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(7) ABSTRACT

A spectral filter comprises a planar optical waveguide hav-
ing at least one set of diffractive elements. The waveguide
confines in one transverse dimension an optical signal
propagating in two other dimensions therein. The waveguide
supports multiple transverse modes. Each diffractive ele-
ment set routes, between input and output ports, a diffracted
portion of the optical signal propagating in the planar
waveguide and diffracted by the diffractive elements. The
diffracted portion of the optical signal reaches the output
port as a superposition of multiple transverse modes. A
multimode optical source may launch the optical signal into
the planar waveguide, through the corresponding input
optical port, as a superposition of multiple transverse modes.
A multimode output waveguide may receive, through the
output port, the diffracted portion of the optical signal.
Multiple diffractive element sets may route corresponding
diffracted portions of optical signal between one or more
corresponding input and output ports.
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MULTIMODE PLANAR WAVEGUIDE
SPECTRAL FILTER

RELATED APPLICATIONS

This application claims benefit of prior-filed co-pending
provisional App. No. 60/486,451 entitled “Focusing holo-
graphic elements in multimode waveguides” filed Jul. 10,
2003 in the names of Thomas W. Mossberg, Christoph M.
Greiner, and Dmitri Iazikov, said provisional application
being hereby incorporated by reference as if fully set forth
herein.

This application is a continuation-in-part of prior-filed
U.S. non-provisional application Ser. No. 10/653,876
entitled “Amplitude and phase control in distributed optical
structures” filed Sep. 2, 2003 in the names of Christoph M.
Greiner, Dmitri lazikov, and Thomas W. Mossberg now U.S.
Pat. No. 6,829,417, which is in turn a continuation-in-part of
U.S. non-provisional application Ser. No. 10/229,444
entitled “Amplitude and phase control in distributed optical
structures” filed Aug. 27, 2002 in the names of Thomas W.
Mossberg and Christoph M. Greiner, now U.S. Pat. No.
6,678,429 issued Jan. 13, 2004. Each of said application and
said patent are hereby incorporated by reference as if fully
set forth herein. application Ser. No. 10/229,444 in turn
claims benefit of provisional App. No. 60/315,302 entitled
“Effective gray scale in lithographically scribed 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 diffractive elements” filed
Apr. 4, 2002 in the names of Thomas W. Mossberg and
Christoph M. Greiner, both of said provisional applications
being hereby incorporated by reference as if fully set forth
herein.

This application is a continuation-in-part of prior-filed
non-provisional application Ser. No. 09/811,081 entitled
“Holographic spectral filter” filed Mar. 16, 2001 in the name
of Thomas W. Mossberg now U.S. Pat. No. 6,897,441, and
a continuation-in-part of prior-filed non-provisional Appli-
cation Ser. No. 09/843,597 entitled “Optical processor” filed
Apr. 26,2001 in the name of Thomas W. Mossberg now U.S.
Pat. No. 6,965,464, application Ser. No. 09/843,597 in turn
being a continuation-in-part of said application Ser. No.
09/811,081 filed Mar. 16, 2001, now U.S. Pat. No. 6,897,
441. Said application Ser. No. 09/811,081 in turn claims
benefit of: 1) provisional App. No. 60/190,126 filed Mar. 16,
2000; 2) provisional App. No. 60/199,790 filed Apr. 26,
2000; 3) provisional App. No. 60/235,330 filed Sep. 26,
2000; and 4) provisional App. No. 60/247,231 filed Nov. 10,
2000. Each of said non-provisional applications and each of
said provisional applications are hereby incorporated by
reference as if fully set forth herein.

BACKGROUND

The field of the present invention relates to optical devices
incorporating distributed optical structures. In particular,
multimode planar waveguide spectral filters are disclosed
herein.

SUMMARY

A spectral filter comprises a planar optical waveguide
having at least one set of diffractive elements. The planar
optical waveguide substantially confines in one transverse
spatial dimension an optical signal propagating in two other
spatial dimensions therein. The planar waveguide supports
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multiple optical transverse modes in the confined transverse
dimension. Each diffractive element set routes, between a
corresponding input optical port and a corresponding output
optical port, a corresponding diffracted portion of the optical
signal propagating in the planar waveguide that is diffracted
by the diffractive element set. The corresponding diffracted
portion of the optical signal reaches the corresponding
output optical port as a superposition of multiple optical
transverse modes supported by the planar optical
waveguide. A corresponding multimode optical source may
be positioned and aligned so as to launch the optical signal
into the planar waveguide, through the corresponding input
optical port, as a superposition of multiple optical transverse
modes supported by the planar optical waveguide. A corre-
sponding multimode output waveguide may be positioned
and aligned so as to receive, through the corresponding
output optical port, the corresponding diffracted portion of
the optical signal. Multiple diffractive element sets may
route corresponding diffracted portions of optical signal
between one or more corresponding input optical ports and
one or more corresponding output optical ports.

Objects and advantages pertaining to multimode planar
waveguide spectral filters may become apparent upon refer-
ring to the disclosed embodiments as illustrated in the
drawings and disclosed in the following written description
and/or claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B are side and top schematic views,
respectively, of a planar waveguide spectral filter. FIG. 1C
is a schematic top view showing an optical path between
input and output optical ports of a planar waveguide spectral
filter.

FIGS. 2A and 2B are side schematic views of planar
waveguide spectral filters.

FIG. 3 is a side schematic view of a planar waveguide
spectral filter.

FIG. 4 illustrates the dependence of mode angle on planar
waveguide thickness parameter.

FIG. 5 illustrates the dependence of fractional bandpass
on cladding index for a planar waveguide spectral filter.

The embodiments shown in 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

A spectral filter according to the present disclosure com-
prises a multimode planar optical waveguide having at least
one set of diffractive elements. The planar optical waveguide
substantially confines in one transverse dimension optical
signals propagating in the other two spatial dimensions. The
planar waveguide supports multiple transverse optical
modes in the confined transverse dimension. An optical
signal propagates through the multimode planar optical
waveguide as a superposition of the supported optical
modes. However, the relative phases of the modes of such a
superposition generally vary with propagation distance
through the waveguide, since the optical modes propagate at
differing phase velocities (i.e., the waveguide exhibits modal
dispersion). The planar waveguide typically comprises a
core (a two-dimensional sheet or layer) surrounded by
lower-index cladding. The core is fabricated using one or
more dielectric materials substantially transparent over a
desired operating wavelength range. In some instances one
or both claddings may be vacuum, air, or other ambient
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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
support guided, albeit lossy, optical modes.) The planar
waveguide may be secured to a substrate, for facilitating
manufacture, for mechanical support, and/or for other rea-
sons.

The set of diffractive elements of the spectral filter may
also be referred to as: a set of holographic elements; a
volume hologram; a distributed reflective element, distrib-
uted reflector, or distributed Bragg reflector (DBR); a Bragg
reflective grating (BRG); a holographic Bragg reflector
(HBR); a directional photonic-bandgap structure; 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 incident optical signal
(said process hereinafter simply referred to as diffraction).
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 is
spatially defined by a virtual two-dimensional 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. The curvilinear diffractive elements of the set (or
equivalently, their corresponding contours) are spatially
arranged with respect to one another so that the correspond-
ing portions of the optical signal diffracted by each element
interfere with one another, so as to impart desired spectral
and/or temporal characteristics onto the portion of the opti-
cal signal collectively diffracted from the set of diffractive
elements. The diffractive elements in the set are arranged so
that an input optical signal, entering the planar waveguide
through an input optical port, is successively incident on
diffractive elements of the set. A fraction of the incident
amplitude is diffracted by a diffractive element and the
remainder transmitted and incident on another diffractive
element, and so on successively through the set of diffractive
elements. The diffractive elements are therefore spaced
substantially longitudinally along the propagation direction
of the incident optical signal (in contrast to a traditional
surface grating, in which the diffractive elements, i.e. grating
lines, are spaced transversely across the wavefront of a
normally incident optical signal). Each curvilinear diffrac-
tive element is shaped to direct its diffracted portion of the
optical signal to an output optical port, typically propagating
back through earlier diffractive elements of the set. The
relative spatial arrangement (i.e. longitudinal spacing) of the
diffractive elements of the set yields desired spectral and/or
temporal characteristics for the overall diffracted optical
signal reaching the output optical port. 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 location, convergence/divergence/collimation,
and/or propagation direction). For a single-mode planar
waveguide, such a set of diffractive elements may be
arranged to yield an arbitrary spectral transfer function (in
terms of amplitude and phase). In a multimode planar
waveguide, the subject of the present disclosure, modal
dispersion and mode-to-mode coupling of diffracted por-
tions of the optical signal limit the range of spectral transfer
functions that may be implemented.
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The set of diffractive elements of the spectral filter pro-
vides dual functionality, spatially routing an optical signal
between an input optical port and an output optical port,
while at the same time acting as a spectral filter. The
curvilinear diffractive elements may be designed (by com-
puter generation, for example) so as to provide optimal
routing, imaging, or focusing of the optical signal between
an input optical port and a desired output optical port, thus
reducing or minimizing insertion loss of the spectral filter.
Simple curvilinear diffractive elements (segments of circles,
ellipses, parabolas, hyperbolas, and so forth), if not optimal,
may be employed as approximations of fully optimized
contours. A wide range of fabrication techniques 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. The following are exemplary only, and are not
intended to be exhaustive.

Diffractive elements may be formed lithographically on
the surface of a multimode planar optical waveguide, or at
one or both interfaces between core and cladding of a
multimode planar optical waveguide. Diffractive contours
may be formed lithographically in the interior of the core
layer and/or a cladding layer of the planar optical waveguide
using one or more spatial lithography steps performed after
an initial partial deposition of layer material. Diffractive
elements may be formed in 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 multimode planar waveguide
(fabricated at least in part with suitably sensitive material)
whose fringe contours match the desired diffractive element
contours. Alteration of the refractive index by exposure to
ultraviolet or other radiation results in index-modulated
diffractive elements. The mask may be zeroth-order-sup-
pressed according to methods known in the art, including the
arts associated with fabrication of fiber Bragg gratings. The
amplitude and/or phase mask may be produced lithographi-
cally via laser writer or e-beam, it may be interferometrically
formed, or it may be formed by any other suitable technique.
In instances where resolution is insufficient to produce a
mask having required feature sizes, a larger scale mask may
be produced and reduced to needed dimensions via photore-
duction lithography, as in a stepper, to produce a mask at the
needed scale. Diffractive elements may be formed by mold-
ing, 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 cladding
region. The optical or UV source used to write the diffractive
elements in this case should have a coherence length com-
parable or longer than the distance from the stamped phase
mask to the bottom of the core region. Stamping of the phase
mask directly on the device may simplify 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
(including ultraviolet light) that produces the desired refrac-
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tive index changes, provided only that the photosensitive
material employed is suitably stable in the presence of light
in the desired operating wavelength range of the spectral
filter. Exposure of a complete set of diffractive elements to
substantially spatially uniform, refractive-index-changing
light may be employed to tune the operative wavelength
range of the diffractive element set. Exposure of the diffrac-
tive 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 sensitivity of planar waveguide materials
to irradiation produced refractive index modulations may be
increased using hydrogen-loading, flame-brushing, boron or
other chemical doping, or other method known in the art, for
example in the context of making fiber Bragg gratings.

A schematic overview of an exemplary planar waveguide
spectral filter is shown in FIG. 1. In FIG. 1A, a cross section
of a planar waveguide 100 (with core 104 and first and
second claddings 106 and 108) shows diffractive elements
102 in cross section. In this exemplary embodiment, the
diffractive elements are formed at the interface between core
104 and cladding 106, and comprise cladding material
deposited into trenches etched to a depth d into the one
surface of the waveguide core layer 104. The diffractive
elements 102 may instead be filled with a material other than
the cladding material, provided the material has a refractive
index differing from the core refractive index. An optical
signal propagates in the x- and z-dimensions through the
planar waveguide (substantially confined in the y-dimension
by the planar waveguide) and is backscattered by the dif-
fractive elements. Light whose vacuum wavelength
Mae=20 A Wwill be most strongly backscattered (due to
constructive interference among the portions of the incident
optical signal diffracted by the individual diffractive ele-
ments). Here n_is the effective waveguide refractive index
and A is the physical spacing between diffractive contours
(defined herein in terms of the differences in the lengths of
ray paths s, between input and output ports for successive
diffractive elements, as shown in FIG. 1C; the spacing may
be averaged over a diffractive element if the ray pathlength
is not constant across the diffractive element, i.e., if the
diffractive element curvilinear contour is not fully spatially
optimized). For example, if A,,.=1.5 um is to be reflected
and the effective core refractive index for the mode of
interest is 1.45, the one-way ray path spacing between
diffractive elements should be about 0.517 um.

It should be noted that the effective waveguide index is
not simply the refractive index n,,, of the bulk material
comprising the core. The effective core index reflects rather
the property of a particular mode supported by the planar
waveguide and represents the vacuum speed of light divided
by the phase velocity of the guided wave along the guiding
direction of the waveguide. In a single-mode waveguide,
there is a unique effective index for light traveling within the
waveguide (typically wavelength-dependent). For a multi-
mode waveguide, the subject of the present disclosure, there
is a range of effective waveguide refractive indices—one for
each of the transverse optical modes that is supported by the
waveguide. In the context of planar waveguides, “transverse
optical mode” refers to optical modes having distinct electric
field (E-field) amplitude variations along the direction
locally normal to the plane of the planar waveguide. Each
transverse optical mode actually comprises a family of
modes having the same E-field variation along the local
normal to the planar waveguide but having different propa-
gation directions within the waveguide. The effective index
for a particular optical mode is a function of the mode size
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and shape, the core index n,,,., the first and second cladding
indices n, and n,, and the core thickness D (note these are
not all independent of one another; the thickness and indices
typically determine the mode size and shape). The refractive
indices of the two claddings, n, and n,, need not be the same.
The cladding index closer to the core index (i.e., the greater
of n, and n,) shall be denoted hereinafter as n_,,,. Note that
air, dielectric, metallic, or other suitable cladding material
may be employed. Core and cladding materials should be
chosen to provide acceptably low absorptive and scattering
losses. Many appropriate silica, semiconductor, polymer,
and other materials are known in the planar waveguide art
and may be employed within the scope of the present
disclosure and/or appended claims.

In FIG. 1B, a top view of the diffractive element set is
shown. Each dashed curve represents a diffractive element
102 (equivalently, a diffractive element virtual contour). In
this example the diffractive elements are spatially defined by
diffractive contours that are concentric circular arcs (with
common center of curvature 110). Each diffractive element
acts as a weak focusing mirror that images the input optical
port 112 onto the output optical port 114, with the ports
located at conjugate image points defined by the circular
diffractive element contours. In a fully spatially optimized
device, each diffractive element may be defined by a unique
virtual contour designed so as to convert the input optical
signal wavefront into an output optical signal wavefront
matched as well as possible for effective optical coupling
into the output optical port. Simpler curvilinear diffractive
element contours (such as circular arcs in this example) may
be employed as approximations of fully optimized contours.
Optical coupling may be optimized by designing the dif-
fractive element set to reside within and fill at least a portion
of the region of overlap between the designed input optical
signal beam and the designed output optical signal beam.
The design output beam may be visualized by injecting a
signal backwards through the output port so as to impinge on
the diffractive element set. The time-reverse of the backward
injected signal is the design output beam. The design input
signal beam corresponds to a beam launched toward the
diffractive element set through the input port. When the
input and output ports are in close proximity and the design
input and output beams are nearly anti-parallel, the overlap
region will be of large extent along a line bisecting the angle
between input and output beams. The diffractive element set
need not fill this entire length. Along this bisector direction,
the diffractive element set need only be long enough to
provide desired spectral resolution or overall reflective
strength. In a single mode waveguide, the fully optimized
focusing contour is unique as there is only one mode
involved. In a multimode waveguide (the subject of the
present disclosure), coupling by the diffractive element set
of all possible input modes to all of the possible output
modes is relevant. FIG. 1C shows a particular ray path from
the input optical port 112 to the output optical port 114.
Typically, the spacing between diffractive contours is
arranged so that optical ray paths like the one shown in FIG.
1C increment by a constant amount from one diffractive
contour to the next. (As an aside, since for a specific optical
mode the optical pathlength difference between diffractive
elements depends on the relevant modal indices as well as
the ray pathlength difference between the diffractive ele-
ments, and since the modal indices vary among the sup-
ported transverse modes, the optical path increment cannot
be defined uniquely in a multimode waveguide. Therefore,
when referring herein to a multimode waveguide, phrases
such as “optical path difference” and so forth must be
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