passive matrix displays by
modulating in such a way as to create the correct RMS
voltage level for the grey level being modulated.

In a third embodiment the same objective is achieved
efficiently employing a micro arrays of cylindrical lenses.
The arrangement can be as illustrated in FIG. 11

In this case, there is provided an input array (in the x axis)
of 2 fibres (101 and 102) and output array of 2 fibres (103
and 104) with a fibre spacing of 250 microns. The output of
the fibres is coupled into a first micro cylindrical lens (110)
to modify the divergence of the beam. The output is then
coupled into an x-axis array of cylindrical lenses (111) with
a separation corresponding to the fibre separation. The focal
length of the lens 111 is chosen to be 500 micron so as to
form a collimated beam of approximately 100 micron diam-
eter. This beam is split in the x direction into two polariza-
tion states by a walk off crystal (112) of thickness 1.25 mm
and then equalized in polarization by the polarization diver-
sity optics 113 which can comprise an array of waveplates
having a spacing of 125 microns. The output from the
waveplates 113 consists of polarisation aligned beams. The
waveplates can be produced by nano-optic lithographic
techniques (as supplied by NanoOpto of Somerset, N.J.) or
by an arrangement of standard quartz waveplate techniques.

Each of the output beams is then is projected to a first
x-axis cylindrical lens 114 with a focal length of 5 cm which
provides collimation in the x axis followed by a y axis
cylindrical lens (115) with a focal length of 20 cm. Next the
beams are reflecting from a grating (116) (1200 I/mm) at the
near Littrow configuration. After the second pass of the x
cylindrical lens the now diffracted beam resulting from the
100 micron diameter beam is collimated in the x direction—
the combined effect of the double pass of the lens 115 and
reflection from grating 116 being a compound reflective lens
with focal length of approximately 10 cm.

The image of the reflected fibre is focused in the y
direction by the y cylindrical lens producing a y focused but
x-collimated beam. Typically the size of the beam at this
point is highly asymmetric with radial dimensions of 20
microns in y and approximately 700 microns in x dimension.
The image is wavelength dispersed in the y dimension and
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the individual channels can be accessed by a liquid crystal
spatial light modulator (SLM) (118) after being folded down
by a prism (117) to allow simple mounting of the SLM.

The SLM (118) is again able to direct the image of the
light from input fibre (102) between the fibre drop port(103)
or express port (104) by selection of the correct order of the
induced grating when the light retraces its path through the
system. Simultaneously, when the input light is directed to
the drop port at a particular wavelength, the same wave-
length will be directed from the add port (101) to the express
port (104)

The reimaged light at the fibre port is again largely
circular symmetric as the effects of the cylindrical lenses are
reversed through the return propagation. Further, channel by
channel attenuation control of optical power can be achieved
by exciting a fraction of the power into an angle that doesn’t
correspond to an active port thereby attenuating the power in
the chosen path.

The grating element (116) can be designed to reduce the
x angular dependence of the grating by the use of a wedged
prism which has an opposite angular dependence.

Further, the first cylindrical lens 114 can be replaced with
a reflective cylindrical lens if a more compact design is
desired without departing from the scope of this invention—
though for clarity a transmissive cylindrical lens system has
been described.

Turning now simultaneously to FIG. 12 and FIG. 11, there
is illustrated the optical profile at various points along the
optical pathway. The point 210 corresponds to the optical
profile of the beams emitted fibres e.g. 110. The profile 213
corresponds to the optical profile of the light emitted from
the element 113. Here the separate polarisation are split due
to the waveplate 112. The profile 214 corresponds to the
light emitted from the lens 114. The profile 215 corresponds
to the light emitted from the lens 115 and the profile 217
corresponds to the light striking the SLM device 117, 118.

The foregoing describes preferred embodiments of the
present invention. Modifications, obvious to those skilled in
the art can be made thereto without departing from the scope
of the invention.

I claim:

1. A wavelength selective manipulation device compris-
ing:

at least a first optical input port for inputting an optical
signal including a plurality of wavelength channels;

a first wavelength dispersion element for angularly dis-
persing the wavelength channels of said optical signal
into angularly dispersed wavelength signals;

an optical power element for focussing in the dimension
of the angular dispersion said angularly dispersed
wavelength signals such that said wavelength signals
have an elongated optical intensity profile in the focal
plane of said optical power element so as to form
elongated spatially separated wavelength signals; and

a spatial manipulation element for selectively spatially
manipulating the characteristics of said elongated spa-
tially separated wavelength signals to produce spatially
manipulated wavelength signals.

2. A device as claimed in claim 1 further comprising:

a first wavelength combining element for selectively
combining said spatially manipulated wavelength sig-
nals together to produce a first output signal.

3. A device as claimed in claim 1 wherein said first
wavelength dispersion element includes a diffraction grat-
ing.

4. A device as claimed in claim 3 wherein said diffraction
grating is utilised substantially at the Littrow condition.
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5. A device as claimed in claim 1 wherein said focussing
element includes at least one cylindrical lens.

6. A device as claimed in claim 5 wherein said optical
power element includes a spherical mirror.

7. A device as claimed in claim 1 wherein said spatial
manipulation element comprises a spatial light modulator or
liquid crystal display device.

8. A device as claimed in claim 7 wherein said liquid
crystal display device is divided into a series of elongated
cell regions substantially matching the optical intensity
profile of said elongated spatially separated wavelength
signals.

9. A device as claimed in claim 8 wherein said cell regions
each include a plurality of drivable cells and wherein, in use,
said cells are driven so as to provide a selective driving
structure which projects a corresponding optical signal fall-
ing on the cell region substantially into one of a series of
output order modes.

10. A device as claimed in claim 1 wherein said optical
power element also includes a spherical mirror device.

11. A device as claimed in claim 1 wherein:

when said spatial manipulation element is in a first state,
first predetermined wavelengths input at said first opti-
cal input port are output at a first output port; and

when said spatial manipulation element is in a second
state, second predetermined wavelengths input at said
first optical input port are output at a second output
port.

12. A device as claimed in claim 11 wherein:

when said spatial manipulation element is in said first
state, first predetermined wavelengths input at a third
optical input port are output at a fourth output port; and

when said spatial manipulation element is in a second
state, first predetermined wavelengths input at said
third optical input port are output at said first output
port.

13. A device as claimed in claim 1 wherein the optical
intensity profile of each of the elongated spatially separated
wavelength signals has an aspect ratio of greater than 10:1
in the plane of the spatial manipulation element.

14. A device as claimed in claim 1 wherein the optical
intensity profile of each of the elongated spatially separated
wavelength signals has an aspect ratio of approximately 35:1
in the plane of the spatial manipulation element.

15. A wavelength selective manipulation device compris-
ing:

4-a series of optical input and output ports including a first

optical input port inputting an optical signal including
a plurality of wavelength channels;

a first wavelength dispersion element for angularly dis-
persing the wavelength channels of said optical signal
into angularly dispersed wavelength signals;

an optical power element for focussing said angularly
separated wavelength signals into a series of elongated
spatially separated wavelengths bands;

a spatial manipulation element for selectively spatially
manipulating the characteristics of said angularly sepa-
rated wavelength bands to produce spatially manipu-
lated wavelength bands; and

said spatially manipulated wavelength bands being sub-
sequently focused by said optical power element and
combined in a spatially selective manner by said first
wavelength dispersion element for output at said output
ports in a spatially selective manner.
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16. A method of providing wavelength selective separa-
tion capabilities for an optical input signal having multiple
wavelength components, the method comprising the steps
of:

(a) projecting the optical input signal against a grating
structure so as to angularly separate said wavelength
components;

(b) focussing each of said wavelength components into an
elongated wavelength component element having an
elongated optical intensity profile;

(c) independently manipulating said elongated wave-
length component element; and

(d) combining predetermined ones of said manipulated
elongated wavelength components.

17. A method as claimed in claim 16 wherein said
focussing step includes utilising a cylindrical lens to focus
the wavelength components.

18. A method as claimed in claim 16 wherein said
focussing step includes utilising a spherical mirror to focus
the wavelength components.

19. A method as claimed in claim 18 wherein the optical
intensity profile of each of the elongated wavelength com-
ponent element has an aspect ratio of greater than 10:1.

20. A method as claimed in claim 16 wherein said step (c)
includes utilising a liquid crystal display device to separately
manipulate each of the wavelength components.

21. A method as claimed in claim 20 wherein said liquid
crystal display device is divided into a series of elongated
cell regions substantially matching said optical intensity
profile of said wavelength component elements.

22. A method as claimed in claim 21 wherein said cell
regions each include a plurality of drivable cells and
wherein, in use, said cells are driven so as to provide a
selective driving structure which projects a corresponding
optical signal falling on the cell region substantially into one
of a series of output order modes.

23. A method as claimed in claim 16 wherein said
focussing step includes utilising a spherical mirror.
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24. A wavelength selective manipulation device compris-

ing:

a at least a first optical input port for inputting an optical
signal including a plurality of wavelength channels;
polarisation alignment element for aligning the polarisa-

tion state of said optical signal;

a wavelength dispersion element for angularly dispersing
the wavelength channels of said optical signal into
angularly dispersed wavelength signals;

an optical power element for focussing the angularly
dispersed wavelength signals into a series of elongated
spatially separated wavelength signals; and

a spatial manipulation element for selectively spatially
manipulating the characteristics of said spatially sepa-
rated wavelength bands to produce spatially manipu-
lated wavelength bands.

25. A wavelength selective manipulation device compris-

ing:

a series of optical input and output ports including a first
optical input port inputting an optical signal including
a plurality of wavelength channels;

a first wavelength dispersion element for angularly dis-
persing the wavelength channels of said optical signal
into angularly dispersed wavelength signals;

an optical power element for focussing said angularly
separated wavelength signals such that said wavelength
signals have an elongated optical intensity profile in the
focal plane of said optical power element so as to form
elongated spatially separated wavelength signals;

a spatial manipulation element for selectively spatially
manipulating the characteristics of said elongated spa-
tially separated wavelength signals to produce spatially
manipulated wavelength signals; and

said spatially manipulated wavelength signals being sub-
sequently focused by said optical power element and
combined in a spatially selective manner by said first
wavelength dispersion element for output at said output
ports in a spatially selective manner.

#* #* #* #* #*
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1

DUAL-SOURCE OPTICAL WAVELENGTH
PROCESSOR

FIELD OF THE INVENTION

The present invention relates generally to optical switches,
and in particular to a reconfigurable fibre optic wavelength
switch that can operate independently on individual wave-
length channels contained in optical signals originating from
either of two input sources.

BACKGROUND OF THE INVENTION

The recent growth in the demand for broadband services
has resulted in a pressing need for increased capacity on
existing communication channels. The increased bandwidth
of fibre optic communication fibres is still often insufficient to
cope with this demand without utilising the ability of these
fibres to carry large numbers of individual communication
channels each identified by the particular wavelength of the
light. This technique is known as dense wavelength division
multiplexing (DWDM). The disadvantage of this technique is
that the increasing density of wavelength channels places
increasing demand on network functionality for connecting
the individual channels to individual destination points on a
dynamic basis, and for the ability to add or drop an individual
wavelength channel into or out of the optical signal. Currently
these functions are primarily performed by electronic tech-
niques but the demand for increased network speed calls for
these functions to be performed in the optical domain.

The use of wavelength selective switching for applications
of optical cross-connects has attracted much interest because
of'the goal of fully flexible networks, where the paths of each
wavelength can be reconfigured to allow for arbitrary con-
nection between nodes with the capacity appropriate for that
link at a particular point in time. Although this goal is still
valid, it is clear that optical networks will evolve to this level
of sophistication in a number of stages. The first stage of the
evolution is likely to be that of a reconfigurable add/drop node
where a number of channels can be dropped or and added
from the main path, whose number and wavelength can be
varied over time—either as the network evolves or dynami-
cally as the traffic demands vary.

A further functionality demanded by optical communica-
tions networks is the ability to route incoming signals from
two origins in the same fashion independently of each other in
a single device. This immediately halves the device count
required at any particular location, without the loss of func-
tionality in the adding and dropping of channels from either
source.

This present invention is directed to applications such as
dual-source reconfigurable optical add/drop multiplexer
(ROADM) networks, dual-source wavelength reconfigurable
cross-connects referred to generically as Wavelength Selec-
tive Switches (WSS), dual-source dynamic channel equalisa-
tion (DCE) and for single-source devices for correction of
polarisation-dependant loss (PDL) mechanisms.

The characteristics of a wavelength selective element
which is ideal for the applications of Optical Add/Drop and
Wavelength Selective Switching can be summarized follows:

1) scalable to multiple fibre ports;

i1) one channel per port or multiple channels per port opera-

tion;

iii) reconfiguration of wavelength selectivity to different

grids e.g. 50 GHz or 100 GHz or a combination of both;

iv) low optical impairment of the express path;

v) low losses on the drop and express paths;
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vi) ability to add and drop wavelengths simultaneously;

vii) ability to be reconfigured between any ports or between
any wavelengths without causing transient impairments
to the other ports;

viii) equalisation of optical power levels on express path
(OADM) or all paths (WSS);

ix) provision of shared optical power between ports for a
given wavelength (broadcast mode);

x) flat optical passband to prevent spectral narrowing;

xi) power off configurations that leave the express path of
an OADM undisturbed; and

xii) small power and voltage and size requirements.

In reviewing the many technologies that have been applied
it is necessary to generalize somewhat, but the following
observations can be made.

Two basic approaches have been made for the OADM and
WSS applications.

i) The first has been based on wavelength blocking ele-
ments combined with a broadcast and select architec-
ture. This is an optical power intensive architecture,
which can provide for channel equalization and recon-
figuration of wavelength selectivity, butis not scalable to
multiple ports, has very high loss and because of the
many auxiliary components such as wavelength tune-
able filters has a large power and footprint requirement.

i1) Wavelength switches have been proposed for OADMs,
but do not naturally provide for channel equalization, the
channel by channel switching in general leads to disper-
sion and loss narrowing of optical channels, and in the
case of multiple port switches it is generally not possible
to switch between ports without causing impairment (a
hit) on intermediate ports. In addition the channel spac-
ing cannot be dynamically reconfigured. Tuneable
3-port filters have also been proposed having a lack of
impairment to the express paths but do not scale easily to
multiple ports and may suffer from transient wavelength
hits during tuning. Tuneable components are usually
locked to a particular bandwidth which cannot be varied.
In addition poor isolation of tunable 3 ports means they
are less applicable to many add/drop applications which
demand high through path isolation.

One technology that has been applied to optical cross con-
nects has become known as 3-D MEMS utilises small mirror
structures which act on a beam of light to direct it from one
port to another. Examples of this art are provided in U.S. Pat.
Nos. 5,960,133 and 6,501,877. The ports are usually arranged
in a 2-dimensional matrix and a corresponding element of the
2-dimensional array of mirrors can tilt in two axes to couple
between any one of the ports. Usually two arrays of these
mirrors are required to couple the light efficiently and because
of the high degree of analogue control required structures
based on this technology have proved to be extremely difficult
to realize in practice and there are few examples of commer-
cially successful offerings. In this type of structure, a separate
component is required to separate each wavelength division
multiplexed (WDM) input fibre to corresponding single
channel/single fibre inputs.

One of the most promising platforms for wavelength rout-
ing application relies on the principle of dispersing the chan-
nels spatially and operating on the different wavelengths,
either with a switching element or attenuation element. These
technologies are advantageous in that the switching element
is integrated with the wavelength dispersive element—
greatly simplifying the implementation. The trade-off is that
in general the switching is more limited, with most imple-
mentations demonstrated to date being limited to small port
counts—and the routing between ports is not arbitrary. In
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general a diffraction grating is used for micro-optic imple-
mentations or an array waveguide grating for waveguide
applications. Most of the switching applications have been
based on MEMS micro mirrors fabricated in silicon and based
on a tilt actuation in one dimension. The difficulty with this
approach has been that to achieve the wavelength resolution
required when the angular dispersion is mapped to a displace-
ment. In such cases, an image of the fibre (with or without
magnification) is mapped onto the tilt mirror array. In order to
couple the light into a second port, additional optical elements
are required that convert the angle into a displacement. Dif-
ferent approaches to this have included retroreflection cubes
wedges (U.S. Pat. No. 6,097,519) which provide discrete
displacements or Angle to Displacement elements (U.S. Pat.
No. 6,560,000) which can provide continuous mapping using
optical power provisioned at the Rayleigh length of the
image. In all of these cases, in order to switch between ports,
the tilt mirror needs to pass through the angles corresponding
to intermediate ports. In addition, the number of ports is
limited in each of these cases by the numerical aperture of the
fibre as each of the different switch positions are discrimi-
nated by angles. For a fibre with a numerical aperture of 0.1,
a switch which can tilt by +-12 degrees could not distinguish
8 different switch positions. One approach that can be used is
to decrease the numerical aperture through the use of ther-
mally expanded cores or micro lenses—but this is done at the
expense of wavelength resolution.

An alternative has been to use polarization to switch
between ports. Obviously this is most appropriate to switch-
ing between 2 ports corresponding to the 2 polarisation states.
Such a switch is described in Patel (J. S. Patel and Y. Silver-
berg, IEEE Photonics Technology Letters Vol. 7 No. 5, 1995,
pp- 514-516) where an optical dispersion element (in this case
a grating) is used to separate an optical signal into spatially
separated wavelength channels incident onto a liquid crystal
spatial light modulator (LC SLLM). The SLM is then config-
ured to rotate the polarisation of the light of a desired wave-
length channel by 90° which causes the light to be deflected
from the main channel by a birefringent crystal. The wave-
lengths are then recombined by a second grating element
forming two spatially-displaced outputs: one containing the
wavelength channels acted on by the LC SLM, and the second
output containing the remaining wavelength channels. Since
these types of switches are limited to only two polarisation
states, they are notreadily scalable, though more complicated
schemes can be envisaged to allow for switching between
multiple ports. With polarization switching, also, dynamic
equalization of channels can only be done at the expense of
the rejected light being channelled into the second fibre—so
it is not applicable to equalization of the express path whilst
dropping a number of wavelengths.

A better alternative to switch between multiple ports has
been the use of optical beam deflectors such as MEMS mirror
arrays or LC SLMs. These devices deflect the light through
free space, thus allowing multiple signal beams to be simul-
taneously interconnected without cross-talk between data
channels.

Anexample of a MEMS-based device is taught by Waverka
(U.S. Pat. No. 6,501,877) which disperses the individual
wavelength channels with a diffraction grating. The indi-
vidual channels are each then focused on to spatially sepa-
rated elements of the MEMS array which imparts an angular
displacement on the beams. A retroreflection device isused to
convert the angular displacement to a lateral offset, that when
passed back through the optical system translates into a cou-
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4

pling to the desired output port. In this implementation the
offset states are quantised and determined by the angles ofthe
retroreflection prism.

A similar technique is taught in U.S. Pat. No. 6,707,959 by
Ducellier where a particular spatially separated wavelength
channel is acted upon by a deflector array implemented either
using a MEMS device or a transmissive LC deflector. A
schematic block diagram of this device is shown in FIG. 1.
Ducellier introduces an improvement over Waverka by hav-
ing the angle to offset (ATO) element 1 being able to translate
continuously for an arbitrary state by placing an angle to
offset lens at the Rayleigh point of the optical array 2. The
angular array is then transmitted through a standard 4-f lens
design (telecentric telescope) using a spherical reflector 3 to
the deflection array 4 with preservation of the angular multi-
plex. The individual wavelength channels in the optical signal
are separated by an optical dispersion element 5 at the tele-
centric point of the optical system.

The deflection array 4 can be operated in either reflective or
transmissive mode and (similarly to Waverka and Patel) pro-
vides a deflection of a desired wavelength channel perpen-
dicularly to the wavelength dispersion direction. The deflec-
tion is such that an ATO element at the output array translates
the new angular multiplex into an offset corresponding to the
desired output port. In this system, the input array, the optical
dispersion element, the deflection array, and the output array
all lie in the same focal plane due to the spherical symmetry
of'the optics. The disadvantage of this is that large deflection
angles are required to switch between fibre ports and a
requirement for large numerical aperture optics. The require-
ment also of a duplicate optical system in the transmissive
deflection array embodiment places severe restrictions on the
compactness and cost of the final device.

Additionally, none of the devices described above can
operate on the light from two input sources or two groupings
of light having the same wavelength channels independently.
Due to the existence of polarisation dependent loss and
polarisation mode dispersion—it is often convenient to con-
sider two orthogonal polarisation states as two separate
sources and it could be advantageous to act on these sepa-
rately.

Various techniques have been proposed for the correction
of polarisation dependent loss (PDL) in optical communica-
tion systems on a wavelength basis such as those discussed by
Roberts (U.S. Patent Application Publication 2004/
0004755). These techniques however are only applicable to a
single optical fibre and operate in transmission mode only. To
our knowledge, there have been no techniques have been
proposed or demonstrated to provide broadband PDL correc-
tion for multiple optical fibre devices or in a switching archi-
tecture.

It is an object of the present invention to overcome or
ameliorate at least some of the disadvantages of the prior art
by providing a reconfigurable optical add/drop multiplexer
and wavelength selective switch capable of independently
operating on arbitrary wavelength channels contained in light
from two distinct sources or groups.

SUMMARY OF THE INVENTION

In accordance with a first aspect of the present invention,
there is provided an optical signal manipulation system
including: a series of ports for carrying a series of optical
signals to be manipulated; a spatial separating means for
spatially separating at least a first and a second group of light
from the series of optical signals; wavelength dispersion ele-
ment subsequently spatially separating wavelengths of the
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first and second series; wavelength processing means for
separately processing separated wavelengths of the first and
second series.

The spatial separating means preferably can include a
polarisation manipulation element separating a first and sec-
ond series of predetermined polarisations from predeter-
mined ones of the ports and projecting the first series in a first
angular direction and the second series in a second angular
direction. The spatial separating means preferably can also
include a series of optical power elements offset from the
ports separating at least a first and second series of predeter-
mined optical signals from predetermined ones of the ports
and projecting the first series in a first angular direction and
the second series in a second angular direction.

Signals processed by the wavelength processing means are
preferably transmitted back through the wavelength disper-
sion element, the polarisation manipulation element for out-
put at the optical signal ports. The particular port to which
particular wavelengths are preferably output can be deter-
mined by the processing carried out by the wavelength pro-
cessing means.

The wavelength processing means preferably can include a
series of zones and the wavelength processing means sepa-
rately manipulates the phase front of light striking each of the
zones in order to control the output destination of wave-
lengths striking a particular zone. The wavelength processing
means can comprise a spatial light modulator having a plu-
rality of independently addressable pixels with the pixels
being manipulated in a predetermined manner so as to
manipulate the phase front striking a corresponding zone.

The optical signals received by the wavelength processing
means are preferably in the form of wavelength separated
elongated bands. The wavelength separated elongated bands
are preferably substantially collimated along their major axis
and substantially focused along their minor axis. The ratio of
the width of the major axis to the width of the minor axis of the
bands can be equal to or greater than 5. The width ofthe bands
major axis can be substantially 700 microns and the width of
a bands minor axis can be substantially 20 microns.

Preferably, the first series forms a first row of wavelength
separated elongated bands and the second series forms a
second row of wavelength separated elongated bands. The
first and second row are preferably substantially parallel. The
first series of predetermined polarisations can be derived from
a first polarisation state of the optical signals and the second
series of predetermined polarisations can be derived from a
second substantially orthogonal polarisation state of the opti-
cal signals. Alternatively, the first series of predetermined
polarisations can be derived from orthogonal polarisations of
a first series of optical signals and the second series of pre-
determined polarisations can be derived from orthogonal
polarisations of a second series of optical signals.

In one embodiment, the wavelength processing means can
comprise a liquid crystal display device having a series of
light modulating pixels formed thereon. The optical signals
traversing the wavelength dispersion element are preferably
substantially polarisation aligned. The light emitted from the
optical signal ports passes through a numerical aperture
modifying means before traversing the polarisation manipu-
lation element. The numerical aperture of the light from the
optical signal ports can be modified by a series of lenses
having a pitch substantially in accordance with the pitch of
the optical signal ports.

The polarisation manipulation element can comprise a first
polarisation separation element for spatially separating
orthogonal polarisations and a second polarisation deflection
element for angularly deflecting an optical signal in accor-
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dance with the polarisation state of the signal. The polarisa-
tion manipulation element can also include, in series, a polari-
sation separation element for spatially separating orthogonal
polarisations, a polarisation alignment element for aligning
the separated orthogonal polarisations and a polarisation
deflection element for angularly deflecting an optical signal
in accordance with the polarisation state of the signal.

The system can also include a first optical power element
for collimating the light emitted from the polarisation
manipulation element onto the wavelength dispersion ele-
ment and a second optical power element for focusing the
light emitted from the wavelength dispersion element onto
the wavelength processing means. The first and second opti-
cal power elements can comprise of reflective mirror surfaces
with the first optical power element having optical power in a
first optical axis only and the second optical power element
having optical power in a first optical axis only. The system
can also include a third optical power element for collimating
the light emitted from the polarisation manipulation element
onto the wavelength processing means. The third optical
power element can comprise of a lens that has optical power
in a second optical axis only. The second optical axis can be
orthogonal to the first optical axis.

In accordance with a further aspect of the present inven-
tion, there is provided an optical signal manipulation system
including: a series of optical signal ports; numerical aperture
modifying means for modifying the numerical aperture of
light emitted from the optical signal ports to form modified
optical signals; polarisation manipulation means for impart-
ing a different angular projection to substantially orthogonal
polarisation states of the modified optical signals; polarisa-
tion alignment means for substantially aligning the polarisa-
tion state of the substantially orthogonal polarisation states;
wavelength dispersion element for angularly dispersing by
wavelength the aligned modified optical signals; a wave-
length control element having a series of elongated control
zones for receipt and manipulation of a region of the wave-
length dispersed optical signals.

The different substantially orthogonal polarisation states
are preferably manipulated by different elongated control
zones. A first polarisation state can be manipulated by a first
series of substantially adjacent control zones and a second
orthogonal polarisation state can be manipulated by a second
series of substantially adjacent control zones. The first and
second series of substantially adjacent control zones are pref-
erably substantially parallel with one another. Light from the
wavelength control element can be projecting through a sec-
ond wavelength dispersion element so as to combine wave-
lengths of the first and second series; Light from the second
wavelength dispersion element can be projected through a
second polarisation manipulation element for combining the
orthogonal polarisations to output at predetermined optical
signal ports. Light projected from the optical signal ports to
the wavelength control element can undergo at least two
reflections on reflective optical power surfaces.

The wavelength dispersion element preferably can include
a diffraction grating mounted on an optical prism. Light from
the polarisation manipulation means and light from the wave-
length control element can strike the prism substantially at
Brewster’s angle. The path lengths of light in the first and
second polarisation states can be substantially equalised on
traversal through the prism.

In accordance with a further aspect of the present inven-
tion, there is provided an optical system including: a series of
optical signal ports; numerical aperture modifying means for
modifying the numerical aperture of light emitted from the
optical signal ports to form modified optical signals; a polari-
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sation alignment means for substantially aligning the polari-
sation state of substantially orthogonal polarisation states
from the optical signal ports; wavelength dispersion element
for angularly dispersing by wavelength the aligned modified
optical signals; an optical phase control matrix for receipt and
manipulation of a region of the wavelength dispersed optical
signals; a series of optical power elements for creating a
spatial intensity overlap on the wavelength control element
between projections from a first selected optical signal port
and a second selected optical signal port.

The optical phase control matrix preferably can include a
series of elongated control zones. Each the control zone of the
optical phase control matrix can comprise a plurality of indi-
vidually addressable pixels with each of the pixel moditying
the phase of light passing through it.

The projections of optical signals at the optical phase con-
trol matrix along a first optical axis are preferably in the image
plane of the series of optical power elements. The projections
of optical signals at the optical phase control matrix along a
second optical axis are preferably substantially in the fourier
or telecentric plane of the series of optical power elements.
The first optical axis can be substantially orthogonal to the
second optical axis. Signals from the first selected optical
signal port received by the optical phase control matrix are
preferably manipulated and transmitted back through the
wavelength dispersion element for output at the second
selected optical signal port.

The optical system in the first optical axis can be substan-
tially 2n times the focal length of the series of optical power
elements in the first optical axis, where n can be a positive
integer. The optical system in the second optical axis can be
substantially 2m times the focal length of'the series of optical
power elements in the second optical axis where m can be a
positive integer. In one embodiment n can be an even integer
and m can be an odd integer.

The optical signals received by the optical phase control
matrix are preferably in the form of wavelength separated
elongated bands. Each wavelength separated elongated band
aligns with an independent one of the elongated control
zones. The minor axis of the elongated bands lies in the first
optical axis and the major axis of the elongated bands lies in
the second optical axis.

The reconfigurable dual-source optical wavelength proces-
sor of the present device includes:

a series of optical ports for generating and/or receiving an

optical beam;

an optical phased-matrix coupling (OPMC) device for
receiving and reflecting said beams;

a series of optical power elements positioned between said
ports and said OPMC device to provide a spatial overlap
between the said beams from said ports on the phase
coupling device;

a series of optical path separating elements arrayed in such
a way as to create at least two independent groups of
light;

an optical dispersion element designed to separate at least
a first and second wavelengths of light; and

wherein said optical phased-matrix device provides for indi-
vidual control of at least a first and second wavelength’s
coupling efficiency between an input port and at least one
output port.
The device in its preferred embodiments can include:
a series of optical ports which can include optical fibre
arrays;
a series of optical ports where the optical fibre arrays are
single mode fibres;
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a series of optical ports where the optical fibre array
includes at least a first input port, a first output port, a
first add port and a first drop port;

a series of optical ports where the optical fibre array
includes a plurality of add ports and/or a plurality of drop
ports;

a series of optical ports where the optical fibre array
includes a second input ports, a second output port;

a series of optical ports where the optical fibre array
includes a plurality of input ports, and a plurality of
output port;

a series of optical power elements which can include
spherical microlens arrays for altering the numerical
aperture of each of the optical ports;

optical power elements including cylindrical lenses with a
first focal length and cylindrical mirrors with a second
focal length for projecting light from the ports on the
optical phased-array coupling means comprising at least
a spatially separated first group of spatially dispersed
wavelength channels, each wavelength channel being
substantially collimated in one axis and substantially
focused in the orthogonal axis;

polarisation diversity elements including a birefringent
walk-off crystal composite A/2 waveplates for 1550 nm
light, compensating birefringent wedges, and/or Fara-
day rotators;

an optical dispersion element which is a Carpenter’s Prism
(grism) operating in the reflective mode at near Littrow
condition, and a wedge angle substantially at Brewster’s
angle of the incident light: and

an optical phased matrix coupling (OPMC) means provid-
ing 2-dimensional optical phase only or phase and opti-
cal amplitude such as can be provided by a liquid crystal
on silicon (LCOS) spatial light modulator (SLM).

Possible practical applications of a dual-source optical switch
are:

Device 1.

A Polarisation Dependent Loss (PDL) correcting Recon-
figurable Optical Add/Drop Multiplexer (ROADM)
where light from an input optical fibre port is separated
into two beams with orthogonal polarisation states, with
each beam being dispersed into spatially separated
wavelength channels, and the two groups of spatially
separated wavelength channels being projected onto
spatially separated regions of a liquid crystal spatial
light modulator. The orthogonal polarisation states of a
particular wavelength channel can then be addressed
independently which allows for equalisation of the PDL
of the wavelength channel before being directed to a
choice of output fibre ports (either an express output port
or a drop port).

Device 2.

A dual-source ROADM consisting of two independent
groups of fibre ports, with each group as a minimum
containing an input port and an express output port, and
optionally a drop port. (In practise each of the indepen-
dent ROADMs can include a plurality of add and drop
ports.) The light corresponding to the paths into and out
of the ports corresponding to either group can be tagged,
for example by assigning each independent device to an
orthogonal polarisation state, spatially separating the
light from the two polarisations and imaging the light
from each polarisation onto a spatially separated region
of the OPMC to act on the channels from each device
independently;
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG.11s a schematic diagram of a prior art optical add/drop
multiplexer.

FIG. 2 is a block schematic of a dual-source optical wave-
length processor in accordance with the present invention.

FIG. 3 is a schematic view of a first embodiment of a
dual-source optical wavelength processor in accordance with
the present invention.

FIG. 4 is a detail schematic view of the front end polarisa-
tion tagging mechanism of the first embodiment.

FIG. 5is aclose-up view of an OPMC device with a folding
prism to allow for simplified mounting of the device.

FIG. 6 is a schematic view of a second embodiment of a
dual-source optical wavelength processor in accordance with
the present invention.

FIG. 7 is a detail schematic view of a first embodiment the
front end polarisation tagging mechanism of the second
embodiment.

FIG. 8 shows a cutaway stack of alternating glass and
quartz plates for constructing the first embodiment of a
polarisation equalisation element for polarisation tagging.

FIG. 9 is a cutaway of the first polarisation equalisation
element mounted to a substrate for polishing to the required
thickness.

FIG. 10 is cutaway detail schematic view of a second
embodiment the front end polarisation tagging mechanism of
the second embodiment.

FIG. 11 is a first embodiment of a non-reciprocal polarisa-
tion equalisation element.

FIG. 12 is a second embodiment of a non-reciprocal polari-
sation equalisation element.

FIG. 13 is a schematic view of a forward propagating beam
in the switching plane of an embodiment of the present inven-
tion.

FIG. 14 is a schematic view of a backward propagating
beam of an embodiment of the present invention showing the
operation of the OPMC to impart a phase slope onto an
incoming beam resulting in a displacement in the switching
plane.

FIG. 15 is a graph showing the phase slope written on to the
pixels of the OPMC to switch an incoming beam to a first
output port.

FIG. 16 is a graph showing the phase slope written on to the
pixels of the OPMC to switch an incoming beam to a second
output port.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

The preferred embodiment provides an optical switching
device that can operate on individual spatially dispersed
wavelength channels contained in an optical signal that origi-
nate from either of two input sources. The input sources can
be:

a) two unrelated sources possibly delivered to the switch

via optical fibre;

b) two orthogonally polarised beams originating from a
single source, possibly delivered to the switch via opti-
cal fibre;

¢) a plurality of input sources, possibly delivered to the
switch via optical fibre, separated into orthogonal
polarisation states such that the polarisation states of a
particular wavelength channel can be acted upon inde-
pendently;

d) a plurality of input sources, possibly delivered to the
switch via optical fibre, optically tagged in a fashion that
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defines two distinct groups, for example by assigning
each of the input sources one of two orthogonal polari-
sation states.

FIG. 2 shows a schematic block diagram of a dual-source
optical wavelength processor constructed in accordance with
the preferred embodiment. The wavelength processor device
10 is virtually divided into two distinct devices 20 and 30
where the operation of one is entirely independent of the
other. Each of the virtual devices 20 and 30 acts in the pre-
ferred embodiment can act as an independent reconfigurable
optical add-drop multiplexer (OADM). That is, each of the
virtual devices 20 and 30 includes an input ports 21 and 31
respectively, each input port delivering an optical signal to the
device, where each signal contains a plurality of channels A,
Aas . . . 5 A, distinguished by the centre wavelength of the
channel. Each of the virtual devices also includes an output
port 22 and 32 respectively. Virtual device 20 includes a
plurality of drop ports 23, 24 and 25, and a plurality of add
ports 26, 27 and 28. Virtual device 30 includes a plurality of
drop ports 33, 34 and 35, and a plurality of add ports 36, 37
and 38. Three drop and three add ports are shown in the Figure
for each of the virtual devices 20 and 30, however, more or
less can be implemented in other embodiments as required.
For a signal arriving at input port 21, virtual device 20 can be
configured to drop an arbitrary selection of the wavelength
channels contained therein onto drop ports 23-25, for
example A, A, and ;. Simultaneously, for a signal arriving at
input port 31, virtual device 30 can be configured to drop a
different arbitrary selection of the wavelength channels con-
tained therein onto drop ports 33-35, for example A,, 5 and
hs. All of the other wavelength channels contained in either
signal on port 21 or 31 that are not dropped onto the drop ports
are directed to the corresponding output port 22 or 32 respec-
tively via the corresponding express paths 29 or 39 of the
device. As is known in the operation of an OADM, the add
ports of each of the virtual devices can be used to add signal
onto the express path of the device to be transmitted to the
output port, however in the case of the present embodiment,
the added signals can either be of the same wavelength as any
of the dropped signals or a different wavelength entirely for
example, the wavelength channels added to virtual device 20
canbe h, and A, ).

Device 1

The preferred embodiment of the Device 1 above is shown
in schematic form in FIG. 3. The device 100 includes an array
of input and output ports consisting of 4 fibres (101-104)
comprising a ROADM where fibre port 102 is designated as
the express Input port, fibre port 103, the express Output port,
fibre port 101 as a first Add port, and fibre port 104 as a first
Drop port. A device such as this in practice may also include
aplurality of additional Add and Drop ports (not shown). The
fibres are all aligned vertically in what will be referred to as
the x-dimension of the 3-axis 105 and separated by about 250
pm.

The output from the fibres is firstly incident on a microlens
array of spherical lenses spaced with a separation correspond-
ing to the fibre separation. The focal length of the lens is
chosen to be 500 um positioned to form beam waists of
approximately 50 um diameter. The effect of the spherical
microlens array 110 is to decrease the numerical aperture
(NA) of the fibres say from their single mode value of 0.1 to
about 0.02. This relaxes the requirements on the optical qual-
ity of the subsequent optical elements.

The beam emerging from the input fibres is split in the x
direction into two polarization states (v in the x-dimension
and h in the y-dimension) by the walk off crystal 115 of
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thickness 1.25 mm. The result of the walk-ft crystal if one
were to look back at the fibre array in the —z-direction would
be an image of 8 fibres separated by 125 um.

The beams then enter a birefringent wedge (BRW) element
130 which is shown as a compensating element (CBRW) to
give equal path lengths between the fibre ports. The CBRW
works on the principle of “double refraction” and causes an
angular offset to be imparted on the beams in one polarisation
state with respect to the other. In FIG. 3, this offset is in the
vertical or x-dimension. In other embodiments, the CBRW
130 can be a simple non-compensating element however this
would correspond to unequal path lengths from each of the
fibre ports resulting in a spatial offset on refocusing onto an
output port, ultimately affecting the efficiency of the return
path.

FIG. 4 shows the fibre ports 101-104, the NA modifying
optical power microlens array 110, the birefringent walk-off
element 115 and the CBRW 130. An output beam 191 from
fibre 101 is split into two beams 192 and 193 by element 115,
where beam 192 is in the vertical or v-polarisation state and
beam 193 is in the horizontal or h-polarisation state. The now
polarisation tagged beams enter the CBRW 130 which
imparts an angular offset on the beams in one polarisation
state with respect to the other. This angular offset is in the
vertical or x-dimension and propagates through the optical
train to result in a spatial separation between beams of differ-
ent polarisations at the OPMC as will be seen.

Returning to FIG. 3, each of the input beams is then pro-
jected to a first y-cylindrical mirror 140 with a focal length of
5 cm which provides collimation in the y axis. The angular
misalignment between the v-polarised and h-polarised beams
is unaffected and continues to separate spatially. The reflected
beams are then projected onto a polarisation equalisation
element 150 where the spatially separated v- and h-polarisa-
tions strike the element 150 in the upper and lower halves
respectively. The element 150 is a composite A/2 waveplate
where the entire upper half 151 is a crystal-quartz waveplate
with its optical axis at 45° with rotates the v-polarised beams
into the h-polarisation, and the lower half 152 is simple glass
which does not alter the polarisation state of the originally
h-polarised beams. Equalisation of the polarisations states in
this manner ensures efficient operation of the subsequent
wavelength dispersing element and the spatial light modula-
tor in the subsequent optical path.

The beams are then directed to a cylindrical lens 160 hav-
ing optical power in the x-dimension with a focal length of 20
cm before being incident on a wavelength dispersive element
which in this case is a wedged grating prism combination 170,
known commonly as a grism or Carpenter’s prism, operating
in the reflective orientation and aligned at the near-Littrow
condition. The grism is a combination of two common optical
elements, namely a diffraction grating 171 which can be of
either the transmission or reflection type, and a wedged prism
172, which are bonded together. In the embodiments
described here, 171 is a reflection grating and the beams
traverse a double pass through the prism 172. In an alternative
embodiment a grism element is used with the grating operat-
ing in transmission mode. In other embodiments of the sys-
tem, the wavelength dispersive element 170 can be a simple
grating operating in the near-Littrow reflective state for the
1.5 pm wavelength of the light (1200 lines/mm) emerging
from the input fibre ports, however the addition of the wedged
prism bonded to the grating adds significant advantages to the
efficiency of the system, being:
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a) equalisation of the optical path lengths in the y-dimen-
sion;

b) by suitable selection of the refractive index and input
face angles the dispersion characteristics (in particular
the angular dependence in the x-dimension) of the grat-
ing can be controlled and hence correct for effects such
as conical diffraction from the grating resulting from
non-orthogonal components of the beams striking the
grating (since the prism has the opposite angular depen-
dence to that of the grating) which ultimately results in
errors in the focused position at the fibre ports on the
return paths of the beams;

¢) modification of the effective wavelengths of the beams
as they strike the grating to enable the use of higher
resolution gratings for more efficient dispersioni.c.a1.5
um beam in air requires the use of gratings with ~1200
liness/mm whereas in the prism with refractive index
~1.5, the effective wavelength is ~1 um and thus gratings
with 1700 lines/mm can be used.

In the preferred embodiments, the angle of the prism is
such that the light beams (which are in the p-polarisation state
with respect to the prism) are incident on the prism surface
substantially at the Brewster angle to avoid loss of the light
due to reflection from the prism interface which is then lost to
the system. In the preferred embodiments, the light which has
travelled through the prism strikes the grating in the s-polari-
sation state (with respect to the grating). In the preferred
embodiments, the characteristics of the prism 172 are
designed to substantially compensate for the chirp of the
grating 171, which in turn substantially eliminates errors due
to conical diffraction in the image of the light beams at the
output fibre ports.

The now wavelength-dispersed beams then pass back
through the prism element of the grism 170 and again are
passed through the cylindrical lens 160. After the second pass
of the x-dimension lens 160 the now diffracted beam is col-
limated in the x direction—the combined effect of the double
pass of lens 160 being a lens with focal length of approxi-
mately 10 cm, being twice the focal length of the first cylin-
drical mirror 140. This condition ensures that the grating acts
in the telecentric or Fourier plane of the beams in the y-di-
mension.

On exiting from the cylindrical lens 160 the now colli-
mated and spatially separated (in the x-dimension) beams
pass by the polarisation equalisation element 150 and are
incident again on the cylindrical mirror 140 which directs the
beams in the y-dimension onto the optical phased-matrix
coupling (OPMC) means (in the preferred embodiments this
is a liquid crystal on silicon spatial light modulator (LCOS
SLM)) 180.

The projection on the OPMC comprises two groups of
spatially separated wavelength channels, one group 185
being on the upper half (in the x-dimension) of the OPMC
corresponding to beams originating in the v-polarisation
state, and the second group 186 being on the lower half of the
OPMC corresponding to beams originating from the h-po-
larisation state at the fibre input ports. The wavelength chan-
nels are separated spatially in the y-dimension and the image
of each wavelength channel appears substantially as being
highly asymmetric with orthogonal dimensions of 20 um in
the now focused y-dimension and approximately 700 um in
the collimated x-dimension. The individual wavelength chan-
nels from the input fibre ports can be accessed by the OPMC
180 independently of any of the other channels, and the
orthogonal polarisation states of any particular wavelength
channel can also be addressed individually. This offers the
ability to be able to control the efficiency of the reflected
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beams from the OPMC in either polarisation and hence com-
pensate for polarisation dependent loss on any particular
channel that may exist in the input beams.

In an alternative embodiment of the system, the mounting
of the OPMC device 180 can be simplified as illustrated in
FIG. 5 by folding the beams downwards (in the —-x-dimen-
sion) by a prism 181 to allow simple mounting of the OPMC.

Returning to FIG. 3, the OPMC is positioned at or near the
focal point of the light in the y-dimension being focused by
cylindrical lens 140, which coincides with the telecentric or
Fourier plane of the collimated light in the x-dimension. This
situation results in a 4-f (8-f for the complete return path)
optical system for light in the y-dimension and a 2-f (4-f for
the complete return path) optical system for light in the x-di-
mension. Thus, light in the y-dimension, when it retraces its
path back through the optical system, it is focused in the same
plane as the optical fibre ports. Conversely for light in the
x-dimension, a complete inversion of the magnification
occurs such that the focal position of the light at the fibres is
inverted about the centre line (i.e. between fibre ports 102 and
103).

The OPMC device 180 is able to couple any one indepen-
dently or all the wavelength channels from the input port 102
or the add port 101 to either the drop port 104 or the express
port 103. This coupling is achieved by inducing a phase
hologram on the OPMC at each of the wavelength channels of
the correct order to impart onto the beam the required amount
of phase front correction to partially recreate the phase front
of'abeam which would approximately retrace its path through
the system to be re-imaged on the desired output fibre port.
Simultaneously when the input light from the input port 102
is directed to the drop port 104 at a particular wavelength the
same wavelength will be directed from the add port 101 to the
express output port 103. The technique used to create the
phase hologram on the OPMC will be described later in
detail.

The re-imaged light at the output fibre port is again largely
circularly symmetric as the effects of the cylindrical lenses
and polarisation equalisation elements are reversed through
the return propagation. Channel by channel control of optical
power can be achieved by exciting a fraction of the power into
an angle that doesn’t correspond to an active port hence
attenuating the power in the chosen path.

Device 2

A second embodiment 200 is shown in schematic perspec-
tive view in FIG. 6 wherein the operation of all the elements
with similar numbers as elements in FIG. 3 (eg 130 and 230)
is equivalent. This embodiment 200 displays a multiple of
functionalities for each device such as wavelength switching
and channel by channel power control, wavelength blocking
etc. Clearly a subset ofthese functionalities could be achieved
such as a pure wavelength blocker device.

In the preferred embodiment the input and output ports
consist of 8 fibres (201-208) where the light from the odd-
numbered fibres 201, 203, 205 and 207 are directed to a
ROADM in one direction (ROADM1) and the even-num-
bered fibres 202, 204, 206 and 208 are directed to a second
ROADM (ROADM2) operating independently of the first to
be utilised in a second direction. The fibres are all aligned
vertically in what will be referred to as the x-dimension and
separated by about 250 um. The fibres consisting ROADM1
include a first input port 203, a first output port 205, a first add
port 201 and a first drop port 207. The fibres consisting
ROADM?2 include a first input port 204, a first output port
206, a first add port 2 and a first drop port 208.
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The output from the fibres undergoes adjustment of the NA
via the spherical microlens array 210 in an equivalent manner
as element 110 in the description of Device 1 above and is
again split into orthogonally polarised beams by a walk-off
crystal 215. The result of the walk-off crystal in this case is to
generate 16 beams separated by 125 pm with polarisation
states alternating between the v- and the h-polarisation.

The beams then enter a polarization diversity optical ele-
ment 220. Element 220 is a plate of A/2 thickness (92 um) for
light with a wavelength of 1.5 um and is constructed from
alternating regions 221 and 222 of glass and crystal quartz
respectively. The glass regions do not affect the polarisation
state of the beam passing through it, whereas the quartz
regions act as a A/2 waveplate and consequently rotate the
polarisation axis by 90° (between the x- and y-directions). To
achieve this, the optical axis of the pieces 222 are rotated 45°
with respect to the optical axis of the system.

Turning to FIG. 7, there is shown the first 5 fibre ports
201-205, the NA moditying optical power microlens array
210, the birefringent walk-oft element 215, the composite
waveplate 220 and the CBRW 230 to show in detail the
polarisation tagging architecture in more detail. An output
beam 291 from fibre 201 is split into two beams 292 and 293
by element 215, where beam 292 is in the vertical or v-po-
larisation state and beam 293 is in the horizontal or h-polari-
sation state. The optical element 220 is shown as comprising
of'a first glass waveplate of height 125 pm followed by alter-
nating regions of quartz and glass with heights of 250 um.
Beam 292 next passes through a glass region 221 of element
220 which does not alter the polarisation state and beam 293
passes through a quartz region 226 of element 220 which
rotates the plane of polarisation by 90° into the v-polarisation.
Beams 292 and 293, being all of the output from fibre port
201, are now both in the v-polarisation state. Looking now at
the output beam 294 from fibre port 202 after being similarly
separated into two subsequent beams 295 and 296 by element
215, the v-polarised beam 295 passes through a quartz region
222 of element 220 and is rotated into the h-polarisation state,
whereas the undeviated h-polarised beam 296 passes though
a glass region 221 as such is unchanged. All the output from
fibre port 202 is now in the h-polarisation state. This sequence
is repeated for each alternate fibre port such that the output
from all the odd-numbered ports 201, 203, 205 and 207 cor-
responding to ROADMI1 are output from 220 in the v-polari-
sation state and all the outputs from the even-numbered fibre
ports 202, 204, 206 and 208 corresponding to ROADM?2 are
in the h-polarisation state. The now polarisation tagged
beams enter the CBRW 230 to impart an angular offset on the
beams in one polarisation state with respect to the other. This
offset is again in the vertical or x-dimension. In other embodi-
ments, element 230 can be a simple, non-compensating ele-
ment, however this would correspond to unequal path lengths
resulting in a spatial offset between say a beam emitted from
fibre input port 201 and re-imaged to the output port 207 of
approximately 40 um, affecting the overlap efficiency of the
re-imaged light onto the express output or drop fibre ports.

The composite waveplate 220 can be constructed by first
bonding alternating sheets each having thickness of about
250 pm as shown in FIG. 8. The front face 225 of the stack is
polished to an optical quality finish and then cut transversely
to the direction of the sheets along line 223. The cut piece is
then attached to a substrate 227 as shown in FIG. 9 and
polished on the cut face 228 to be the required thickness for a
A2 waveplate at 1.5 um (92 um). The composite waveplate is
finally removed from the substrate 227. Such waveplates can
be produced by nano-optic lithographic techniques (as sup-
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plied by Nano Opto Corporation of Somerset, N.J. USA) or
by an arrangement of standard quartz waveplate techniques as
described above.

Referring back to FIG. 6, the beams from the input ports are
next projected to a first cylindrical mirror 240 with optical
power in the y-dimension and a focal length of 5 cm which
provides collimation in the y axis. The angular misalignment
between the v-polarised and h-polarised beams is unaffected
and continues to separate spatially. The beams are then pro-
jected onto polarisation equalisation element 250 where
again, the spatially separated v- and h-polarisations strike 250
in the upper 251 and lower 252 halves respectively. After the
element 250, to the polarisations of the beams are equalised
for efficient operation of the wavelength dispersing element
and the OPMC.

The beams are then directed to the cylindrical lens 260
having optical power in the x-dimension with a focal length of
20 cm before being incident on a wavelength dispersive ele-
ment shown as grism element 270 aligned at near-Littrow
condition and having diffraction grating 271 and wedged
prism 272. In other embodiments of the system, the wave-
length dispersive element can again be a simple grating oper-
ating in the near-Littrow reflective state for the 1.5 .mu.m
wavelength of the light (1200 lines/mm) emerging from the
input fibre ports, however the grism embodiment adds sig-
nificant advantages to the efficiency of the system as previ-
ously described.

The now wavelength-dispersed beams then pass back
through the prism element of the grism 270 and again are
passed through the cylindrical lens 260. After the second pass
ofthe x-dimension lens the now diffracted beam is collimated
in the x direction—the combined effect of the double pass of
the lens 260 being a lens with focal length of approximately
10 cm, being twice the focal length of the first cylindrical
mirror 240. This condition ensures that the grating acts in the
telecentric or Fourier plane of the beams in the y-dimension.

On exiting from the cylindrical lens 260 the now colli-
mated and spatially separated (in the x-dimension) beams
pass by the polarisation equalisation element 250 and are
incident again on the cylindrical mirror 240 which focuses the
beams in the y-dimension onto the liquid crystal spatial light
modulator (OPMC) 280.

In practise it may be difficult to efficiently place element
250 into the beam path such that the beams only interact with
it before striking the grism and not afterwards as well since:

a) the beams have significantly expanded at this point; and

b) the beams after the grism element are now angularly

dispersed in the y-dimension.

To correct this deficiency, it is possible to utilise a non-
reciprocal composite element (either 350 of FIG. 11 or 450 of
FIG. 12) incorporating a Faraday rotator and allow the beams
to pass through the element twice in each direction.

The first non-reciprocal embodiment of element 250 is
shown in FIG. 11 as a composite A/2 waveplate 350 similar to
that of element 150 or 250, where however the bottom half
351 is a birefringent material such as quartz which has its
optical axis at 22.5°, and the upper half 352 is a Faraday
rotating material. In order to utilise this device the polarisa-
tion equalisation element 220 needs to be replaced with the
alternative element 320 shown in FIG. 10. Element 320 is
similarly constructed to 220, however all of the alternate
regions are a birefringent material such as quartz with the
optical axes alternately oriented to be £22.5°. This has the
effect of rotating the polarisation state of an incident beam by
+45' on traversal of the A/2 waveplate. This result in the
odd-numbered fibres corresponding to ROADMI1 being
tagged with a polarisation state of +45°, and the even-num-
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bered fibres corresponding to ROADM?2 being tagged with a
polarisation state of —45°. Additionally, the CBRW 30 must
be rotated about the z-axis to align with the polarisations
states thus imparting the angular multiplex between the
tagged beams in the correct direction. Returning again to FI1G.
11, beams 301 from ROAMDI1 with polarisation +45° is
incident on 352 and which exiting 302 has been rotated 45°
clockwise (cw) to be in the h-polarisation state for efficient
diffraction by the grism element. The polarisation state is
unchanged on reflection 303 and on the second pass through
element 352 it is again rotated 45° cw to emerge 308 in the
-45° polarisation state. Conversely, beams 305 from
ROADM2 with polarisation —45° incident on element 351
and are rotated 45° counter-clockwise (ccw) to be in the
h-polarisation state 306 on exiting for efficient diffraction by
the grism element. Again, the polarisation state is unchanged
on reflection 307 and on the second pass through 351 it is
rotated cw 45° to be in the —45° polarisation 308. Beams from
both ROADMs are now in the same polarisation state and the
OPMC can be aligned accordingly to achieve efficient dif-
fraction of the beams.

In a second embodiment of a non-reciprocal polarisation
equalisation element to replace element 250, a composite A/2
waveplate 450 such as that shown in FIG. 12 can be utilised.
In this embodiment, no other changes need to be made in the
optical system, such that elements 220 and 230 can be as
shown in FIG. 6. The lower half 451 of the element 450 is
simple glass and as such has no effect on the polarisation of
the light passing through it in either direction. The upper half
however is constructed of two elements in series:

a) a birefringent material 452 such as quartz with its optical
axis rotated at an angle of 22.5° and thickness A/2 such
that beam passing though it are rotated in a reciprocal
manner by 45°; and

b) a Faraday rotating material 453 of A/2 thickness that
rotates the polarisation state of the light by +45° (cw) in
a non-reciprocal manner.

Thus, light from ROADM1 401 which strikes element 452
with polarisation in the vertical direction has its polarisation
rotated by +45° where it then strikes element 453 where the
polarisation is rotated a further 45° to emerge 402 in the
horizontal polarisation state before striking the grism.

On the return path after the grism, the light 403 firstly
strikes element 453 where it is rotated by 45° cw to be in the
-45° polarisation state, and next strikes element 452 where
the polarisation is then rotated ccw to emerge in the horizontal
polarisation state. Beams from both ROADMs are again now
in the same polarisation state for efficient operation of the
OPMC.

Returning to FIG. 6 the projection onto the OPMC com-
prises of two groups of spatially separated wavelength chan-
nels, one group 285 being on the upper half (in the x-dimen-
sion) of the OPMC corresponding to beams from the input
fibre ports of ROADM]1, and the second group 286 being on
the lower half of'the OPMC corresponding to beams from the
input fibre ports of ROADM2. The wavelength channels are
separated spatially in the y-dimension and the image of each
wavelength channel appears substantially as being highly
asymmetric with orthogonal dimensions of 20 um in the now
focused y-dimension and approximately 700 um in the sub-
stantially collimated x-dimension. The individual wave-
length channels from either ROADM1 or ROADM2 can be
accessed by the OPMC 280 independently of any of the other
channels.

The OPCM 280 is positioned at approximately one focal
length from the cylindrical lens 240, which coincides with the
telecentric or Fourier plane of the collimated light in the
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x-dimension. This situation results in a 4-f (8-f for the com-
plete return path) optical system for light in the y-dimension
and a 2-f (4-f for the complete return path) optical system for
light in the x-dimension. Thus, light in the y-dimension, when
it retraces its path back through the optical system, is focused
in the same plane as the optical fibre ports. Conversely for
light in the x-dimension, a complete inversion of the magni-
fication occurs such that the focal position of the light at the
fibres is inverted about the centre line (i.e. between fibre ports
204 and 205). However, since in the present system alternate
fibre ports are tagged with alternate polarisation states, such
that each of the fibres located at equal distances from the
centre line of the fibre port array is tagged with an orthogonal
polarisation and no light from the other fibre port will be
imaged onto its magnification equivalent since the polarisa-
tion equalisation elements in the system will only re-image
the light back onto a fibre port if it is of the correct polarisa-
tion. This polarisation tagging architecture thus has the sig-
nificant advantage of eliminating cross-talk between the two
ROADMSs since the interconnected fibre ports are twice the
distance between the individual fibres of the total fibre array,
and any light from either of the ROADM devices that appears
onto the path of the other is lost to the space between the fibres
due to the fact that it will be of incorrect polarisation and will
not be combined in the walk-off crystal 215.

The OPMC 280 is able to direct the image of any one
wavelength channel independently or all the wavelength
channels from the input fibres between the drop ports, either
fibre ports 207 or 208, or the express ports, either fibre ports
205 or 207, for either of ROADM1 or ROADM2 respectively.
This is achieved by inducing a phase hologram at each of the
wavelength channels of the correct order to impart onto the
beam the required amount of phase front correction to retrace
its path through the system and be re-imaged on the desired
output fibre port. Simultaneously when the input light from
the input port 203 of ROADM]1 is directed to the drop port 207
at a particular wavelength, the same wavelength will be
directed from the corresponding add port 201 to the express
output port of ROADM1 205. Similarly for ROADM2, when
the input light from the input port 4 of ROADM?2 is directed
to the drop port 208 at a particular wavelength the same
wavelength will be directed from the corresponding add port
202 to the express output port 206 of ROADM2. The re-
imaged light at the fibre port is again largely circular sym-
metric as the effects of the cylindrical lenses and polarisation
equalisation elements are reversed through the return propa-
gation. The operation of the OPMC device will now be
described.

Description of the Optical Phased Matrix Coupling Device

The optical phased array coupling (OPMC) element in the
preferred implementations is a liquid crystal on silicon
(LCOS) device. Liquid crystal devices are commonly used
for optical modulators. They have a number of advantages
over mechanical modulators such as large modulation depths,
no moving parts, low power dissipation, potential for large
aperture operation and low cost. The LCOS device is a reflec-
tive device where a liquid crystal is sandwiched between a
transparent glass layer with a transparent electrode and a
silicon substrate divided into a 2-dimensional array of indi-
vidually addressed electrodes. LCOS technology enables
very high resolution devices with pixel pitch on the order of
10-20 pm, with each pixel being individually addressed by
electrodes on the silicon substrate. The liquid crystals com-
monly used are dependent on the particular application,
where ferroelectric liquid crystals (FLC) are preferred for
devices requiring very fast switching times and phase modu-
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lations of less than /2, and Nematic Liquid Crystals (NLC)
are preferred for applications requiring pure phase modula-
tions of up to 2m in reflection on a pixel-by-pixel basis. The
LCOS systems in the preferred embodiments use NLCs. Such
devices are available from Boulder Nonlinear Systems of
Lafayette, Colo., USA.

The diffractive optical phased matrix can be thought of in
terms of a diffraction grating formed by quantised multiple
level phase grating set up by setting the amount of phase
retardation on a pixel-by-pixel basis across the face of the
beam to be routed. High efficiency of coupling and high
isolation of switching states can be achieved through the use
of a large number of elements in the phased matrix particu-
larly in the axis of the x-dimension as is provided by the large
size of the optical projection in that axis.

As described in the descriptions above, the image on the
OPMC is that of two groups of spatially separated wavelength
channels, one group being on the upper half (in the x-dimen-
sion) of the OPMC corresponding to beams that have been
tagged with a first polarisation state, and the second group
being on the lower half of the OPMC corresponding to beams
that have been tagged with a second polarisations state, which
is orthogonal to the first. Since the LCOS device is highly
polarisation dependent, for efficient operation, the light from
both groups of beams when they arrive at the device have been
manipulated to be in the same polarisation state as previously
described. The wavelength channels are separated spatially in
the y-dimension and the image of each wavelength channel
appears substantially as being highly asymmetric with
orthogonal dimensions of 20 um in the focused y-dimension
and approximately 700 um in the collimated x-dimension.

Due to the individually addressable nature of the LCOS
pixels, the individual wavelength channels from either group
of'beams can be accessed by the OPMC 180 or 280 indepen-
dently of any of the other channels. The OPMC device is
divided into two series’ of elongated cell regions substantially
matching the elongated spatially separated wavelength
bands. The cell regions each can include a plurality of driv-
able cells and wherein, in use, the cells are preferably driven
s0 as to provide a selective driving structure which projects a
corresponding optical signal falling on the cell region sub-
stantially into one of a series of output order modes.

One method of visualising the coupling of a particular
wavelength channel to a desired output port is that particular
wavelength channel occupies on the LCOS device form an
optical phase matrix. This matrix is set up in such a fashion so
as to recreate the phase of the required output port from the
phase front of the input port which will now be described. In
this embodiment, for simplicity the beams are assumed to be
collimated in the x-axis with a linearly varying phase front
though the required functions can be easily calculated for
converging or diverging or distorted phase fronts wherein the
OPMC will provide optical power and routing simulta-
neously.

Referring to FIG. 13 and FIG. 14, the forward propagating
beam from an optical fibre input port 503 is generated with a
phase-front orthogonal to the direction of propagation. It
passes through a lens 510 with a focal length f. The beam is
still travelling in the same direction so the phase-front 561
strikes the OPMC device 520 in the plane of the device. To
couple this beam into an optical fibre output port 501, the
phase-front of the beam after reflection from the OPMC
needs to have a phase front 565 which has a phase slope s with
respect to the incoming phase-front 561 in the switching
plane given in units of radians per micrometer. Thus, after
passing again through the lens 510, the backward propagating
beam has been displaced by a distance d with respect to the
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forward propagating beam, and so is incident on the output
port 501. The phase slope s that is needed on the backward
propagating phase-front to align with a particular output port
is found by

This phase slope then needs to be converted into a phase
shift on the individual pixels of the LCOS in the form of a
voltage ramp in the plane of the elongated image of the
wavelength channel on the OPMC device. The phase shift ¢
that each pixel needs to impart on the beam is calculated by

2-7-X-Y-s
- A

where X is the pixel width in pm, Y is the number of pixels,
and A is the wavelength of the channel in um. The relationship
between the phase shift imparted on the beam by each pixel
and the voltage applied to that pixel is determined using a
lookup table. This results in an increasing function of voltage
(or phase change) with respect to the pixel number as seen by
example in the dotted lines 601 and 603 of FIG. 15 and FIG.
16 respectively using 256 pixels. To limit the amount of
voltage applied to the pixel, however, it is recognised that a
phase shift of 2 is equivalent to a phase shift of 0, so each
time the phase shift of a particular pixel reaches 2, the
voltage of the next pixel is reset to give a phase shift of zero
and the ramp repeated. This is seen by the solid lines 602 and
604 in FIG. 15 and FIG. 16 respectively.

Channel by channel control of optical power can be
achieved by exciting a fraction of the power into a mode that
doesn’t correspond to an active port hence attenuating the
power in the chosen path.

A second way to visualise the coupling is to presume that
the optical phased-matrix at a particular wavelength channel
is set up in such a fashion so as to create an overlap integral
between the input and the desired output ports of that particu-
lar wavelength channel. The spatial overlap integral of the
input Electric field vector at the OPCM times modified by the
applied phase of the OPMC with Electric field vector of the
output fibre projection on the OPCM will provide a measure
of'the coupling efficiency between those ports. It is clear that
the OPCM can be used to correct for optical aberrations in the
system or deliberate optical aberrations can be introduced to
suppress back reflections by suitable design of the optical
phased-matrix. Additionally, control over the relative phase
of the reflected light in each fibre is provided which could be
usefully employed if the optical wavelength processor is used
in interferometric applications.

In alternative embodiments the OPCM can provide part or
all of the optical power required to allow refocusing of the
beam in the y dimension. This can be calculated in an iden-
tical fashion as the OPCM only requires spatial overlap of the
intensity of the beams to allow coupling to occur and is
independent of the state of focus or collimation.

A significant benefit of the phased matrix approach with
the LCOS device is that the efficiency of the overlap coupling
efficiency can be controlled on a wavelength-by-wavelength
basis by active control of the coupling or diffraction effi-
ciency of the phase matrix. This can be achieved by coupling
a known amount of the wavelength channel into a mode
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which does not correspond to an output port and as such, the
light is lost to the system. In the same fashion, if desired,
known portions of light in any particular group or wavelength
channel can be coupled into more than one output fibre.

Although the invention has been described with reference
to a specific example, it will be appreciated by those skilled in
the art that the invention may be embodied in many other
forms.

I claim:

1. An optical signal manipulation system including:

a series of ports for carrying a series of optical signals to be
manipulated;

a spatial separating means for simultaneously spatially
separating at least a firstand a second group of light from
said series of optical signals, each of said first and sec-
ond group including a multiplicity of independent wave-
length channels, with the wavelength channels of the
first group having overlapping wavelength ranges of the
wavelength channels of the second group;

a wavelength dispersion element subsequently spatially
separating the multiplicity of wavelength channels of
said first and second group and projecting them onto a
wavelength processing means; and

wavelength processing means for separately processing
each of the separated wavelengths of said first and sec-
ond group, with each of wavelength channels of the first
and second group being processed independently at a
separated spatial location, said wavelength processing
means having a series of independent wavelength pro-
cessing elements, with separate wavelength processing
elements simultaneously processing the wavelength
channels having overlapping wavelength ranges of the
first and second group.

2. A system as claimed in claim 1 wherein said spatial
separating means includes a polarisation manipulation ele-
ment separating a first and second series of predetermined
polarisations from predetermined ones of said ports and pro-
jecting said first series in a first angular direction and the
second series in a second angular direction.

3. A system as claimed in claim 1 wherein said spatial
separating means includes a series of optical power elements
offset from said ports separating at least a first and second
series of predetermined optical signals from predetermined
ones of said ports and projecting said first series in a first
angular direction and the second series in a second angular
direction.

4. A system as claimed in claim 1 wherein signals pro-
cessed by said wavelength processing means are transmitted
back through said wavelength dispersion eclement, said
polarisation manipulation element for output at said optical
signal ports.

5. A system as claimed in claim 4 wherein the particular
port to which particular wavelength channels are output is
determined by the processing carried out by said wavelength
processing means.

6. A system as claimed in claim 4 wherein said wavelength
processing means includes a series of zones and the wave-
length processing means separately manipulates the phase
front of light striking each of said zones in order to control the
output destination of wavelength channels striking a particu-
lar zone.

7. A system as claimed in claim 6 wherein said wavelength
processing means comprises a spatial light modulator having
aplurality of independently addressable pixels with said pix-
els being manipulated in a predetermined manner so as to
manipulate the phase front striking a corresponding zone.
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8. A system as claimed in claim 1 wherein the optical
signals received by said wavelength processing means are in
the form of wavelength separated elongated bands.

9. A system as claimed in claim 8 wherein the wavelength
separated elongated bands are substantially collimated along
their major axis and substantially focused along their minor
axis.

10. A system as claimed in claim 9 wherein the ratio of the
width of the major axis to the width of the minor axis of the
bands is equal to or greater than 5.

11. A system as claimed in claim 9 wherein the width of the
bands major axis is substantially 700 microns and the width of
a bands minor axis is substantially 20 microns.

12. A system as claimed in claim 8 wherein said first group
of'wavelength channels forms a first row of wavelength sepa-
rated elongated bands and said second group of wavelength
channels forms a second row of wavelength separated elon-
gated bands.

22

13. A system as claimed in claim 12 wherein said first and
second row are substantially parallel.

14. A system as claimed in claim 2 wherein said first series
of predetermined polarisations is derived from orthogonal
polarisations of a first series of optical signals and said second
series of predetermined polarisations is derived from
orthogonal polarisations of a second series of optical signals.

15. A system as claimed in claim 2 wherein said polarisa-
tion manipulation element comprises, in series, a polarisation
separation element for spatially separating orthogonal polari-
sations, a polarisation alignment element for aligning the
separated orthogonal polarisations and a polarisation deflec-
tion element for angularly deflecting an optical signal in
accordance with the polarisation state of the signal.

16. A system as claimed in claim 1 wherein said first and
second group include at least one wavelength channel of the
substantially the wavelength.

#* #* #* #* #*
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