USOORE42407E
(19) United States
a2y Reissued Patent (10) Patent Number: US RE42,407 E
Iazikov et al. 45) Date of Reissued Patent: May 31, 2011
(54) DISTRIBUTED OPTICAL STRUCTURES (52) US.CL .............. 385/37; 385/10; 385/14; 385/129
WITH IMPROVED DIFFRACTION (58) Field of Classification Search ................... 385/10,

EFFICIENCY AND/OR IMPROVED OPTICAL
COUPLING

(75) Inventors: Dmitri Iazikov, Springfield, OR (US);
Christoph M. Greiner, Fugene, OR
(US); Thomas W. Mossberg, Eugene,
OR (US)

(73) Assignee: Steyphi Services DE LLC, Dover, D.
(US)

(21)  Appl. No.: 12/408,039

(22) Filed: Mar. 20, 2009
Related U.S. Patent Documents

L1

Reissue of:

(64) Patent No.: 7,194,164
Issued: Mar. 20, 2007
Appl. No.: 10/898,527
Filed: Jul. 22, 2004

U.S. Applications:

(63) Continuation-in-part of application No. 10/633,876,
filed on Sep. 2, 2003, now Pat. No. 6,829,417, which 1s
a continuation-in-part of application No. 10/229,444,
filed on Aug. 27, 2002, now Pat. No. 6,678,429, said
application No. 10/898,527 1s a continuation-in-part of
application No. 09/811,081, filed on Mar. 16, 2001,
now Pat. No. 6,879,441, and a continuation-in-part of
application No. 09/843,597, filed on Apr. 26, 2001,

now Pat. No. 6,965,464.
(60) Provisional application No. 60/489,4°70, filed on Jul.

22, 2003, provisional application No. 60/492,438,
filed on Aug. 4, 2003, provisional application No.
60/315,302, filed on Aug. 27, 2001, provisional appli-
cation No. 60/370,182, filed on Apr. 4, 2002, provi-
stonal application No. 60/190,126, filed on Mar. 16,
2000, provisional application No. 60/199,790, filed on
Apr. 26, 2000, provisional application No. 60/235,330,
filed on Sep. 26, 2000, provisional application No.

60/247,231, filed on Nov. 10, 2000.

(51) Int.Cl.
G02B 6/34 (2006.01)
GO2B 6/12 (2006.01)
G02B 6/10 (2006.01)
GO2F 1/035 (2006.01)
f/ DR

385/14, 37, 129
See application file for complete search history.

(56) References Cited

U.S. PATENT DOCUMENTS

3,995,937 A 12/1976 Baues et al.
(Continued)

FOREIGN PATENT DOCUMENTS

EP 0310438 Al 4/1989
(Continued)
OTHER PUBLICATIONS
Office Action mailed Dec. 30, 2009 for U.S. Appl. No. 12/421,971.
(Continued)

Primary Examiner — Mark Robinson
Assistant Examiner — Frin D Chiem

(74) Attorney, Agent, or Firm — Schwabe, Willlamson &
Wyatt, P.C.

(57) ABSTRACT

An optical apparatus comprises a planar optical waveguide
having at least one set of diffractive elements and confining in
at least one transverse spatial dimension optical signals
propagating therein. Fach diffractive element set routes,
between corresponding input and output optical ports, a cor-
responding diffracted portion of an input optical signal propa-
gating 1n the waveguide that 1s successively incident on the
diffractive elements and 1s diffracted by the diffractive ele-
ment set. The optical signals propagate in the waveguide in
corresponding diffractive-region optical transverse modes 1n
regions where the diffractive elements are present, and in
corresponding non-diffractive-region optical transverse
modes 1n regions where the diffractive elements are absent.
The diffractive element set 1s adapted so as to yield an opera-
tionally acceptable level of either or both of 1) optical cou-
pling between corresponding diffractive-region and non-dif-
fractive-region optical transverse modes, and 11) diffraction
eificiency of the diffractive element set.

533 Claims, 10 Drawing Sheets

108 106

/N

JUgL

104B 102

104A



US RE42,407 E

Page 2
U.S. PATENT DOCUMENTS 7,120,334 Bl  10/2006 Greiner et al.
7,123,794 B2  10/2006 Greiner et al.

4,006,967 A 2/1977 Kenan et al. 7.181.103 Bl 2/2007 Greiner et al.
jég‘%ggﬁ i éﬁg;g Ef;man o 7.190.859 B2 3/2007 Greiner et al.
4.440.468 A 4/1984 Auracher et al. g’égg’éﬂ Eé %88; %;;:}fal‘
4,660,934 A 4/1987 Akiba et al. 7.224.855 B2 5/2007 lazikov et al
4,740,951 A 4/1988 Lizet et al. it . '
43743ﬁ083 A 5/1988 Schimne 7,260,290 Bl 8/2007 Gre!ner et al.
45746j186 A 5/108% Niciap 7,286,732 B2  10/2007 Greiner et al.
4,773.063 A 0/1988 Hunsperger et al. 200%109791’2}12 22 ggggg %OSISberg etﬁl‘
4786133 A 11/1988 Gidon et al. -: gg cton et al.
» /00, 2003/0011833 Al 1/2003 Yankov et al.
4,803,690 A 2/1989 Pepper et al. 2003/0039444 Al 2/2003 Mossberg et al.
4,824,193 A 471989 Maeda et al. 2003/0067645 Al 4/2003 Ibsen et al.
3’232’22‘2‘ i %gzg geﬁ?e et alt' y 2003/0068113 Al 4/2003 Janz et al.
4852060 A /1989 Alferness et al. 20030117677 AL 672003 Mossberg
4053971 A 1000 Hom ot 2003/0185269 A1* 10/2003 Gutin ...oooooooocceocrocee 372/108
4038 553 A 1000 Maeg o 2003/0206694 Al  11/2003 Babin et al.
258, * 2004/0047561 Al 3/2004 Tuda
5,040,864 A 8§1991 Hong 1 / 2004/0076374 Al 4/2004 Greiner et al.
g,ggg,ggi i g/&gg% %I/[;Zne;:t'al* **************** 385/37 2004/0131360 Al 7/2004 Ilazikov et al.
VA, . * 2004/0170356 Al 9/2004 Iazikov et al.
5,107,359 A 471992 Ohuchida 2004/0173680 Al 9/2004 Mossberg et al.
5,165,104 A 11/1992 Weverka 2004/0179779 Al 9/2004 Greiner et al.
5,195,161 A 3/1993 Adaretal 2004/0208466 Al  10/2004 Mossberg et al.
5,274,657 A 1271993 Hori et al. 2004/0258356 Al  12/2004 Brice et al.
2,357,591 A 1();1994 Jiang 2005/0018951 Al 1/2005 Mossberg et al.
gjggg,ﬂ i g/,}ggg %“}ﬁgfzt . 2005/0063430 Al 3/2005 Doucet et al.
193, . * 2005/0078912 Al 4/2005 Iazikov et al.
5,668,900 A 9j1997 Liltﬂe et al*l 2005/0135744 Al 6/2005 Greiner et al.
2%?3*3‘?3 i g/,ggg Eaﬁgi"&’ft“ @ 2005/0135745 Al 6/2005 Greiner et al
558305622 A 11/1998 Canningetajl 2005/0135747 Al 6/2005 Greiner et al.
5.887.004 A * 3/1999 Bakhti ctal. ......occo... 38528 50000163425 AL 92005 Crce
0,207,647 A 5/1999 Eggleton et al. 2005/0196114 Al 9/2005 Xu et al
5,995,691 A 11/1999 Arai et al. 2006/0023280 Al 2/2006 Mossberg
6,011,884 A %ZOOO Dueck et allf* ; 2006/0139712 Al 6/2006 Mossberg
g=gérﬂ§§§i %888 EZIHJI;’HG;’;’E etesl ' 19517 2006/0177178 Al 82006 Greiner et al.
) ot 2006/0193553 Al 8/2006 Mossberg et al.
g"ii}igg i 1(1)//%888 E.“meli et al. 2006/0210214 Al 9/2006 Uhlhorn et al.
C 160613 B 1500 Aﬁtz{et . 2006/0233493 Al 10/2006 Mossberg
6jjh6956jh4 th 1/2OOT Whitcomb e:t ol 2006/0256831 Al 11/2006 Volodin et al.
2%22336;‘ g g%gg EhOI_HPSO? | FOREIGN PATENT DOCUMENTS
,260, | 1 Laming et al.
6,285,813 B1  9/2001 Schultzg et al. EP 0310438 A1 4/1989
6,323,970 Bl  11/2001 Popovich GB 2168 215 A 6/1986
6,408,118 Bl  6/2002 Ahuja et al. GB 2168215 A 6/1986
6,473,232 B2  10/2002 Ogawa P 4368901 A 12/1992
6,553,162 Bl 4/2003 Okayama P S019726 A 5/1993
6,603,901 Bl 82003 Hale et al. IP 1031121 A 2/1998
6,678,429 B2  1/2004 Mossberg et al. WO 9935523 Al 7/1999
6,702,897 B2 3/2004 Cullen et al. WO WO -99/35523 Al 7/1999
6,718,093 B2  4/2004 Zhou WO 9956159 Al 11/1999
6,768,834 Bl 7/2004 Gruhlke WO 199956159 Al 11/1999
6,781,944 Bl  8/2004 Tanaka WO WO -99/56159 Al 11/1999
6,813,048 B2  11/2004 Kitamura WO 2005054120 Al 7/2002
6,823,115 B2  11/2004 Greiner et al. WO 02075411 Al 9/2002
6,829.417 B2  12/2004 Greiner et al. WO WO 02-075411 9/2002
6,836,492 B2  12/2004 Ido
6.850670 B2  2/2005 Parhami et al. OTHER PUBLICATIONS
g*g;g’géﬁ gé i%ggg ﬁﬁ:;gﬁfia ot 2 Notice of Allowance mailed Dec. Jan. 28, 2010 for U.S. Appl. No.
6,879,441 Bl  4/2005 Mossberg 11/280,876. |
6,928,223 B2 8/2005 Walpole et al. Notice of Allowance mailed Feb. 1, 2010 for U.S. Appl. No.
6,961,491 B2 11/2005 Greiner et al. 12/367,159.
0,965,464 B2 11/2005 Mossberg Notices of Allowance mailed Jan. 8, 2010 and Feb. 5, 2010 for U.S.
6,965,716 B2  11/2005 Greiner et al. Appl. No. 11/676,273.
0,985,656 B2 1/2006 lazikov et al. Notice of Allowance mailed Mar. 2, 2010 for U.S. Appl. No.
6,987,911 B2 1/2006 Mossberg 12/403,281.
6,990,276 B2 1/2006 Brice et al. Tien et al., “Use of Concentric-Arc Grating as a Thin-Film
g’ggg’%éi E% égggg g;illl(lz Zi al. Spectrograph for Guided Waves” Appl. Phys. Lett. vol. 37 No. 6 pp.
7,009,743 B2 3/2006 Mossberg 524-525 (Sep. 15, 1980). | |
7.016.569 B2 32006 Mule et al. Ura et al., IJ_iltegrated Optlc_ Wavel_ength Demultiplexer Using a
7.049.704 B2 5/2006 Chakravorty et al. Coplanar Grating Lens”, Applied Optics, vol. 29 No.9 pp. 1369-1373
7,054,517 B2 5/2006 Mossberg et al. (Mar. 20, 1990).
7,062,128 B2 6/2006 Mossberg Wang et al., “Theory and Applications of Guided-Mode Resonance
7,116,453 B2  10/2006 Mossberg Filters”, Applied Optics, vol. 32 No. 14 pp. 2606-2613 (May 10,
7.116,852 B2  10/2006 Tuda 1993).




US RE42,407 E
Page 3

Wang, et al., “Wavelength-Division Multiplexing and Demultiplex-
ing on Locally Sensitized Single-Mode Polymer Microstructure
Waveguides”, Optics Letters, vol. 15, No. 7., pp. 363-365 (Apr. 1,
1990).

Wang et al, “Five-Channel Polymer Waveguide Wavelength Division
Demultiplexer for the Near Infrared”, IEEE Photonics Technology
Letters, vol. 3 No. 1 pp. 36-38 (Jan. 1991).

Wiesman et al., “Apodized Surface-Corrugated Gratings with Vary-
ing Duty Cycles”, IEEE Photonics Technology Letters, vol. 12 No. 6
pp. 639-641 (Jun. 2000).

Wu et al., “Simplified Coupled-Wave Equations for Cylindrical
Waves in Circular Grating Planar Waveguides™, Journal of Lightwave
Technology, vol. 10 No. 11 pp. 1575-1589 (Nov. 1992).

Office Action, mailed Oct. 9, 2007 for U.S. Appl. No. 11/280,876.
Office Action, mailed Jul. 1, 2008 for U.S. Appl. No. 11/280,876.
Office Action, mailed Mar. 5, 2009 for U.S. Appl. No. 11/280,876.
Notice of Allowability, mailed Jun. 25, 2009 for U.S. Appl. No.
11/280,876.

Mossberg, “Planar Holographic Optical Processing Devices”, Optics
Letters, USA, Optical Society of America, vol. 26, No.7,pp.414-416
(Apr. 1, 2001).

International Preliminary Examination Report, mailed Feb. 23, 2004
for application PCT/US02/27288.

International Preliminary Examination Report, mailed Jul. 26, 2004
for application PCT/US02/08199.

International Preliminary Examination Report, mailed Oct. 6, 2006
for application PCT/US02/12869.

International Search Report, mailed Aug. 22, 2002 for application
PCT/US02/08199.

International Search Report, mailed Jan. 2, 2003 for application
PCT/US02/27288.

International Search Report, mailed Feb. 26, 2003 for application
PCT/US02/12869.

International Search Report, mailed May 5, 2004 for application
PCT/US03/27472.

Reasons for Allowance, mailed Sep. 23, 2003 for U.S. Appl. No.
10/229,444,

Reasons for Allowance, mailed Nov. 19, 2004 for U.S. Appl. No.
09/811,081.

Reasons for Allowance, mailed Nov. 19, 2004 for U.S. Appl. No.
10/602,327.

Reasons for Allowance, mailed May 6, 2005 for U.S. Appl. No.
10/989,236.

Reasons for Allowance, mailed May 19, 2005 for U.S. Appl. No.
09/843,597.

Reasons for Allowance, mailed Jul. 22, 2005 for U.S. Appl. No.
10/923,455.

Reasons for Allowance, mailed Aug. 5, 2005 for U.S. Appl. No.
10/794,634.

Reasons for Allowance, mailed Sep. 15, 2005 for U.S. Appl. No.
10/998,185.

Reasons for Allowance, mailed Sep. 15, 2005 for U.S. Appl. No.
10/857,987.

Reasons for Allowance, mailed Sep. 16, 2005 for U.S. Appl. No.
10/842,790,

Reasons for Allowance, mailed Dec. 5, 2005 for U.S. Appl. No.
11/239,540.

Reasons for Allowance, mailed Jun. 12, 2006 for U.S. Appl. No.
11/055,559.

Reasons for Allowance
11/361,407.

Reasons for Allowance, mailed Oct. 13, 2006 for U.S. Appl. No.
11/062,109.

Reasons for Allowance, mailed Dec. 19, 2006 for U.S. Appl. No.
11/532,532.

Reasons for Allowance, mailed Jan. 24, 2007 for U.S. Appl. No.
10/898,527.

Reasons for Allowance, mailed Jan. 25, 2007 for U.S. Appl. No.
11/383,494.

Reasons for Allowance, mailed Mar. 20, 2007 for U.S. Appl. No.
11/423,856.

Reasons for Allowance, mailed Aug. 20, 2007 for U.S. Appl. No.
11/685,212.

mailed Aug. 3, 2006 for U.S. Appl. No.

~ll

Reasons for Allowance, mailed Oct. 22, 2008 for U.S. Appl. No.
11/334,039.

Office Action, mailed Apr. 2, 2003 for U.S. Appl. No. 09/811,081.
Office Action, mailed Aug. 5, 2003 for U.S. Appl. No. 09/811,081.
Office Action, mailed Dec. 30, 2003 for U.S. Appl. No. 09/811,081.
Office Action, mailed May 18, 2004 for U.S. Appl. No. 10/653,876.
Office Action, mailed May 24, 2004 for U.S. Appl. No. 10/602,327.
Office Action, mailed Jun. 15, 2004 for U.S. Appl. No. 09/811,081.
Office Action, mailed Jun. 30, 2004 for U.S. Appl. No. 09/843,597.
Office Action, mailed Jan. 12, 2005 for U.S. Appl. No. 09/843,597.
Office Action, mailed Jul. 21, 2005 for U.S. Appl. No. 11/076,251.
Office Action, mailed Mar. 10, 2006 for U.S. Appl. No. 11/055,559.
Office Action, mailed Jun. 20, 2006 for U.S. Appl. No. 11/062,109.
Office Action, mailed Aug. 11, 2006 for U.S. Appl. No. 10/898,527.
Office Action, mailed Sep. 29, 2006 for U.S. Appl. No. 11/423,856.
Office Action, mailed Jun. 27, 2007 for U.S. Appl. No. 11/676,273.
Office Action, mailed Jan. 15, 2008 for U.S. Appl. No. 11/676,273.
Office Action, mailed May 30, 2008 for U.S. Appl. No. 11/334,039.
Office Action, mailed Aug. 8, 2008 for U.S. Appl. No. 11/676,273.
JP Office Action, mailed Aug. 15, 2008 for application 2003-524057.
Office Action, mailed Apr. 7, 2009 for U.S. Appl. No. 11/676,273.
Alavie et al., “A Multiplexed Bragg Grating Fiber Laser Sensor
System”, IEEE Photonics Tech. Lett., vol. 5 No. 9 pp. 1112-1114
(Sep. 1993).

Avrutsky et al., “Multiwavelength Diffraction and Apodization
Using Binary Superimposed Gratings”, IEEE Photonics Tech. Lett.,
vol. 10 No. 6 pp. 839-841 (Jun. 1998).

Babbitt et al., “Optical Waveform Processing Routing with Struc-
tured Surface Gratings”, Opt. Commun., vol. 148 pp. 23-26 (1998).
Babbitt et al., “Spatial Routing of Optical Beams Through Time-
Domain Spatial-Spectral Filtering”, Opt. Lett., vol. 20 No. 8 pp.
910-912 (Apr. 1995).

Backlund et al, Multifunctional grating couplers for bidirectional
incoupling into planar waveguides., IEEE Photonics Tech. Lett., vol.
12 No. 3 pp. 315-316 (Mar. 2000).

Bates et al, Gaussian beams from variable groove depth grating
couplers 1n planar waveguides, Appl. Opt., vol. 32 No. 12 pp. 2112-

2116 (Apr. 1993).

Bedford et al, Bow-Tie Surface-Emitting Lasers, IEEE Photonics
Technology Letters, vol. 12 No. 8 p. 948 (Aug. 2000).

Brady et al, Holographic Interconnections in Photorefractive
Waveguides., Applied Optics, vol. 30 No. 17 p. 2324 (Jun. 1991).
Brazas et al, Analysis of input-grating couplers having finite lengths.,
Appl. Opt., vol. 34 No. 19 pp. 3786-3792 (Jul. 1995).

Brigham et al, Analysis of scattering from large planar gratings of
compliant cylindrical shells, J. Acoust. Soc. A., vol. 61 No. 1 pp.
48-59 (Jan. 1977).

Canning et al, Grating structures with phase mask period in silica-
on-silicon planar waveguides., Opt. Commun., vol. 171 pp. 213-217
(1999).

Capron et al, Design and Performance of a Multiple Element Slab
Waveguide Spectrograph for Multimode Fiber-Optic WDM System.,
J. Lightwave Tech., vol. 11 No. 12 pp. 2009-2014 (Dec. 1993).
Chen et al, Guided-wave planar optical interconnects using highly
multiplexed polymer waveguide holograms., J. Lightwave Tech., vol.
10 No. 7 pp. 888-897 (Jul. 1992).

Chen et al, Ten channel single-mode wavelength division
demultiplexer 1n the near IR, Integrated Optical Circuits, vol. 1583
pp. 134-142 (Intl. Soc. Opt. Eng., Boston, MA, USA, Sep. 1991).
Cowin et al., Compact polymeric wavelength division multiplexer.,
Electron. Lett., vol. 35 No. 13 pp. 1074-1076 (Jun. 1999).

Day et al, Filter-Response Line Shapes of Resonant Waveguide Grat-
ing., J. Lightwave Tech., vol. 14 No. 8 pp. 1815-1824 (Aug. 1998).
Dern et al, Quantitative Analysis of Integrated Optic Waveguide
Spectromenters, IEEE Photonics Tech. Lett., vol. 6 No. 2 pp. 242-244
(Feb. 1994).

Eldada et al, Dispersive properties of planar polymer bragg gratings.,
IEEE Photonics Tech. Lett., vol. 12 No. 7 pp. 819-821 (Jul. 2000).
Eriksson et al, Parabolic-Confocal Unstable-Resonator Semiconduc-
tor Lasers—Modeling and Experiments, IEEE J. Quantum Electron-
ics, vol. 34 No. 5 p. 858 (May 1998).




US RE42,407 E
Page 4

Eriksson et al, Surface-Emitting Unstable-Resonator Lasers with
Integrated Diffractive Beam-Forming FElements, IEEE Photonics

Technology Letters, vol. 9 No. 12 p. 1570 (Dec. 1997).
Fu et al, 1x8 supergrating wavelength-division demultiplexer in a

silica planar waveguide., Opt. Lett., vol. 22 No. 21 pp. 1627-1629
(1997).

Ginir et al, Polarization Independent InP WDM Multiplexer/
Demultiplexer Module, J. Lightwave Tech., vol. 16 No. 4 pp. 625-630
(Apr. 1998).

Grunnet-Jepsen et al, Fibre Bragg grating based spectral encoder/
decoder for lightwave CDMA, Electon. Lett., vol. 35 No. 13 pp.
1096-1097 (Jun. 1999).

Grunnett-Jepsen et al, Demonstration of All-Fiber Sparse Lighwave
CDMA Based on Temporal Phase Encoding, Photonics Tech. Lett.,

vol. 11 No. 10 p. 1283 (Oct. 1999).
Henry, Four-Channel Wavelength Division Multiplexers and

Bandpass Filters Based on Elliptical Bragg Reflectors,. J. Lightwave
Tech., vol. 8 No. 5 99 748-755 (May 1990).

Hirayama et al., “Novel Surface Emitting Laser Diode Using
Photonic Band-Gap Cavity,” Appl. Phys. Lett 69(6), Aug. 5, 1996.
Kaneko et al, Design and Applications for silica-based planar
lightwave circuits., IEEE J. Sel. Top. Quant. Elec., vol. 5 No. 5 pp.
1227-1236 (Sep./Oct. 1999).

Kazarinov et al, Narrow-Band Resonant Optical Reflectors and
Resonant Optical Transtformers for Laser Stabilization and Wave-
length Division Multiplexing, IEEE J. Quantum Electronics, vol.
QE-23 No. 9 p. 1419 (Sep. 1987).

Koontz et al, Preservation of rectangular-patterned InP gratings over-
grown by gas source molecular beam epitaxy., Appl. Phys. Lett., vol.
71 No. 10 pp. 1400-1402 (Sep. 1997).

Kristjansson et al, Surface-Emitting Tapered Unstable Resonator
Laser with Integrated Focusing Grating Coupler, IEEE Photonics
Technology Letters, vol. 12 No. 10 p. 1319 (Oct. 2000).

Kurokawa et al, Time-space-conversion optical signal processing
using arrayed-waveguide grating., Electron. Lett., vol. 33 No. 22 pp.
1890-1891 (Oct. 1997).

L1, Analysis of planar waveguide grating couplers with double sur-
face corrugations of 1dentical periods., Opt. Commun., vol. 114 pp.
406-412 (1995).

Lohmann, et al., “Graphic Codes for Computer Holography, ”
Applied Optics, vol. 34, No. 17, Jun. 10, 1995.

Madsen et al, Planar Waveguide Optical Spectrum Analyzer Using a
UV-Induced Grating, IEEE J. Sel. Yop. Quant. Elec., vol. 4 No. 6 pp.
925-929 (Nov./Dec. 1998).

Magnusson et al, New Principle for optical filters., Appl. Phys. Lett.,
vol. 61 No. 9 pp. 1022-1024 (Aug. 1992).

McGreer, Tunable Planar Concave Grating Demultiplexer, IEEE
Photonics Tech. Lett., vol. 8 No. 4 pp. 551-553 (Apr. 1996).
McGreer, Diffraction from Concave Gratings 1n Planar Waveguides,
IEEE Phototonics Tech. Lett., vol. 7 No. 3 pp. 324-326 (Mar. 1995).
Minier et al, Diffraction characteristics of superimposed holographic
gratings in planar optical waveguides, IEEE Photonics Tech. Lett.,
vol. 4 No. 10 p. 115 (Oct. 1992).

Miya, Silica-based planar lightwave circuits: passive thermally
active devices., IEEE J. Sel. Top. Quant. Elec., vol. 6 No. 1 pp. 38-45
(Jan./Feb. 2000).

Modh et al, “Deep-Etched Distributed Bragg Reflector Lasers with
Curved Mirrors—Experiments and Modeling” IEEE J. Quantum
Electronics, vol. 37 No. 6 p. 752 (Jun. 2001).

Ojha et al, Demonstration of low loss integrated InGaAsP/InP
demultiplexer device with low polarization sensitivity, Electron.
Lett., vol. 29 No. 9 p. 805 (Apr. 1993).

Paddon et al, Simple approach to Coupling 1n Textured Planar
Waveguides, Opt. Lett., vol. 23 No. 19 pp. 1529-1531 (1998).
Preston, “Digital holographic logic”, Pattern Recognition, vol. 5, p.
37 (1973).

Rantala et al, Sol-gel hybrid glass diffractive elements by direct
electron-beam exposure., Electron. Lett. vol. 34 No. 5 pp. 455-456
(Mar. 1998).

Song et al, Focusing-grating-coupler arrays for uniform and efficient
signal distribution in a backboard optical interconnect., Appl. Opt.,
vol. 34 No. 26 pp. 5913-5919 (Sep. 1995).

Soole et al, High speed monolithic WDM detector for 1.5 um fibre
band., Electron. Lett., vol. 31 No. 15 pp. 1276-1277 (Jul. 1995).
Subdo et al, Reflectivity of Integrated Optical filters Based on Elliptic
Bragg Reflectors., Lightwave Tech., vol. 8 No. 6 pp. 998-1006 (Jun.
1990).

Sun et al, Demultiplexer with 120 channels and 0.29-nm channel
spacing, IEEE Photonics Tech. Lett., vol. 10 No. 1 pp. 90-92 (Jan.
1998).

Taillaert, et al., Out-of-plane grating coupler for etficient butt-cou-
pling between compact planar waveguides and single-mode fiberts,
IEEE J. Quantum Electron., vol. 38, No. 7 (Jul. 2002).

Takenouchi et al, Analysis of optical-signal processing using an

arrayed-waveguide grating., Optics Express, vol. 6 No. 6 pp. 124-135
(Mar. 2000).

Tang et al, A novel wavelength-division-demultiplexer with optical
in-plane to surface-normal conversion, IEEE Photonics Tech. Lett.,

vol. 7 No. 8 p. 908 (Aug. 1995).
Taylor, et al., Determination of diffraction efficiency for a second-

order corrugated waveguide, IEEE J. Quantum Electron., vol. 33, No.

2 (Feb. 1997).

Office Action, 1ssued 1n U.S. Appl. No. 12/421,971, mailed Aug. 6,
2010.

Notice of Allowance, 1ssued 1n U.S. Appl. No. 12/403,281, mailed

Oct. 30, 2009.

Office Action, 1ssued 1n Japanese Patent Application No. 2003-
524057, mailed Mar. 18, 2010.

Office Action, 1ssued in U.S. Appl. No. 11/280,876, mailed Oct. 9,
2007.

Office Action, 1ssued 1n European Patent Application No. 2796438.6,

mailed Apr. 27, 2010.
Mossberg, “Time-Domain Frequency-Selective Optical Data Stor-

age,” Optics Letters, vol. 7, No. 2, pp. 77-79, 1982.
Marhic, “Coherent Optical CDMA Networks,” Journal of Lightwave

Technology, vol. 11, No. 5, pp. 854-864, 1993.
Capmany et al., “Autocorrelation Pulse Distortion 1n Optical Fiber

CDMA Systems Employing Ladder Networks,” Journal of
Lightwave Technology, vol. 17, No. 4, p. 570, 1999,

Cornwell et al., “Experimental Demonstration of Coherent Coding of
Picosecond Pulses,” Electronics Letters, vol. 34, No. 2, pp. 204-2-5,
1998.

Sampson et al., “Photonic CDMA by Coherent Matched Filtering
Using Time-Addressed Coding in Optical Ladder Networks,” Journal
of Lightwave Technology, vol. 12, No. 11, pp. 2001-2010, Nov. 1994.
Chang et al., “Fiber-Optic Ladder Networks for Inverse Decoding
Coherent CDMA,” Journal of Lightwave Technology, vol. 10, No. 12,
pp. 1952-1962, Dec. 1992.

Weiner et al., “Femtosecond Spectral Holography,” IEEE Journal of
Quantum Electronics, vol. 28, No. 10, pp. 2251-2261, 1992.
Mazurenko,Y. T., “Time-Domain Fourier Transtform Holography and
Possible Applications 1n Signal Processing,” Optical Engineering,
vol. 31, No. 4, pp. 739-749, Apr. 1992.

Mazurenko, Y. T., “Holography of Wave Packets,” Applied Physics B,
50, pp. 101-114, 1990.

Mazurenko, Y. T., “Reconstruction of a Time-Varying Wavegront by
Multibeam Interference,” Sov. Tech. Phys. Lett., 10, 228, 1984.
Kato et al., “PLC Hybrid Integration Technology and Its Application
to Photonics Components,” vol. 6, No. 1, pp. 4-13, Jan. 2000.
Fathallah et al., “Passive Optical Fast Frequency-Hop CDMA Com-
munication System,” Journal of Lightwave Technology, vol. 17, No.
3, pp. 397-405, Mar. 1999.

Chen et al., “Wavelength-Encoding/Temporal-Spreading Optical
Code Division Multiple-Access System with In-Fiber Moire Grat-
ings,” Applied Optics, vol. 38, No. 21, pp. 4500-4508, 1999.

Chen et al., “Applications of Ultrashort Pulse Propagation in Bragg
Gratings for Wavelength-Division Multiplexing and Code-Division
Multiple Access,” IEEE Journal of Quantum Electronics, vol. 34, No.
11, pp. 2117-2129, Nov. 1998.

Merkel et al., “Optical Coherent Transient True-Time Delay Regen-
erator,” Optics Letters, vol. 21, No. 15, pp. 1102-1104, Aug. 1, 1996.
Bai et al., “Real-Time Optical Waveform Convolver/Cross Correla-
tor,” Applied Physics Letters, vol. 45, No. 7, pp. 714-716, 1984.




US RE42,407 E
Page 5

Mossberg et al., “Lithographic Holography in Planar Waveguides,”
SPIE International Technical Group Newsletter, vol. 12, No. 2, Nov.
2001.

Salehi, et al., “Coherent Ultrashort Light Pulse Code-Division Mul-

tiple Access Communication Systems”, Journal of Lightwave

Techology vol. 8, pp. 479-491 Mar. 1990.

Notice of Allowance, 1ssued 1n U.S. Appl. No. 12/421,971, mailed
Nov. 10, 2010.

Capron et al, J. Lightwave Tech., vol. 11 No. 12 pp. 2009-2014 (Dec.
1993).

Der1 et al, IEEE Photonics Tech. Lett., vol. 6 No. 2 pp. 242-244 (Feb.
1994).

Grunnet-Jepsen et al, Electon. Lett., vol. 35 No. 13 pp. 1096-1097
(Jun. 1999).

Paddon et al, Opt. Lett., vol. 23 No. 19 pp. 1529-1531 (1998).
Madsen et al, IEEE J. Sel. Top. Quant. Elec., vol. 4 No. 6 pp. 925-929
(Nov./Dec. 1998).

Gini et al, J. Lightwave Tech., vol. 6 No. 4 pp. 625-630 (Apr. 1998).
Day et al, J. Lightwave Tech., vol. 14 No. 8 pp. 1815-1824 (Aug.

1996).
McGreer, IEEE Photonics Tech. Lett., vol. 7 No. 3 pp. 324-326 (Mar.
1995).
Takenouchi et al, Optics Express, vol. 6 No. 6 pp. 124-135 (Mar.
2000).

Grunnett-Jepsen et al, Photonics Tech. Lett., vol. 11 No. 10 p. 1283
(Oct. 1999).

Babbitt et al, Opt. Commun., vol. 148 pp. 23-26 (1998).

Kurokawa et al, Electron. Lett., vol. 33 No. 22 pp. 1890-1891 (Oct.
1997).

Sudbo et al, J. Lightwave Tech., vol. 8 No. 6 pp. 998-1006 (Jun.
1990).

Henry, J. Lightwave Tech., vol. 8 No. 5 pp. 748-755 (May 1990).
Koontz et al. Appl. Phys. Lett., vol. 71 No. 10 pp. 1400-1402 (Sep.
1997).

Song et al, Appl. Opt., vol. 34 No. 26 pp. 5913-5919 (Sep. 1995).
Brazas et al, Appl. Opt., vol. 34 No. 19 pp. 3786-3792 (Jul. 1995).
Bates et al, Appl. Opt., vol. 32 No. 12 pp. 2112-2116 (Apr. 1993).
Wang et al, Appl. Opt., vol. 32 No. 14 pp. 2606-2613 (May 1993).
Magnusson et al, Appl. Phys. Lett., vol. 61 No.9 pp. 1022-1024 (Aug.
1992).

L1, Opt. Commum., vol. 114 pp. 406-412 (1995).

Soole et al, Electron. Lett., vol. 31 No. 15 pp. 1276-1277 (Jul. 1995).
Rantala et al, Electron. Lett. vol. 34 No. 5 pp. 455-456 (Mar. 1998).
Cowin et al Electron. Lett. vol. 35 No. 13 pp. 1074-1076 (Jun. 1999).
Canning et al, Opt. Commun., vol. 171 pp. 213-217 (1999).

Tien et al, Use of concentric-arc grating as a thin-film spectrograph
for gmided waves, Am. Inst. of Physics (1980) pp. 524-525.

Kaneko et al, IEEE J. Sel. Top. Quant. Elec., vol. 5 No. 5 pp. 1227-
1236 (Sep./Oct. 1999).
Sun et al, IEEE Photonics Tech. Lett., vol. 10 No. 1 pp. 90-92 (Jan.

1998).
McGreer, IEEE Photonics Tech. Lett., vol. 8 No. 4 pp. 551-553 (Apr.
1996).
Avrutsky et al, IEEE Photonics Tech. Lett., vol. 10 No. 6 pp. 839-841

(Jun. 1998).

Alavie et al, IEEE Photonics Tech. Lett., vol. 5 No. 9 pp. 1112-1114
(Sep. 1993).

Fu et al, Opt. Lett., vol. 22 No. 21 pp. 1627-1629 (1997).

Wang et al, IEEE Photonics Tech. Lett., vol. 3 No. 1 pp. 36-38 (Jan.
1991).

Wang et al Opt. Lett., vol. 15 No. 7 pp. 363-365 (Apr. 1990).

Wu et al, J. Lightwave Tech., vol. 10 No. 11 pp. 1575-1589 (Now.
1992).

Eldada et al, IEEE Photonics Tech. Lett., vol. 12 No. 7 pp. 819-821
(Jul. 2000).

Chen et al, J. Lightwave Tech., vol. 10 No. 7 pp. 888-897 (Jul. 1992).
Miya, IEEE J. Sel. Top. Quant. Elec., vol. 6 No. 1 pp. 38-45 (Jan./Feb.
2000).

Backlund et al, IEEE Photonics Tech. Lett., vol. 12 No. 3 pp. 314-316
(Mar. 2000).

Wiesman et al, IEEE Photonics Tech. Lett., vol. 12 No. 6 pp. 639-641
(Jun. 2000).

Ura et al, Integrated optical wavelength demultiplexer using a copla-
nar grating lens, Appl. Opt., vol. 29 No. 9 pp. 1369-1373 (Mar. 1990).
Babbitt et al, Opt. Lett., vol. 20 No. 8 pp. 910-912 (Apr. 1995).
Mossberg, Opt. Lett., vol. 26 No. 7 pp. 414-416 (Apr. 2001).
Brady et al, Applied Optics, vol. 30 No. 17 p. 2324 (Jun. 1991).
Hirayama et al, Applied Physics Letters, vol. 69 No. 6 p. 791 (Aug. 5,
1996).

Lohmann et al, Applied Optics, vol. 34 No. 17 p. 3172 (Jun. 10,
1995).

Bedford et al, IEEE Photonics Technology Letters, vol. 12 No. 8 p.
948 (Aug. 2000).

Kristjansson etal, IEEE Photonics Technology Letters, vol. 12 No. 10
p. 1319 (Oct. 2000).

Modh et al, IEEE J. Quantum Electronics, vol. 37 No. 6 p. 752 (Jun.
2001).

Eriksson et al, IEEE J. Quantum Electronics, vol. 34 No. 5 p. 858
(May 1998).

Kazarinov et al, IEEE J. Quantum Electronics, vol. QE-23 No. 9 p.
1419 (Sep. 1987).

Eriksson et al, IEEE Photonics Technology Letters, vol. 9 No. 12 p.
1570 (Dec. 1997).

* cited by examiner



US RE42,407 E

Sheet 1 of 10

May 31, 2011

U.S. Patent

(9t L=u) 201 at ‘o4 (LGY"L=U) +0l

/
ouooooood
(89%" L=u) 901 (9t 1L=U) 8

(9t¥ L=U) 201 g1 ‘9|4 (26¥ L=U) $0}

|

/

(ot L=u) 901 (orp L=U) 80|

(9P’ L=U) ZOL L 'O (£6% L=U) Y01

J LG O B

NN

(80" L=U) 901 (ovt' L=U) 801

(b ¥ 1=U) ZO1 vl ‘O (LS¥' L =U) 01

L

(9Pt L=U) 901




U.S. Patent May 31, 2011 Sheet 2 of 10 US RE42,407 E

- 0.2
3
:’ 100A y 1008
E 0.15 - ~
=
£ 01 , 101
T | /
O | B/ :
% 0.05 / ) ‘L".
. | L
= ! g
D I - i £ oa =1 | ] ‘ l . ] B | P
10 15 20 25
Position along confined dimension, um
FIG. 2A
0.2 100D
(o 4 \
3 015 -
_?_ |
a 100C ,
S 0.1 - / ' 107
L=,
D "
L 0.05 A
D ' -
0 ' ! o 4 ! J l —— 1 I 1 , 1 J | L _ t
10 15 20 25

Position aiong confined dimension, um

FIG. 2B



US RE42,407 E

Sheet 3 of 10

May 31, 2011

U.S. Patent

00'SE

(9¥¥ L=U) Z0!

L 0L

(266" 1=U) 90}

Wwn ‘uoisuswip pauljuod buoge uoRisod
0002 00°GL

00t

0L /

ac ‘)| (26% L=U) +01 (Opt 1=U) 201

o

Judodod

000L

s 000

- 010

- 020

-0t 0

e ‘apnjjjdwe p|al PO

- 0P'0

n

VE ‘Ol (4GP L=U) $01

=\

\k

(9b¥ L=U) 801

(97 1=U) B0l

\




US RE42,407 E

Sheet 4 of 10

May 31, 2011

U.S. Patent

201 . b0l
M 9 Ol
] | I 3 AR O A I D N S N S N it B N
1 GO O O | 3 LJ [ O OJ 3
90 Q01
A} . 140)]
VS 9l

ULyt iodaddnd

901 801 Q01 801



U.S. Patent May 31, 2011 Sheet 5 of 10 US RE42,407 E

o
\
/

o O
..
'\
\
/
]
|

F1G. 6A

.
A

Mode field amplitude, a.u.
O
o

(o=
=
|
F

0 Y
diffracted angle, degrees

Mode field amplitude, a.u.

- 1| Vada e

. / \
m I .-f ‘l\
-g 0 | B - ; \x\
- } ‘\
= ‘ '
E 0 - 6' ; H :
% _,.f'r 11
= 0 -4 ,—’; ‘lli‘l ; F I G - 6 C
m J.I'" ‘ﬂi
i / A
3 0 . 2 i 'I_-r' '1\\ ]
o , \
E |- 4 o b e

%o 0 90

diffracted angle, degrees



U.S. Patent May 31, 2011 Sheet 6 of 10 US RE42,407 E

104A
104A

102
106
M
102

1048
1048

k‘_-‘__
-
LL
~—— TT——
: N
O
o
a
D-ﬁ
A3 A
- ﬁ
——— |
0
- -
-~ = b
e 3
- w
F




US RE42,407 E

Sheet 7 of 10

May 31, 2011

U.S. Patent

(‘u=u) ypol

)

(Bu>%>tuu=u)zoL

00

=

M 6 9|4
1 ,,
201
YvOlL o0l .mu_n_

¢

gv0l

av0l




US RE42,407 E

Sheet 8 of 10

May 31, 2011

U.S. Patent

vvOl C arol

Ax . —

—1 J— ———::::::jgjjzi

T

9




U.S. Patent May 31, 2011 Sheet 9 of 10 US RE42,407 E

REEE

LR CALE Eay. o i )
o Mﬁﬂiiﬂfﬂ

P N o el e 1 P
T

f‘é”*"-f"""?l‘;w“gﬁ'-’ -
FIOTTE ety A
L R !
P e
Eﬁﬁfg’%ﬁﬁ.
B 170! e Pt Bafiw B n
§ L Ti e
tﬁ%ﬁlﬁ"{' . ﬂ!'

! SASEA RN,
P LT

106

=

it

104A

2\

104A

108

© I LN -1 ]
AR b2
i eyl
"y gl e T g
o )
BN Dt g, i
38 iz pbds plat ang
o7 feqed dagm pr
]
T T w
PeLab Troate ey el Y
3 S MR R M
:' - :";";" e = e T i
l.-'I *a 4. *nm .'t'-'ll‘li-
Tl T lraEg T D DA,
L. ML L L L N
: . L T a .-.. Bk
*, = |'|._ "-I; ".
i I L N

.......
SRR

U0 UL

102
102

I
.

2\

FI1G. 14

L
FIG. 12

1048

1048




U.S. Patent May 31, 2011 Sheet 10 of 10 US RE42,407 E

106 102/104A/108

Tafinp. L T e . .

v e M W W "‘l'*#ﬂr-.g.-_!

" -
ofial),

102/104B8/108

FIG. 13



US RE42,407 E

1

DISTRIBUTED OPTICAL STRUCTURES
WITH IMPROVED DIFFRACTION
EFFICIENCY AND/OR IMPROVED OPTICAL
COUPLING

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions

made by reissue.

RELATED APPLICATIONS

This application claims benefit of prior-filed co-pending
provisional App. No. 60/489,470 entitled “Efficient distrib-
uted Bragg structures 1n planar waveguides” filed Jul. 22,
2003 1n the names of Dmitri Iazikov, Christoph M. Gremer
and Thomas W. Mossberg, said provisional application being
hereby incorporated by reference as 1t fully set forth herein.
This application claims benefit of prior-filed co-pending pro-
visional App. No. 60/492,438 entitled “Mode matching of
Bragg structures in planar waveguides” filed Aug. 4, 2003 1n
the names of Dmitr1 Iazikov, Christoph M. Greiner, and Tho-
mas W. Mossberg, said provisional application being hereby
incorporated by reference as 1f fully set forth herein.

This application 1s a continuation-in-part of prior-filed co-
pending U.S. non-provisional application Ser. No. 10/653,
876 entitled “Amplitude and phase control 1n distributed opti-
cal structures™ filed Oct. 2, 2003 1n the names of Christoph M.
Greiner, Dmitr Iazikov, and Thomas W. Mossberg, now Pat.
No. 6,829,417 1ssued Dec. 7, 2004, which 1s 1n turn a con-
tinuation-in-part of U.S. non-provisional application Ser. No.
10/229,444 entitled “Amplitude and phase control 1n distrib-
uted optical structures™ filed Aug. 277, 2002 1n the names of
Thomas W. Mossberg and Christoph M. Greiner, now Pat.
No. 6,678,429 1ssued Jan. 13, 2004. Each of said application
and said patent are hereby incorporated by reference as 1f
tully set forth herein. Application Ser. No. 10/229,444 1n turn
claims benefit of provisional App. No. 60/315 302 entitled
“Ellective gray scale in hthographlcally scrlbed planar holo-
graphic devices” filed Aug. 27, 2001 in the name of Thomas
W. Mossberg, and provisional App. No 60/370,182 entitled
“Amplitude and phase controlled ditffractive elements™ filed
Apr. 4, 2002 1n the names of Thomas W. Mossberg and
Christoph M. Greiner, both of said provisional applications
being hereby incorporated by reference as 1t fully set forth
herein.

This application 1s a continuation-in-part of prior-filed co-
pending non-provisional application Ser. No. 09/811,081
entitled “Holographic spectral filter” filed Mar. 16, 2001 1n
the name of Thomas W. Mossberg, now Pat. No. 6,879,441
1ssued Apr. 12, 2005, and a continuation-in-part of prior-filed
co-pending non-provisional application Ser. No. 09/843,597
entitled “Optical processor” filed Apr. 26, 2001 1n the name of
Thomas W. Mossberg, now Pat. No. 6,965,464 1ssued Nov.
15, 2005, application Ser. No. 09/843,597 1n turn being a

continuation-in-part of said application Ser. No. 09/811,081.
Said application No. 09/811,081 in turn claims benefit of: 1)
provisional App. No. 60/190,126 filed Mar. 16, 2000; 2) pro-
visional App. No. 60/199,790 filed Apr. 26, 2000; 3) provi-
sional App. No. 60/235,330 filed Oct. 26, 2000; and 4) pro-
visional App. No. 60/247,231 filed Nov. 10, 2000. Each of

said non-provisional applications and each of said provi-
sional applications are hereby incorporated by reference as 1t
tully set forth herein.

BACKGROUND

The field of the present invention relates to optical devices
incorporating distributed optical structures. In particular,
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2
methods and apparatus for improving eificiency and/or
improved spatial mode matching are disclosed herein.

SUMMARY

An optical apparatus comprises a planar optical waveguide
having at least one set of diffractive elements. The planar
optical waveguide substantially confines 1n at least one trans-
verse spatial dimension optical signals propagating therein.
Each diffractive element set routes, between corresponding
mput and output optical ports, a corresponding difiracted
portion of an mput optical signal propagating in the planar
waveguide that 1s diffracted by the diffractive element set.
The mput optical signal 1s successively incident on the dif-
fractive elements. The optical signals propagate in the planar
waveguide in corresponding diffractive-region optical trans-
verse modes 1n regions of the planar waveguide where the
diffractive elements are present, and 1n corresponding non-
diffractive-region optical transverse modes 1n regions of the
planar waveguide where the diffractive elements are absent.
The diffractive element set 1s adapted so as to yield an opera-
tionally acceptable level of either or both of 1) optical cou-
pling between corresponding diffractive-region and non-dii-
fractive-region optical transverse modes, and 11) diffraction
elficiency of the diffractive element set.

The adaptation of the diffractive element set may include
one or more of the following. The diffractive elements may
have sufliciently large transverse extent in the confined
dimension so as to substantially suppress optical coupling
between diffractive-region optical modes and non-confined
optical modes (thereby increasing efficiency). The diffractive
clements may be positioned in the confined dimension so as to
spatially overlap the diffracting-region optical mode at or
near a spatial maximum of the amplitude thereof (thereby
increasing efliciency). The diffractive elements may have
suificiently large refractive index and sufliciently large trans-
verse extent 1n the confined dimension so as to yield diffrac-
tive-region optical modes that substantially spatially overlap
the diffractive elements (thereby increasing eificiency). A
planar waveguide core 1n a non-difiracting region of the pla-
nar waveguide may be offset 1n the confined dimension rela-
tive to a planar waveguide core 1n a diffracting region of the
planar waveguide (thereby improving mode-matching). A

planar waveguide core 1n the non-diffracting region may dif-
fer 1n transverse extent, 1n the confined dimension, from a
planar waveguide core 1n a diffracting region of the planar
waveguide (thereby improving mode-matching). A planar
waveguide core 1n the non-diffracting region may have a
refractive index higher than a refractive index of a planar
waveguide core 1n the diffracting region and lower than a
refractive index of the diffractive elements (thereby improv-
ing mode-matching). The planar waveguide may include a
transition region of the planar waveguide between the dif-
fracting region and the non-difiracting region wherein: a less-
than-unity fill factor for the diffractive elements increases
from the non-diffracting region toward the difiracting region;
number density of the diffractive elements increases from the
non-difiracting region toward the diffracting region; trans-
verse extent 1n the confined dimension of the diffractive ele-
ments increases from the non-diffracting region toward the
diffracting region; longitudinal extent of the diffractive ele-
ments increases from the non-diffracting region toward the
diffracting region; and/or refractive index of the diffractive
clements increases from the non-diffracting region to the

diffracting region (any one or more of these variations thereby
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improving mode-matching). These adaptations may be
implemented alone or in any combination 1n a particular
planar waveguide.

Objects and advantages pertaining to diffractive element
sets i planar optical waveguides may become apparent upon
referring to the disclosed embodiments as illustrated in the

drawings and disclosed 1n the following written description
and/or claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1D are schematic longitudinal sections of planar
waveguides.

FIGS. 2A-2B show the corresponding transverse mode
profiles for the waveguides of FIGS. 1A-1D.

FIGS. 3A-3D are schematic longitudinal sections of planar
waveguides.

FI1G. 4 shows the corresponding transverse mode profiles
tor the waveguides of FIGS. 1D and 3A-3B.

FIGS. SA-5C are schematic longitudinal sections of planar
waveguides.

FIGS. 6A-6B show the corresponding transverse mode
profiles for the waveguides of FIGS. SA-5C.

FIG. 7 1llustrates schematically a fabrication sequence for
a planar waveguide.

FIG. 8 1s a schematic longitudinal section of a planar
waveguide.

FIG. 9 1s a schematic longitudinal section of a planar
waveguide.

FIG. 10 1s a schematic longitudinal section of a planar
waveguide.

FIG. 11 1s a schematic longitudinal section of a planar
waveguide.

FIG. 12 1s a schematic longitudinal section of a planar
waveguide.

FIG. 13 1s a schematic top view of a planar waveguide.

FIG. 14 1s a schematic longitudinal section of a planar
waveguide.

The embodiments shown 1in the Figures are exemplary, and
should not be construed as limiting the scope of the present
disclosure and/or appended claims.

DETAILED DESCRIPTION OF EMBODIMENTS

An optical apparatus according to the present disclosure
comprises a planar optical waveguide having at least one set
of diffractive elements. The planar optical waveguide sub-
stantially confines in at least one transverse dimension optical
signals propagating therein, and 1s generally formed on or
from a substantially planar substrate of some sort. The con-
fined optical signals typically propagate as transverse optical
modes supported or guided by the waveguide. These optical
modes are particular solutions of the electromagnetic field
equations 1n the space occupied by the waveguide. The planar
waveguide may comprise a slab waveguide (substantially
confining in one transverse dimension an optical signal
propagating in two dimensions therein), or may comprise a
channel waveguide (substantially confining in two transverse
dimension an optical signal propagating 1n one dimension
therein). It should be noted that the term “planar waveguide™
1s not used consistently 1n the literature; for the purposes of
the present disclosure and/or appended claims, the term “pla-
nar waveguide™ 1s intended to encompass both slab and chan-
nel waveguides.

The planar waveguide typically comprises a core sur-
rounded by lower-index cladding (often referred to as upper
and lower cladding, or first and second cladding; these may or
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4

may not comprise the same materials). The core 1s fabricated
using one or more dielectric maternials substantially transpar-
ent over a desired operating wavelength range. In some
instances one or both claddings may be vacuum, air, or other
ambient atmosphere. More typically, one or both claddings
comprise layers of dielectric material(s), with the cladding
refractive indices n, and n, typically being smaller than the
core refractive index n__,. (In some instances in which short
optical paths are employed and some degree of optical loss
can be tolerated, the cladding indices might be larger than the
core index while still enabling the planar waveguide to sup-
port guided, albeit lossy, optical modes. ) A planar waveguide
may support one or more transverse modes, depending on the
dimensions and refractive indices of the core and cladding. A
wide range of material types may be employed for fabricating
a planar waveguide, including but not limited to glasses,
polymers, plastics, semiconductors, combinations thereof,
and/or functional equivalents thereof. The planar waveguide
may be secured to a substrate, for facilitating manufacture, for
mechanical support, and/or for other reasons. A planar
waveguide typically supports or guides one or more optical
modes characterized by their respective amplitude variations
along the confined dimension.

The set of diffractive elements of the planar optical
waveguide may also be referred to as: a set of holographic
clements; a volume hologram; a distributed retlective ele-
ment, distributed reflector, or distributed Bragg reflector
(DBR); a Bragg reflective grating (BRG); a holographic
Bragg reflector (HBR); a directional photonic-bandgap struc-
ture; a mode-selective photonic crystal; or other equivalent
terms of art. Each diffractive element of the set diffracts,
reflects, scatters, or otherwise redirects a portion of an inci-
dent optical signal (said process hereinafter simply referred to
as diflraction). Each diffractive element of the set typically
comprises some suitable alteration of the planar waveguide
(ridge, groove, index modulation, density modulation, and so
on), and 1s spatially defined by a virtual one- or two-dimen-
sional curvilinear diffractive element contour, the curvilinear
shape of the contour typically being configured to impart
desired spatial characteristics onto the diffracted portion of
the optical signal. Implementation of a diffractive element
with respect to 1ts virtual contour may be achieved 1n a variety
of ways, including those disclosed in the references cited
hereinabove. Each curvilinear diffractive element is shaped to
direct 1ts diffracted portion of the optical signal to an output
optical port. The relative spatial arrangement (e.g. longitudi-
nal spacing) of the diffractive elements of the set, and the
amplitude diffracted from each diffractive element of the set,
yield desired spectral and/or temporal characteristics for the
overall diffracted optical signal routed between the input and
output optical ports. It should be noted that optical ports
(input and/or output) may be defined structurally (for
example, by an aperture, waveguide, fiber, lens, or other
optical component) and/or functionally (i.e., by a spatial loca-
tion, convergence/divergence/collimation, and/or propaga-
tion direction). For a single-mode planar waveguide, such a
set of diffractive elements may be arranged to vield an arbi-
trary spectral/temporal transier function (in terms of ampli-
tude and phase). In a multimode planar waveguide, modal
dispersion and mode-to-mode coupling of diffracted portions
of the optical signal may limit the range of spectral/temporal
transier functions that may be implemented.

The curvilinear diffractive elements of the set (or equiva-
lently, their corresponding contours) are spatially arranged
with respect to one another so that the corresponding portions
of the optical signal diffracted by each element interfere with
one another at the output optical port, so as to impart desired
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spectral and/or temporal characteristics onto the portion of
the optical signal collectively diffracted from the set of dii-
fractive elements and routed between the input and output
optical ports. The diffractive elements in the set are arranged
so that an input optical signal, entering the planar waveguide
through an 1nput optical port, 1s successively incident on
diffractive elements of the set. For the purposes of the present
disclosure and/or appended claims, “successively incident™
shall denote a situation wherein a wavevector at a given point
on the wavelront of an optical signal (i.e., a wavelront-normal
vector) traces a path (1.e., a “ray path”) through the diffractive
clement set that successively intersects the virtual contours of
diffractive elements of the set. Such wavevectors at different
points on the wavelront may intersect a given diffractive
clement virtual contour at the same time or at differing times;
in either case the optical signal 1s considered “successively
incident” on the diffractive elements. A fraction of the inci-
dent amplitude 1s diffracted by a diffractive element and the
remainder transmitted and incident on another diffractive
clement, and so on successively through the set of diffractive
clements. The diffractive elements may therefore be regarded
as spaced substantially longitudinally along the propagation
direction of the incident optical signal, and a given spatial
portion of the wavelront of such a successively incident opti-
cal signal therefore interacts with many diffractive elements
of the set. (In contrast, the diffractive elements of a thin
diffraction grating, e.g. the grating lines of a surface grating,
may be regarded as spaced substantially transversely across
the wavelront of a normally incident optical signal, and a
given spatial portion of the wavelront of such a signal there-
fore interacts with only one or at most a few adjacent difirac-
tive elements).

The set of diffractive elements provides dual functionality,
spatially routing an optical signal between an 1nput optical
port and an output optical port, while at the same time acting,
to impart a spectral/temporal transfer function onto the input
optical signal to yield an output optical signal. The curvilinear
diffractive elements may be designed (by computer genera-
tion, for example) so as to provide optimal routing, 1maging,
or focusing of the optical signal between an input optical port
and a desired output optical port, thus reducing or minimizing
isertion loss. Simple curvilinear diffractive elements (seg-
ments of circles, ellipses, parabolas, hyperbolas, and so
forth), 1if not optimal, may be employed as approximations of
tully optimized contours. A wide range of fabrication tech-
niques may be employed for forming the diffractive element
set, and any suitable technique(s) may be employed while
remaining within the scope of the present disclosure and/or
appended claims. Particular attention 1s called to design and
tabrication techmiques disclosed in the references cited here-
inabove. The following are exemplary only, and are not
intended to be exhaustive.

Diffractive elements may be formed lithographically on
the surface of a planar optical waveguide, or at one or both
interfaces between core and cladding of a planar optical
waveguide. Diffractive contours may be formed lithographi-
cally 1n the interior of the core layer and/or a cladding layer of
the planar optical waveguide using one or more spatial lithog-
raphy steps performed after an initial partial deposition of
layer material. Diffractive elements may be formed 1n the
core and/or cladding layers by projecting ultraviolet light or
other suitable radiation through an amplitude and/or phase
mask so as to create an interference pattern within the planar
waveguide (fabricated at least 1n part with suitably sensitive
material ) whose fringe contours match the desired diffractive
clement contours. Alteration of the refractive index by expo-
sure to ultraviolet or other radiation results 1n index-modu-
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lated diffractive elements. The mask may be zeroth-order-
suppressed according to methods known 1n the art, including
the arts associated with fabrication of fiber Bragg gratings.
The amplitude and/or phase mask may be produced litho-
graphically via laser writer or e-beam, 1t may be inter-fero-
metrically formed, or it may be formed by any other suitable
technique. In instances where resolution 1s insuificient to
produce a mask having required feature sizes, a larger scale
mask may be produced and reduced to needed dimensions via
photoreduction lithography, as 1n a stepper, to produce amask
at the needed scale. Diflractive elements may be formed by
molding, stamping, impressing, embossing, or other
mechanical processes. A phase mask may be stamped onto
the core or cladding surface followed by optical exposure to
create diffractive elements throughout the core and or clad-
ding region. The optical or UV source used to write the
diffractive elements 1n this case should have a coherence
length comparable or longer than the distance from the
stamped phase mask to the bottom of the core region. Stamp-
ing of the phase mask directly on the device may simplity
alignment of diffractive elements with ports or other device
components especially when those components may be
formed in the same or another stamping process. Many
approaches to the creation of refractive index modulations or
gratings are known in the art and may be employed in the
fabrication of diffractive element sets.

Irradiation-produced refractive index modulations or
variations for forming diffractive elements will optimally fall
in a range between about 10™* and about 10™"; however,
refractive index modulations or variations outside this range
may be employed as well. Refractive index modulations or
variations may be introduced by light of any wavelength
(1including ultraviolet light) that produces the desired refrac-
tive index changes, provided only that the photosensitive
material employed 1s suitably stable 1n the presence of light in
the desired operating wavelength range of the spectral filter.
Exposure of a complete set of diffractive elements to substan-
tially spatially uniform, refractive-index-changing light may
be employed to tune the operative wavelength range of the
diffractive element set. Exposure of the diffractive element
set to spatially non-uniform refractive-index changing light
may be employed to chirp or otherwise wavelength-modulate
the spectral filter (described further hereinbelow). The sensi-
tivity of planar waveguide matenals to 1rradiation produced
refractive index modulations may be increased using hydro-
gen-loading, flame-brushing, boron or other chemical dop-
ing, or other method known in the art, for example 1n the
context of making fiber Bragg gratings.

The curvilinear shape of the diffractive element contours
may be determined by a variety of standard optical imaging
system design tools. Essentially, each diffractive element
contour may be optimized to 1mage the mput port onto the
output port 1n a phase coherent manner. Inputs to the design
are the detailed structure of the input and output optical ports
and their locations. Standard ray tracing approaches to optical
clement design may provide a diffractive contour at each
optical distance into the planar waveguide that will provide an
optimal 1imaging of the mput signal at the mput port onto the
optimal output signal at the output port. Simple curves may be
employed as approximations of the fully optimized contours.
Diffractive element virtual contours may be spaced by an
optical path difference (as described above) that provides for
the field image of successive diffractive contours to be sub-
stantially 1n phase at a desired wavelength. If the overall
response of the diflractive element set 1s to be apodized with
amplitude and/or phase modulation (to yield a desired spec-
tral transier function or impulse response function), the opti-
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cal spacing of successive diffractive element contours may be
controlled to provide required phase difierences between dii-
fracted components at the output port, and/or the diffractive
strength of the elements may be individually controlled as
well (as described 1n detail 1n the references cited herein-
above).

An alternative approach to designing the diffractive ele-
ment contours for a diffractive element set 1s to calculate
interference patterns between simulated fields at a desired
wavelength and with desired wavelorms entering the input
port and exiting the output port. In forming or writing a
summed pattern for the diffractive element set, suitable dis-
cretization 1s applied as needed for any lithographic or UV
exposure approach that 1s utilized for fabrication. The holo-
graphic structure may be designed by interference of com-
puter-generated beams having the desired computer-gener-
ated temporal waveforms, with the resulting calculated
arrangement of diffractive elements implemented by lithog-
raphy and/or other suitable spatially-selective fabrication
techniques. For example, interference between a delta-func-
tion-like pulse and a desired reference optical wavelform (or
its time-reverse) may be calculated, and the resulting 1nter-
terence pattern used to fabricate a diffractive element set that
acts to etther recognize or generate the desired reference
optical wavetorm.

In an alternative method for making the diffractive element
structure, the core consists of a material of appropriate index
that 1s also photosensitive at the wavelength of the desired
operational signal beams. As 1n traditional holography, the
input and output recording beams (same wavelength as opera-
tional signal beams of the envisioned device) are overlapped
in the core and the interference pattern between them 1is
recorded. Subsequently the core material 1s developed and, 1
necessary, a cladding may be deposited or attached by other
means.

The phrase “operationally acceptable” appears herein
describing levels of various performance parameters of pla-
nar waveguides and diffractive element sets thereof. Such
parameters may 1clude optical coupling coellicient (equiva-
lently, optical coupling efficiency), diffraction eificiency,
undesirable optical mode coupling, optical loss, and so on. An
operationally acceptable level may be determined by any
relevant set or subset of applicable constraints and/or require-
ments arising from the performance, fabrication, device
yield, assembly, testing, availability, cost, supply, demand,
and/or other factors surrounding the manufacture, deploy-
ment, and/or use of a particular assembled optical device.
Such “operationally acceptable” levels of such parameters
may therefor vary within a given class of devices depending,
on such constraints and/or requirements. For example, a
lower optical coupling etficiency may be an acceptable trade-
off for achieving lower device fabrication costs 1 some
instances, while higher optical coupling may be required 1n
other instances 1n spite of higher fabrication costs. In another
example, higher optical loss (due to scattering, absorption,
undesirable optical coupling, and so on) may be an acceptable
trade-oif for achieving lower device fabrication cost or
smaller device size 1n some 1nstances, while lower optical loss
may be required in other instances in spite of higher fabrica-
tion costs and/or larger device size. Many other examples of
such trade-oils may be imagined. Optical devices and fabri-
cation methods therefor as disclosed herein, and equivalents
thereol, may therefore be implemented within tolerances of
varying precision depending on such “operationally accept-
able” constraints and/or requirements. Phrases such as “sub-
stantially adiabatic”, “substantially spatial-mode-matched”,
“so as to substantially avoid undesirable optical coupling”,
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and so on as used herein shall be construed 1n light of this
notion of “operationally acceptable” performance.

Diffraction Efficiency

In order to increase the overall diffraction efficiency of a set
of diffractive elements without increasing the size of the
device or the number of diffractive elements, the diffraction
eificiency of individual diffractive elements must be
enhanced. This may be achieved by positioning the diffractive
clement at a position where the optical mode to be diffracted
has larger amplitude, by increasing the transverse extent of
the diffractive element so as to overlap a larger fraction of the
mode profile, and/or by using materials to form the diffractive
clements having a refractive index higher than the core (the
perturbation of the mode structure by the presence of the
higher-index diffractive element increasing the mode ampli-
tude that overlaps the diffractive elements). FIGS. 1A-1D and
2A-2B illustrate schematically the effect of such adaptations.

In each of FIGS. 1A-1D, the planar waveguide comprises
cladding 102, core 104, diffractive elements 106, and clad-
ding 108, shown 1n a longitudinal sectional view with propa-
gation of optical signals oriented 1n the plane of the drawing.
In the exemplary embodiments, the cladding layers comprise
undoped silica (n=1.446), and the core comprises Ge-doped
silica (n=1.457) about 4 um thick. The diffractive elements
106 are about 0.265 um wide and have a period of about 0.353
um (resonant diffracted wavelength about 1.54 um. The
index, position, and transverse extent of the diffractive ele-
ments 106 vary among the examples. A figure of merit for
comparing difiraction efficiency is L, , the length over which
a optical signal must propagate through the waveguide belore
decreasing to 1/e of 1ts nitial field amplitude.

In FIG. 1A, the diffractive elements 106 comprise grooves
in the surface of the core about 0.4 um deep and filled with
cladding material. The corresponding transverse mode profile
100A (1n the confined direction) 1s shown 1n FIG. 2A, along
with the core/cladding boundaries 101. The resulting L, ,_ 1s
about 1.73 mm. In FIG. 1B, the diffractive elements are the
same size and 1n the same position as 1n FIG. 1A, but the
grooves are lilled with doped silica (n=1.468, larger than the
core index). The corresponding transverse mode profile 1008

(1n the confined direction) 1s shown 1n FIG. 2A. The resulting
L, 1s about 1.31 mm. In FIG. 1C, the diffractive elements
106 are the same size and 1index as in FIG. 1B, but are posi-
tioned within the core 104 substantially symmetrically (in the
confined dimension). .

[l

T'he corresponding transverse mode
proiile 100C (in the confined dimension) 1s shown in FI1G. 2B,
and 1s considerably narrower than the profiles of FI1G. 2A. The
resulting L, ,_ 1s about 0.66 mm. In FIG. 1D, the diffractive
clements 106 have the same index and are in the same position
as in FIG. 1C, but are about 1 um 1n transverse extent. The
corresponding transverse mode profile 100D (1n the confined
dimension) 1s shown 1n FIG. 2B. The resulting L, 1s about
0.25 mm. By increasing the index of the diffractive elements,
by moving them to the center of the waveguide core (presum-
ably to overlap the maximum amplitude of a supported opti-
cal mode), and by increasing the transverse extent, a factor of
about 7 improvement 1s achieved for the diffraction efliciency
of the diffractive element set. The presence of higher index
material 1in the diffractive elements serves to perturb the sup-
ported mode so as to increase the mode amplitude at the
diffractive element. Moving the diffractive elements to the
mode amplitude maximum and increasing the transverse
extent of the diffractive elements also increase mode ampli-
tude at the diffractive element, thereby also increasing dif-
fraction efficiency. Many other combinations of materials,
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positions, and dimensions may be implemented increasing,
diffraction etficiency within the scope of this disclosure and/
or the appended claims.

Still further improvement in diffraction efficiency may be
achieved by employing material with an even larger refractive
index to form the diffractive elements 106. In FIG. 3B, a
planar waveguide 1s shown comprising undoped silica
(n=1.446) cladding 102 and 108, Ge-doped silica (n=1.457)
core 104, and silicon oxynitride (n=1.557) diffractive ele-
ments 106. The core 1s about 3.8 um thick. The diffractive
clements are about 1 um deep, about 0.265 um wide, and have
a period of about 0.53 um. In a non-diffracting region of the
planar waveguide (FIG. 3A), all materials and dimensions are
the same, except that the difiractive elements are missing. The
resulting mode profiles are shown 1n F1G. 4, where profile 100
1s the non-diffracting-region mode, profile 100D 1s the same
as that shown 1n FIG. 1D, and trace 100E 1s the diffractive-
region mode of the waveguide of FIG. 3B. Note that the
profile 100E (supported in part by the silicon oxynitride core)
1s substantially narrower than the other profiles. This leads to
significantly enhanced difiraction efficiency, as evidenced by
L, of about 0.015 mm (about 15 um). This may also lead to
reduced optlcal coupling (1.e. optical loss) between the dii-
fracting-region optical mode and the non-diffracting-region
optical mode. This mode mismatch i1s addressed hereinbelow.

In addition to increasing the diffraction efficiency of a
diffractive element set, increasing the transverse extent (in the
confined dimension) of the diffractive elements also serves to
reduce coherent optical coupling into non-confined optical
modes (so-called out-of-plane modes). For a first-order dii-
fractive element set (diffractive element period=Y:xin-
waveguide resonant wavelength), there are no higher-order
coherent out-of-plane optical modes at the resonant wave-
length of the diffractive element set (although there may be
some coupling of detuned optical signals into cladding modes
of the waveguide). For higher-order diffractive element sets
(diffractive element period=n/2xin-waveguide resonant
wavelength, for n=2, 3, . . . ), there are out-of-plane optical
modes to which a confined mode could be optically coupled
by the diffractive element set. For example, a second-order
diffractive element set may optically couple a confined mode
and out-of-plane modes at £90°. In another example, a third-
order diffractive element set may optically couple a confined
optical mode with out-of-plane modes at £70° and +=110°.
Other angles for other orders and/or for other waveguides
may be readily calculated by those skilled 1n the art. Any
coupling into such non-confined optical modes manifests
itsell as optical loss, or equivalently, reduced diffraction eifi-
ci1ency.

Diffraction of optical signals from diffractive elements
within a planar waveguide depends not only on the spatial
period of the diffractive elements, but also on their transverse
extent (in the confined dimension). Each point on each dii-
fractive element behaves as a coherent scattering source,
which limit the angular dependence of the scattering. For
example, for a lowest-order mode propagating 1n a planar
waveguide, the range of angles over which light 1s difiracted
1s given approximately by *A/2n_.d, where A 1s the vacuum
wavelength, n_.1s the etfective index of the waveguide, and d
1s the transverse extent of the diffractive element. In the
example of FIG. 5A, d 1s about A/4, and a diffractive element
therefore scatters light over an angular range that has signifi-
cant amplitude at £90° (FIG. 6A). Such an arrangement
would not serve to substantially suppress optical coupling
into out-of-plane optical modes. As d increases, the range of
diffracted angles decreases. By making d sufliciently large,
the range of back-diffracted angles may be made smaller than
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the angles available for out-of-plane coherent difiraction. For
example, for d=A (FIG. SB), the range of diffracted angles 1s
about £30° (FIG. 6B), which 1s sufficiently small to substan-
tially suppress many 1f not all out-of-plane scattering pro-
CEeSSes.

I fabrication of diffractive elements having a transverse
extent sulliciently large to substantially suppress out-of-plane
diffraction 1s problematic, another approach 1s available. The
diffracted angular range was calculated approximately from
the first minimum 1n the angular dependence of scatter or
diffraction. If it 1s not possible to suppress all likely out-oi-
plane mode coupling, the transverse extent of the diffractive
clement may be chosen so as to position a minimum of the
diffracted signal angular distribution at the angle of a likely or
troublesome out-of-plane diffraction process. The appropri-
ate size may be readily calculated by those familiar with the
theory of diffraction. Similarly, the diffractive element may
comprise multiple segments positioned along the confined
dimension of the planar waveguide (FIG. 5C; d=A/8 and the
segments are separated by about 3A/8 along the confined
dimension), and relatively positioned and sized so as to result
in a suiliciently small range of difiracted angles (FIG. 6C), or
a minimum diffracted amplitude at a diffracted angle substan-
tially coinciding with a difiraction angle for optical coupling
between a diffractive-region optical mode and a non-confined
optical mode.

Mode-Matching

As has already been described hereinabove, the presence of
diffractive elements 1n a region of the planar waveguide may
alter the size, shape, and/or position of a supported optical
mode 1n that region, relative to a supported optical mode 1n
regions lacking diffractive elements. As already noted, this
phenomenon may be exploited to increase the diffraction
elliciency of a diffractive element set. An optical mode sup-
ported by the planar waveguide 1n a diffractive region shall be
referred to as a diffractive-region optical mode. Similarly, an
optical mode supported by the planar waveguide 1n a non-
diffractive region shall be referred to herein as a non-difirac-
tive-region optical mode. Differences between the spatial
characteristics of the diffractive-region and non-diffractive-
region modes may reduce optical coupling therebetween due
to mode mismatch, 1n which case an optical signal propagat-
ing between the diffracting region and the non-diffracting
region of the planar waveguide would suflfer an optical loss.
This optical loss may be negligible for weakly diffracting
elements, but becomes more severe as the diffractive ele-
ments diffract more strongly (often as aresult of alarger index
of refraction of the diffractive elements), or if there are mul-
tiple dissimilar regions 1n the planar waveguide with different
sets of diflractive elements and/or non-difiractive regions 1n
the path of the optical signal.

Mode-matching between the diffracting-region and non-
diffracting-region optical modes may be improved, and opti-
cal losses reduced to an operationally acceptable level, by
implementing one or more suitable adaptations of the planar
waveguide. I the diffractive elements are not positioned sym-
metrically in the confined dimension (as i1s the case, for
example, when the diffractive elements are formed at one
core/cladding interface), the diffractive-region optical mode
will be transversely displaced along the confined dimension.
If the diffractive elements have a higher index than the core
(grooves filled with higher-index material, for example), then
the di'?fractive-region mode will be shifted toward the difirac-
tive elements. If the diffractive elements have a lower index
than the core (grooves filled with cladding, for example), then
the diffractive-region mode will be shifted away from the

* [T

diffractive elements. It the core of the diffractive and non-
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diffractive regions of the waveguide are at the same position
along the confined dimension, the corresponding diffractive-
region and non-diffractive-region modes will be transversely
olfset from one another, resulting 1n reduced optical coupling
therebetween. A relative ofiset of the cores by the appropnate
distance may bring the modes into substantial alignment, and
may increase optical coupling between the modes (i.e. reduce
optical loss) to an operationally acceptable level. An exem-
plary fabrication sequence for producing such an offset 1s
schematically illustrated in FIG. 7, wherein the ofiset 1s
tormed 1n the lower cladding layer 102 prior to deposition of
core material layer 104" and diffractive element material layer
106'. Lithography or other spatially selective processing may
be employed to form diffractive elements 106 and to form
cores 104A (diffractive region) and 104B (non-diffractive
region). The upper cladding layer 108 1s then deposited over
the cores and diffractive elements. Any suitable fabrication
technique(s) may be employed. Exemplary matenals and
dimensions for such an embodiment, and simulation results
therefor, are as follows. Cladding 102 and 108 comprise
undoped silica (n=1.446); cores 104 A and 104B each com-
prise Ge-doped silica (n=1.457) about 2 um thick; diffractive
clements 106 comprise silicon oxynitride (n=1.33) filling
grooves etched into the surface of core 104A about 0.75 um
wide, 0.265 um deep, and with a period of about 0.53 um
(resonant diffracted wavelength about 1.54 um). With no
offset between cores 104A and 104B, optical coupling
between the modes 1s about 66% (optical loss about 1.8 dB).
I1 the core 104B 1s offset by about 1 um toward the diffractive
clements 106, the optical coupling between the modes 1s
about 93% (optical loss about 0.3 dB). Many other suitable
combinations of materials, dimensions, and offset may be
implemented, and shall fall within the scope of the present
disclosure and/or appended claims.

The presence of diffractive elements may also change the
s1ze (1.€., transverse extent) of an optical mode 1n the diffract-
ing region, relative to a mode 1n the non-diffracting region If
the refractive index of the diffractive elements 106 1s larger
than that of the core 104A, a smaller transverse mode size
results, while diffractive elements having a refractive index
smaller than that of the core result 1n a larger transverse mode
s1ze. Such mode size differences result 1n decreased optical
coupling, or equivalently, increased optical loss. As shown
schematically 1n the exemplary embodiment of FIG. 8, cores
104A and 104B may be formed with differing transverse
extents along the confined dimension. The sizes of the cores
104A and 104B may be chosen so as to yield substantially
similar transverse mode sizes for the diffracting-region and
non-diffracting-region optical modes, and may increase opti-
cal coupling between the modes (1.e. reduce optical loss) to an
operationally acceptable level. It should be noted that relative
offset and size differences of the cores may be implemented
alone or 1n combination.

An alternative approach for improving mode-matching
between diffracting and non-difiracting regions of the planar
waveguide 1s 1illustrated schematically in the exemplary
embodiment of FIG. 9. Core 104 A comprises core material
with refractive index n,, and diffractive elements 106 com-
prise material with diffractive index n,. Core 104B comprises
material with refractive index n,, with n,<n,<n,. By suitable
choice of n,, n,, and n, (the choices will depend on the
dimensions of the difiractive elements 106 and cores 140A
and 104B), the effective index of cores 104A and 104B may
be made substantially equal. I they are the same thickness,
then the respective optical modes will have substantially
similar transverse extents, thereby increasing optical cou-
pling and reducing optical loss.
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Instead of matching the respective optical modes supported
by the diffractive and non-diffractive regions of the planar
waveguide, an operationally acceptable level of optical cou-
pling between the modes may be achieved by substantially
adiabatic coupling 1n a transition region of the planar
waveguide, between the diffracting and non-diffracting
regions. The perturbation of the optical mode size, position,
and/or shape induced by the presence of the diffractive ele-
ments increases gradually from the non-diffracting region
through the transition region toward the diffracting region
over a length L., . Sufficiently gradual variation of the dii-
fractive elements results 1n a smooth evolution of the non-
diffractive-region optical mode into the diffractive-region
optical mode across the transition region, thereby reducing
optical loss to an operationally acceptable level. The gradual
appearance of the diffractive elements may be achieved 1n a
variety of ways, alone or 1n combination. Properties of the
diffractive elements that may be varied across the transition
region of the planar waveguide 1include the transverse extent
of the diffractive elements (in the confined dimension; FIG.
10), the longitudinal extent of the diffractive elements (FIG.
11), the index of refraction of the diffractive elements (FIG.
12), the fill-factor for the diffractive elements (FI1G. 13), and/
or the number density of the diffractive elements (FIG. 14). In
all these examples, the perturbation of the optical mode by the
presence ol the diffractive elements 1s gradually increased.
Any sulliciently gradual, substantially monotonic variation
may be implemented for any of these diffractive element
properties, including linear variation, quadratic variation,
sinusoidal variation, exponential variation, logarithmic varia-
tion, gaussian variation, and so forth. Varying the {ill factor,
number density, and/or width are described 1n detail 1n U.S.
Pat. No. 6,678,429 and application Ser. No. 10/6353,876 (cited
hereimnabove), and these may be readily implemented with
standard binary lithography techniques. Varying the trans-
verse extent (1.e. depth) or refractive index of the diffractive
clements may require more complex fabrication techniques,
such as grayscale lithography, for example. It should be noted
that the diffractive element set of the transition region may
exhibit its own transier function, and/or may direct optical
signal to 1ts own output port. Such output may serve some
useful function 1n an optical apparatus. Alternatively, the
diffractive element set of the transition region may be mnten-
tionally configured to substantially eliminate diffraction of
optical signals within the operational wavelength range of an
optical device. For example, the diffractive elements may be
arranged to have a resonant wavelength output the operating
wavelength range of the device. The presence of such non-
resonant diffractive elements modifies the spatial properties
of the planar waveguide modes without unwanted difiraction
of optical signal 1n the transition region.

Exemplary materials and dimensions for varying the dif-
fractive element fill factor (FIG. 13), and simulation results
therefor, are as follows. Cladding 102 and 108 comprise
undoped silica (n=1.446); cores 104A and 104B each com-
prise Ge-doped silica (n=1.457) about 3.8 um thick; diffrac-
tive elements 106 comprise silicon oxynitride (n=1.557), are
positioned symmetrically within the core 104A, are about
0.265 um wide and about 1 um deep, and have a period of
about 0.53 um (resonant diffracted wavelength about 1.54
wm). In the transition region, diffractive elements 106 on the
core are nominally divided into 50 segments (chosen so that
amplitude variation of the optical signal across a segment 1s
negligible; filled segments should be substantially uniformly
distributed along the difiractive element). Spatial periodicity
of the segments of the partially-filled diffractive elements
may result in undesirable diffraction maxima at other diffrac-
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tion angles. In order to suppress such maxima, the angle
subtended by each segment may be varies randomly and/or
gradually among the diffractive elements. In the exemplary
embodiment, none of the segments are filled with a diffractive
clement segment about 200 um away from the diffracting
region. The fraction of nominal segments that are filled with
a diffractive element segment increases with a sinusoidal
variation until 1t reaches unity at the diffracting region. With
no transition region between cores 104A and 104B, optical
coupling between the modes 1s about 80%. With the transition
region, the optical coupling between the modes 1s essentially
100% (negligible optical loss). Many other suitable combi-
nations ol materials and dimensions may be implemented,
and shall fall within the scope of the present disclosure and/or
appended claims.

Exemplary materials and dimensions for varying the dii-
fractive element number density (FIG. 14), and simulation
results therefor, are as follows. Cladding 102 and 108 com-
prise undoped silica (n=1.446); cores 104A and 104B each
comprise Ge-doped silica (n=1.457) about 2 um thick; dii-
fractive elements 106 comprise silicon oxynitride (n=1.53)
filling grooves etched 1nto the surface of the core about 0.75
um deep and about 0.265 um wide. The period of the difirac-
tive elements 106 on the core 1s about 0.53 um (resonant
diffracted wavelength about 1.54 um). In the transition
region, diffractive elements 106 begin with a period of about
2.65 um about 300 um away from the diffracting region, and
the period decreases with a sinusoidal vanation until it
reaches about 0.53 um at the diffracting region. With no
transition region between cores 104A and 104B, optical cou-
pling between the modes 1s about 66% (optical loss about 1.8
dB). With the transition region, the optical coupling between
the modes 1s essentially 100% (negligible optical loss). Many
other suitable combinations of materials and dimensions may
be implemented, and shall fall within the scope of the present
disclosure and/or appended claims. In some 1nstances 1t may
be desirable or necessary to design the variation through the
transition region so as to substantially avoid optical coupling,
into unwanted optical modes, particularly unwanted modes at
or near the operational design wavelength of the diffractive
clement set.

It should be noted that many of the embodiments depicted
in this disclosure are only shown schematically, and that not
all the features may be shown in full detail or 1n proper
proportion and/or location. Certain features or structures may
be exaggerated relative to others for clarity. In particular, it
should be noted that the numbers of diffractive elements 1n an
actual device may typically be larger than that shown in the
Figures. The numbers of diffractive elements 1s reduced in the
Figures for clarity. It should be further noted that the embodi-
ments shown 1n the Figures are exemplary only, and should
not be construed as specifically limiting the scope of the
written description or the claims set forth herein. It1s intended
that equivalents of the disclosed exemplary embodiments and
methods shall fall within the scope of the present disclosure.
It 1s intended that the disclosed exemplary embodiments and
methods, and equivalents thereof, may be modified while
remaining within the scope of the present disclosure.

What 1s claimed 1s:

1. An optical apparatus, comprising a planar optical
waveguide having at least one set of diffractive elements, the
planar optical waveguide substantially confining in at least
one transverse spatial dimension optical signals propagating
therein,

wherein:

cach diffractive element set routes, between corresponding,

mput and output optical ports, a corresponding dii-

10

15

20

25

30

35

40

45

50

55

60

65

14

fracted portion of an input optical signal propagating in
the planar waveguide that 1s diffracted by the diffractive
element set;

the input optical signal 1s successively incident on the
diffractive elements;

the optical signals propagate in the planar waveguide 1n
corresponding diffractive-region optical transverse
modes 1n regions of the planar waveguide where the
diffractive elements are present;

the optical signals propagate in the planar waveguide 1n
corresponding non-diffractive-region optical transverse
modes 1n regions of the planar waveguide where the
diffractive elements are absent; and

the diffractive element set or the planar optical waveguide
1s adapted so as to yield an operationally acceptable level
of (1) optical coupling between corresponding difirac-
tive-region and non-difiractive-region optical transverse
modes, or (1) diffraction efficiency of the diffractive
element set,

and wherein the adaptation of the diffractive element set or
the planar optical waveguide comprises:

diffractive elements having suificiently large transverse
extent in the confined dimension so as to substantially
suppress optical coupling between diffractive-region
optical modes and non-confined optical modes;

diffractive elements positioned in the confined dimension
so as to spatially overlap the diffracting-region optical
mode at or near a spatial maximum of the amplitude
thereof:;

diffractive elements having sufficiently large refractive
index and suificiently large transverse extent in the con-
fined dimension so as to yield diffractive-region optical
modes that substantially spatially overlap the diffractive
elements;

a planar waveguide core 1n a non-diffracting region of the
planar waveguide that 1s offset 1n the confined dimen-
sion relative to a planar waveguide core 1n a diffracting,
region of the planar waveguide;

a planar waveguide core 1n a non-difiracting region of the
planar waveguide that differs in transverse extent, in the
confined dimension, from a planar waveguide core 1n a
diffracting region of the planar waveguide;

a planar waveguide core 1n the non-diffracting region with
a refractive index higher than a refractive index of a
planar waveguide core in the diffracting region and
lower than a refractive index of the diffractive elements;

a transition region of the planar waveguide between the
diffracting region and the non-diffracting region
wherein a less-than-umty fill factor for the diffractive
clements increases from the non-diffracting region
toward the diffracting region;

a transition region of the planar waveguide between the
diffracting region and the non-diffracting region
wherein number density of the diffractive elements
increases from the non-diffracting region toward the
diffracting region;

a transition region of the planar waveguide between the
diffracting region and the non-diffracting region
wherein longitudinal extent of the diffractive elements
increases from the non-diffracting region toward the
diffracting region;

a transition region of the planar waveguide between the
diffracting region and the non-diffracting region
wherein transverse extent in the confined dimension of
the diffractive elements increases from the non-difiract-
ing region toward the diffracting region; or
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a transition region of the planar waveguide between the
diffracting region and the non-diffracting region
wherein refractive index of the diffractive elements
increases from the non-diffracting region to the difiract-
Ing region.

2. The apparatus of claim 1, wherein the adaptation com-
prises diffractive elements having sufliciently large trans-
verse extent 1n the confined dimension so as to substantially
suppress optical coupling between diffractive-region optical
modes and non-confined optical modes.

3. The apparatus of claim 2, wherein a range of diffraction
angles from a diffractive element, determined 1n part by the
transverse extent of the diffractive element, are smaller than a
diffraction angle for optical coupling between a diffractive-
region optical mode and the non-confined optical modes.

4. The apparatus of claim 2, wherein the transverse extent
of the diffractive elements 1s greater than or about equal to an
in-waveguide wavelength of the optical signals.

5. The apparatus of claim 2, wherein the transverse extent
of the diffractive elements results in a minimum diffracted
amplitude at a diffracted angle substantially coinciding with a
diffraction angle for optical coupling between a diffractive-
region optical mode and a non-confined optical mode.

6. The apparatus of claim 2, wherein the difiractive ele-
ments each comprise multiple segments positioned along the
confined dimension and sized so as to result in a minimum
diffracted amplitude at a diffracted angle substantially coin-
ciding with a diffraction angle for optical coupling between a
diffractive-region optical mode and a non-confined optical
mode.

7. The apparatus of claim 1, wherein the adaptation com-
prises diffractive elements positioned in the confined dimen-
s1on so as to spatially overlap the diffracting-region optical
mode at or near a spatial maximum of the amplitude thereof.

8. The apparatus of claim 7, wherein the diffractive ele-
ments are positioned substantially symmetrically along the
confined dimension, so as to substantially overlap spatially
the amplitude maximum of a lowest-order diffracting-region
optical mode.

9. The apparatus of claim 1, wherein the adaptation com-
prises diffractive elements having sutliciently large refractive
index and sufliciently large transverse extent in the confined
dimension so as to yield diffractive-region optical modes that
substantially spatially overlap the diffractive elements.

10. The apparatus of claim 9, wherein:

the planar waveguide comprises silica cladding and a silica
core doped to have a larger refractive index than the
cladding; and

the diffractive elements comprise silica doped to have a
larger refractive index than the core.

11. The apparatus of claim 9, wherein:

the planar waveguide comprises silica cladding and a silica
core doped to have a larger refractive index than the
cladding; and

the diffractive elements comprise silicon oxymitride and
have a larger refractive index than the core.

12. The apparatus of claim 11, wherein the diffractive
clements are larger than about 0.1 um 1n transverse extent 1n
the confined dimension.

13. The apparatus of claim 11, wherein the diffractive
clements have a refractive index larger than about 1.5.

14. The apparatus of claim 1, wherein the adaptation com-
prises a planar waveguide core 1n a non-diffracting region of
the planar waveguide that 1s ofiset 1n the confined dimension
relative to a planar waveguide core 1n a diffracting region of
the planar waveguide.
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15. The apparatus of claim 14, wherein the offset of the
waveguide cores results 1n substantial alignment 1n the con-
fined dimension of respective amplitude maxima of the dii-
fractive-region optical modes and corresponding non-difirac-
tive-region optical modes.

16. The apparatus of claim 1, wherein the adaptation com-
prises a planar waveguide core 1n a non-diffracting region of
the planar waveguide that differs in transverse extent, in the
confined dimension, from a planar waveguide core 1n a dii-
fracting region of the planar waveguide.

17. The apparatus of claim 16, wherein the difference in
transverse extent of the respective cores results 1n substan-
tially similar sizes in the confined dimension of the difirac-
tive-region optical modes and corresponding non-diffractive-
region optical modes.

18. The apparatus of claim 1, wherein the adaptation com-
prises a planar waveguide core 1n the non-diffracting region
with a refractive index higher than a refractive index of a
planar waveguide core in the diffracting region and lower than
a refractive index of the diffractive elements.

19. The apparatus of claim 18, wherein the refractive indi-
ces and transverse extents of the waveguide cores and difirac-
tive elements result 1n diffractive-region optical modes and
the corresponding non-diffractive-region optical modes that
are substantially similar 1n transverse extent.

20. The apparatus of claim 1, wherein the adaptation com-
prises a transition region of the planar waveguide between the
diffracting region and the non-diffracting region wherein a
less-than-unity fill factor for the diffractive elements
increases from the non-difiracting region toward the diffract-
Ing region.

21. The apparatus of claim 20, wherein spatial variation of
the fill factor of the diffractive elements in the transition
region ol the planar waveguide 1s sufficiently gradual so as to
result in substantially adiabatic optical coupling between dii-
fractive-region optical modes and corresponding non-difirac-
tive-region optical modes.

22. The apparatus of claim 1, wherein the adaptation com-
prises a transition region of the planar waveguide between the
diffracting region and the non-difiracting region wherein
number density of the diffractive elements increases from the
non-diffracting region toward the diffracting region.

23. The apparatus of claim 22, wherein spatial variation of
the number density of the diffractive elements in the transi-
tion region of the planar waveguide 1s sufficiently gradual so
as to result i substantially adiabatic optical coupling
between diffractive-region optical modes and corresponding
non-diflractive-region optical modes.

24. The apparatus of claim 1, wherein the adaptation com-
prises a transition region of the planar waveguide between the
diffracting region and the non-diffracting region wherein
transverse extent 1n the confined dimension of the diffractive
clements increases from the non-diffracting region toward the
diffracting region.

25. The apparatus of claim 24, wherein spatial variation of
the transverse extent of the diffractive elements 1n the transi-
tion region of the planar waveguide 1s sulliciently gradual so
as to result in substantially adiabatic optical coupling
between diffractive-region optical modes and corresponding
non-diflractive-region optical modes.

26. The apparatus of claim 1, wherein the adaptation com-
prises a transition region of the planar waveguide between the
diffracting region and the non-diffracting region wherein lon-
gitudinal extent of the diffractive elements increases from the
non-difiracting region toward the diflracting region.

277. The apparatus of claim 26, wherein spatial variation of
the longitudinal extent of the diffractive elements in the tran-
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sitionregion of the planar waveguide 1s sufficiently gradual so
as to result in substantially adiabatic optical coupling
between diffractive-region optical modes and corresponding,
non-diffractive-region optical modes.

28. The apparatus of claim 1, wherein the adaptation com-
prises a transition region of the planar waveguide between the
diffracting region and the non-diffracting region wherein
refractive index of the diffractive elements increases from the
non-diffracting region to the diffracting region.

29. The apparatus of claim 28, wherein spatial variation of
the refractive index of the diffractive elements in the transi-
tion region of the planar waveguide 1s sulliciently gradual so
as to result in substantially adiabatic optical coupling
between diffractive-region optical modes and corresponding,

non-dif

{ractive-region optical modes.

30. The apparatus of claim 1, wherein the optical element
comprises a slab waveguide, the slab waveguide substantially
confining in one transverse dimension optical fields propa-
gating 1n two dimensions therein.

31. The apparatus of claim 1, wherein the optical element
comprises a channel waveguide, the channel waveguide sub-
stantially confimng in two transverse dimensions optical
fields propagating 1n one dimension therein.

32. The apparatus of claim 1, wherein the planar waveguide
comprises a core and lower-index cladding for substantially
confining optical fields propagating therein.

33. The apparatus of claim 32, wherein the diffractive
clements comprise grooves in the core, the grooves being
filled with material having a refractive index larger than that
of the core.

34. The apparatus of claim 32, wherein the diffractive
clements comprise grooves in the core, the grooves being
filled with cladding.

35. The apparatus of claim 32, wherein the diffractive
clements comprise ridges of the core protruding into the
cladding.

36. The apparatus of claim 32, wherein the diffractive
clements comprise ridges, protruding into the cladding from
the core, of material having a refractive index larger than that
of the core.

37. The apparatus of claim 32, wherein the diffractive
clements are positioned within the core.

38. The apparatus of claim 32, wherein the diffractive
clements span the core 1n at least one confined dimension.

39. The apparatus of claim 1, wherein the diffractive ele-
ments comprise lithographically-formed elements.

40. The apparatus of claim 1, wherein the diffractive ele-
ments comprise localized regions of the waveguide differing
from adjacent regions of the waveguide 1n optically-induced
density.

41. The apparatus of claim 1, wherein the difiractive ele-
ments comprise localized regions of the waveguide differing
from adjacent regions of the waveguide mm mechanically-
induced density.

42. The apparatus of claim 1, wherein the diffractive ele-
ments comprise localized regions of the waveguide differing
from adjacent regions of the waveguide in dopant concentra-
tion.

43. The apparatus of claim 1, wherein the diffractive ele-
ments comprise holographically-formed elements.

44. An optical apparatus, comprising:

an optical waveguide arranged to enable an optical signal

to propagate therein, the optical waveguide further
being arrvanged to substantially confine in at least one
transverse dimension said optical signal that propa-
gates therein; and
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at least one set of diffractive elements in the optical

waveguide,

wherein the optical signal propagates in the optical

waveguide in a diffractive-region optical transverse

mode in a first region of the optical waveguide whevre the
at least one set of diffractive elements is present,
wherein the optical signal propagates in the optical
waveguide in a non-diffractive-region optical transverse
mode in a second vegion of the optical waveguide where
the at least one set of diffractive elements is absent, and
wherein the at least one set of diffractive elements has an
arrangement to provide a level of optical coupling
between corresponding diffractive-region and non-dif-

fractive-region optical transverse modes, ov to provide a

level of diffraction efficiency, and

wherein said arrangement includes:

diffractive elements having sufficiently large transverse
extent in the confined dimension so as to substantially
suppress optical coupling between diffractive-region
optical modes and non-confined optical modes;

diffractive elements positioned in the confined dimen-
sion so as to spatially overlap the diffractive-region
optical transverse mode at or near a spatial maximum
of an amplitude thereof;

diffractive elements having sufficiently large rvefractive
index and sufficiently large transverse extent in the
confined dimension so as to vield diffractive-region
optical modes that substantially spatially overlap the
diffractive elements;

a waveguide core in the second region of the optical
waveguide that is offset in the confined dimension
relative to a waveguide core in the first vegion of the
optical waveguide;

a waveguide core in the second region of the optical
waveguide that differs in transverse extent, in the con-
fined dimension, from a waveguide core in the first
region of the optical waveguide;

a waveguide core in the second region with a refractive
index higher than a rvefractive index of a waveguide
corve in the first vegion and lower than a rvefractive
index of the diffractive elements;

a transition vegion of the optical waveguide between the
firstregion and the second region wherein a less-than-
unity fill factor for the diffractive elements increases
from the second region towards the first region;

a transition region of the optical waveguide between the
first vegion and the second region wherein number
density of the diffractive elements increases from the
second region towards the first region;

a transition region of the optical waveguide between the
fivst vegion and the second rvegion wherein longitudi-
nal extent of the diffractive elements increases from
the second region towards the first vegion;

a transition vegion of the optical waveguide between the
first vegion and the second region wherein transverse
extent in the confined dimension of the diffractive
elements increases from the second region towards
the first region; or

a transition region of the optical waveguide between the
firstvegion and the second region wherein a rvefractive
index of the diffractive elements increases from the
second region to the first region.

45. The apparatus of claim 44 wherein the at least one set
of diffractive elements is arranged to voute, between an input
optical port and an output optical port, a portion of the
optical signal that is diffracted by the at least one set of
diffractive elements.
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46. The apparatus of claim 44 wherein said level of optical
coupling includes an increased level of optical coupling.

47. The apparatus of claim 44 whevrein said level of optical
coupling includes a lowered level of optical coupling.

48. The apparatus of claim 44 wherein said level of diffrac-
tion efficiency includes an increased level of diffraction effi-
ciency.

49. The apparatus of claim 44 wherein said level of diffrac-
tion efficiency includes a lowered level of diffraction effi-
clency.

50. An apparatus, comprising.

optical waveguide means for propagating an optical signal

therein and for substantially confining in at least one

transverse dimension said optical signal propagating
therein; and

at least one set of diffractive element means for diffracting

a portion of the propagating optical signal,

wherein the optical signal propagates in the optical

waveguide means in a diffractive-rvegion optical trans-

verse mode in a first vegion of the optical waveguide
means where the at least one set of diffractive element
means 1s present,

wherein the optical signal propagates in the optical

waveguide means in a non-diffractive-region optical

transverse mode in a second rvegion of the optical
waveguide means wheve the at least one set of diffractive
element means is absent; and

wherein said at least one set of diffractive element means

has an arrangement to provide a level of optical cou-

pling between corresponding diffractive-region and
non-diffractive-region optical transverse modes, or to
provide a level of diffraction efficiency, and

whevrein said arvangement includes.:

diffractive elements, of said at least one set of diffractive
element means, having sufficiently lavge transverse
extent in the confined dimension so as to substantially
suppress optical coupling between diffractive-region
optical modes and non-confined optical modes;

diffractive elements, of said at least one set of diffractive
element means, positioned in the confined dimension
so as to spatially overlap the diffractive-region optical
transverse mode at or near a spatial maximum of an
amplitude thereof;

diffractive elements, of said at least one set of diffractive
element means, having sufficiently large refractive
index and sufficiently large transverse extent in the
confined dimension so as to vield diffractive-region
optical modes that substantially spatially overlap the
diffractive elements;

a waveguide core in the second region of the optical
waveguide means that is offset in the confined dimen-
sion velative to a waveguide core in the first region of
the optical waveguide means;
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a waveguide core in the second region of the optical
waveguide means that differs in transverse extent, in
the confined dimension, from a waveguide cove in the
first region of the optical waveguide means;

a waveguide core in the second region with a refractive
index higher than a rvefractive index of a waveguide
core in the first region and lower than a refractive
index of diffractive elements of said at least one set of
diffractive element means;

a tramsition rvegion of the optical waveguide means
between the first vegion and the second region wherein
a less-than-unity fill factor for diffractive elements, of
said at least one set of diffractive element means,
increases from the second rvegion towards the first
region,

a transition region of the optical waveguide means
between the first vegion and the second region wherein
number density of diffractive elements, of said at least
one set of diffractive element means, increases from
the second region towards the first vegion;

a tramsition rvegion of the optical waveguide means
between the first vegion and the second region wherein
longitudinal extent of diffractive elements, of said at
least one set of diffractive element means, increases
from the second region towards the first region;

a transition region of the optical waveguide means
between the first region and the second region wherein
transverse extent in the confined dimension of diffrac-
tive elements, of said at least one set of diffractive
element means, increases from the second region
towards the first vegion; or

a tramsition rvegion of the optical waveguide means
between the first vegion and the second region wherein
a refractive index of diffractive elements, of said at
least one set of diffractive element means, increases

from the second region to the first region.

51. The apparatus of claim 50 wherein said at least one set
of diffractive element means diffracts said portion of the
propagating optical signal between an input optical port and
an output optical port.

52. The apparatus of claim 50 wherein said level of optical
coupling includes an increased level of optical coupling.

53. The apparatus of claim 50 wherein said level of optical
coupling includes a lowered level of optical coupling.

54. The apparatus of claim 50 wherein said level of diffrac-
tion efficiency includes an increased level of diffraction effi-
ciency.

55. The apparatus of claim 50 wherein said level of diffrac-
tion efficiency includes a lowered level of diffraction effi-
clency.
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