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spatial region thereof wherein multiple diffracting regions of
a first diffractive element set are present and diffracting
regions of a second diffractive element set are absent. The
diffractive elements of each set, the diffracting regions
thereof, and each said spatial region are arranged so as to
impart desired spatial characteristics, desired spectral char-
acteristics, or desired temporal characteristics onto the cor-
responding routed portion of the optical signal.

28 Claims, 19 Drawing Sheets
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MULTIPLE DISTRIBUTED OPTICAL
STRUCTURES IN A SINGLE OPTICAL
ELEMENT

BENEFIT CLAIMS TO RELATED
APPLICATIONS

This application claims benefit of: i) prior-filed now
abandoned provisional App. No. 60/525,815 filed Nov. 28,
2003 in the names of Dmitri [azikov, Christoph M. Greiner,
and Thomas W. Mossberg; ii) prior-filed now abandoned
provisional App. No. 60/586,866 filed Jul. 8, 2004 in the
names of Dmitri lazikov, Christoph M. Greiner, and Thomas
W. Mossberg; and iii) prior-filed now abandoned provisional
App. No. 60/604,473 filed Aug. 24, 2004 in the names of
Dmitri lazikov, Christoph M. Greiner, and Thomas W.
Mossberg. Each of said App. Nos. 60/525,815, 60/586,866,
and 60/604,473 is hereby incorporated by reference as if
fully set forth herein.

This application is a continuation-in-part of prior-filed
now abandoned U.S. non-provisional application Ser. No.
10/653,876 filed Sep. 2, 2003 now U.S. Pat. No. 6,829,417
in the names of Christoph M. Greiner, Dmitri Iazikov, and
Thomas W. Mossberg, which is in turn a continuation-in-
part of U.S. non-provisional application Ser. No. 10/229,444
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), which in turn claims benefit of: i)
provisional App. No. 60/315,302 filed Aug. 27, 2001 in the
name of Thomas W. Mossberg; and ii) provisional App. No.
60/370,182 filed Apr. 4, 2002 in the names of Thomas W.
Mossberg and Christoph M. Greiner. Each of said applica-
tion Ser. Nos. 10/653,876, 10/229,444, 60/315,302, and
60/370,182 are hereby incorporated by reference as if fully
set forth herein.

This application is a continuation-in-part of prior-filed
now abandoned non-provisional application Ser. No.
09/811,081 filed Mar. 16, 2001 now U.S. Pat. No. 6,879,441
in the name of Thomas W. Mossberg, which in turn claims
benefit of: i) provisional App. No. 60/190,126 filed Mar. 16,
2000; ii) provisional App. No. 60/199,790 filed Apr. 26,
2000, iii) provisional App. No. 60/235,330 filed Sep. 26,
2000; and iv) provisional App. No. 60/247,231 filed Nov. 10,
2000. Each of said application Ser. Nos. 09/811,081, 60/190,
126, 60/199,790, 60/235,330, and 60/247,231 is 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,
optical elements with multiple distributed optical structures
are disclosed herein.

SUMMARY

An optical apparatus comprises an optical element having
at least two sets of diffractive elements, each diffractive
element comprising at least one diffracting region thereof. At
least one diffractive element set collectively routes, between
a corresponding input optical port and a corresponding
output optical port, at least a portion of a corresponding
optical signal incident on the diffracting regions that is
diffracted thereby as it propagates from the corresponding
input optical port. The optical element includes at least one
spatial region thereof wherein multiple diffracting regions of
a first diffractive element set are present and diffracting
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regions of a second diffractive element set are absent. The
diffractive elements of each set, the diffracting regions
thereof, and each said spatial region are arranged so as to
impart desired spatial characteristics, desired spectral char-
acteristics, or desired temporal characteristics onto the cor-
responding routed portion of the optical signal.

The optical element may further include at least one
spatial region thereof wherein multiple diffracting regions of
the second diffractive element set are present and diffracting
regions of the first diffractive element set are absent. The
diffractive elements of each set, the diffracting regions
thereof, and each said spatial region are arranged so as to
impart desired spatial characteristics, desired spectral char-
acteristics, or desired temporal characteristics onto the cor-
responding routed portion of the optical signal. The spatial
regions may be positioned and arranged so that a given
portion of a spatial wavefront of an incident optical signal is
incident on: i) at least one of the spatial regions having
diffracting regions of the first diffractive element set; or ii)
on at least one of the spatial regions having diffracting
regions of the second diffractive element set.

Objects and advantages pertaining to multiple diffractive
element sets in an optical element may become apparent
upon referring to the disclosed embodiments as illustrated in
the drawings and disclosed in the following written descrip-
tion and/or claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates schematically two diffractive element
sets interleaved in an optical device.

FIG. 2 illustrates spectral features arising from the device
of FIG. 1.

FIG. 3 illustrates schematically two diffractive element
sets interleaved in an optical device.

FIG. 4 illustrates schematically N diffractive element sets
interleaved in an optical device.

FIG. 5 illustrates schematically two diffractive element
sets interleaved in an optical device.

FIG. 6 illustrates schematically a diffractive element with
diffractive regions, and the spatial distribution of an optical
field diffracted therefrom.

FIG. 7 illustrates schematically a diffractive element and
the spatial distribution of an optical field diffracted there-
from.

FIG. 8 illustrates schematically a diffractive element with
diffractive regions.

FIG. 9 illustrates schematically the spatial distribution of
an optical field diffracted from the diffractive structure of
FIG. 8.

FIG. 10 illustrates schematically diffractive elements with
diffractive regions.

FIG. 11 illustrates schematically the spatial distribution of
an optical field diffracted from the diffractive structure of
FIG. 10.

FIG. 12 illustrates schematically diffractive elements with
diffractive regions.

FIG. 13 illustrates schematically the spatial distribution of
an optical field diffracted from the diffractive structure of
FIG. 12.

FIG. 14 illustrates schematically the spatial distribution of
an optical field diffracted from a diffractive structure.

FIG. 15 illustrates schematically the spatial distribution of
an optical field diffracted from a diffractive structure.

FIG. 16 illustrates schematically diffractive element sets
interleaved in an optical device.
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FIG. 17 illustrates schematically diffractive element sets
interleaved in an optical device.

FIG. 18 illustrates schematically diffractive element sets
interleaved in an optical device.

FIG. 19 illustrates schematically diffractive element sets
interleaved in an optical device.

FIG. 20 illustrates schematically diffractive element sets
interleaved in an optical device.

FIG. 21 illustrates schematically diffractive element sets
interleaved in an optical device.

In many of the Figures, spatial regions are shown that
contain diffracting regions of diffractive element sets, but no
individual diffractive elements or diffracting regions thereof
are shown. 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

An optical apparatus according to the present disclosure
comprises an optical element having at least two sets of
diffractive elements. The optical element may comprise a
planar optical waveguide substantially confining in at least
one transverse spatial dimension optical signals propagating
therein, or may enable propagation of optical signals in three
spatial dimensions therein.

A planar optical waveguide is generally formed on or
from a substantially planar substrate of some sort. The
confined optical signals typically propagate as transverse
optical modes supported or guided by the planar waveguide.
These optical modes are particular solutions of the electro-
magnetic field equations in the space occupied by the
waveguide. The planar waveguide may comprise a slab
waveguide (substantially confining in one transverse dimen-
sion an optical signal propagating in two dimensions
therein), or may comprise a channel waveguide (substan-
tially confining in two transverse dimension an optical signal
propagating in one dimension therein). It should be noted
that the term “planar waveguide” is not used consistently in
the literature; for the purposes of the present disclosure
and/or appended claims, the term “planar waveguide” is
intended to encompass both slab and channel 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 may not comprise the same materials). The core is
fabricated using one or more dielectric materials substan-
tially transparent 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 support 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, semiconduc-
tors, 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
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guides one or more optical modes characterized by their
respective amplitude variations along the confined dimen-
sion.

The set of diffractive elements of the planar optical
waveguide may also be referred to as: a set of holographic
elements; a volume hologram; a distributed reflective ele-
ment, distributed reflector, or distributed Bragg reflector
(DBR); a Bragg reflective grating (BRG); a holographic
Bragg reflector (HBR); a holographic optical processor
(HOP); a programmed holographic structure (PHS); a direc-
tional photonic-bandgap structure; a mode-selective photo-
nic crystal; or other equivalent terms of art. Each diffractive
element of the set may comprise one or more diffracting
regions thereof that diffract, reflect, scatter, route, or other-
wise redirect portions of an incident optical signal (said
process hereinafter simply referred to as diffraction). For a
planar waveguide, the diffracting regions of each diffractive
element of the set typically comprises some suitable alter-
ation of the planar waveguide (ridge, groove, index modu-
lation, density modulation, and so on), and is spatially
defined with respect to a virtual one- or two-dimensional
linear or curvilinear diffractive element contour, the curvi-
linear shape of the contour typically being configured to
impart desired spatial characteristics onto the diffracted
portion of the optical signal. For an optical element enabling
propagation in three dimensions, the virtual diffractive ele-
ment contour is an areal contour. Implementation of a
diffractive element with respect to its virtual contour may be
achieved in a variety of ways, including those disclosed in
the references cited hereinabove. Each areal, linear, or
curvilinear diffractive element is shaped to direct its dif-
fracted portion of the optical signal to an output optical port.
The relative spatial arrangement (e.g. longitudinal spacing)
of the diffractive eclements of the set, and the relative
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 corre-
sponding 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 (for
example, 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/temporal
transfer function (in terms of amplitude 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 transfer functions
that may be implemented.

The diffractive elements of the set (or equivalently, 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
spectral and/or temporal characteristics onto the portion of
the optical signal collectively diffracted from the set of
diffractive 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 input optical port, is 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 wavefront of an optical signal (i.e., a
wavefront-normal vector; sometimes referred to as a “por-
tion” of the spatial wavefront) traces a path (i.e., a “ray
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