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(7) ABSTRACT

An optical apparatus (spectral filter, temporal encoder, or
other) comprises a planar optical waveguide having at least
one set of diffractive elements. Each diffractive element set
routes by diffraction therefrom a portion of the optical signal
propagating in the planar waveguide. The planar waveguide
includes at least one material having thermo-optic properties
chosen so as to yield a designed temperature dependence of
spectral and/or temporal characteristics of the diffracted
portion of the optical signal. Variations of material refractive
indices, physical dimensions, and/or optical mode distribu-
tions with temperature may at least partly compensate one
another to yield the designed temperature dependence. Opti-
cal materials with dn/dT of various magnitudes and signs
may be variously incorporated into the waveguide core
and/or cladding. The designed temperature dependence may
be: i) substantial temperature independence; ii) a tempera-
ture derivative of zero at a selected temperature; or iii) a
designed variation with respect to temperature.

51 Claims, 6 Drawing Sheets
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TEMPERATURE-COMPENSATED PLANAR
WAVEGUIDE OPTICAL APPARATUS

RELATED APPLICATIONS

1) This application is a continuation-in-part of prior-filed
non-provisional app. Ser. No. 09/811,081 entitled “Holo-
graphic spectral filter” 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 provisional App. No. 60/190,126 filed
Mar. 16, 2000, provisional App. No. 60/199,790 filed Apr.
26, 2000, provisional App. No. 60/235,330 filed Sep. 26,
2000, and provisional App. No. 60/247,231 filed Nov. 10,
2000. Each of said provisional and non-provisional patent
applications is hereby incorporated by reference as if fully
set forth herein. 2) This application is a continuation-in-part
of prior-filed non-provisional app. Ser. No. 10/653,876
entitled “Amplitude and phase control in distributed optical
structures” filed Sep. 2, 2003 now U.S. Pat. No. 6,829,417
in the names of and Christoph M. Greiner, Dmitri lazikov,
and Thomas W. Mossberg, which in turn is a continuation-
in-part of non-provisional app. Ser. No. 10/229,444 entitled
“Amplitude and phase control in distributed optical struc-
tures” 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 provisional App. No. 60/315,302 filed Aug. 27, 2001 and
provisional App. No. 60/370,182 filed Apr. 4, 2002. app. Ser.
No. 10/653,876 also claims benefit of provisional App. No.
60/468,479 filed May 7, 2003 and provisional App. No.
60/486,450 filed Jul. 10, 2003. Each of said provisional and
non-provisional patent applications is hereby incorporated
by reference as if fully set forth herein. 3) This application
claims benefit of prior-filed co-pending provisional App. No.
60/452,834 entitled “Athermal holographic spectral filter
and method of designing thereof™ filed Mar. 6, 2003 in the
names of Dmitri lazikov, Thomas W. Mossberg, and Chris-
toph M. Greiner, said provisional patent application being
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 and temperature
compensation. In particular, temperature-compensated pla-
nar waveguide optical apparatus, including spectral filters
and temporal encoders, are disclosed herein.

An optical apparatus comprising a planar waveguide
incorporating one or more distributed optical structures (i.e.,
one or more sets of diffractive elements) may be configured
to provide a variety of optical functionality, including spec-
tral filtering, temporal encoding, and others. Such devices, if
single mode, may enable nearly complete control of ampli-
tude and phase of optical signals to achieve filtering, encod-
ing, routing, and other functions. Multimode devices may be
employed for similar applications. Examples of such devices
may be found in the prior applications cited hereinabove.
However, the transfer functions of such devices exhibit
shifts in wavelength with changes in the device’s tempera-
ture, which may be caused, for example, by temperature-
dependent changes in the refractive indices of the materials
forming the planar waveguide and/or temperature-depen-
dent changes in the mechanical dimensions of the
waveguide (characterized by a so-called thermal expansion
coefficient).

A typical value of the wavelength shift for a planar
waveguide spectral filter implemented in a silica slab
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waveguide is 0.01 nm/° C. In many practical applications
spectral filters have full-width-at-half-maximum (FWHM)
bandpass windows of fractions of a nanometer and operate
between about —5° C. and about 75° C. In such applications,
the change in the ambient temperature within said limits will
result in a wavelength shift of the center of the passband(s)
of approximately 0.8 nm, which may be comparable to or
larger than the passband of the filter. Such a relatively large
temperature shift in passband center may necessitate exter-
nal active thermal stabilization of the spectral filter, using
thermal sensors, feedback controllers, and heating and/or
cooling elements (such as Peltier elements). Use of such
thermal stabilization apparatus adds substantial device cost,
may lower device reliability, and may reduce wavelength
accuracy. It may therefore be desirable to provide a planar
waveguide optical apparatus with a designed temperature
dependence for its spectral and/or temporal characteristics
(which may include characteristics independent of tempera-
ture, or nearly so, or characteristics exhibiting some other
desired temperature tuning characteristics). Devices with
designed temperature dependence, particularly those with
substantially reduced temperature dependence, may enable
operation without thermal stabilization.

SUMMARY

An optical apparatus comprises a planar optical
waveguide having at least one set of diffractive elements.
The planar optical waveguide substantially confines in at
least one transverse spatial dimension an optical signal
propagating therein, and may be a slab waveguide (equiva-
lently, a 2D waveguide, substantially confining in one trans-
verse dimension an optical signal propagating in two dimen-
sions therein) or a channel waveguide (equivalently, a 1D
waveguide, substantially confining in two transverse dimen-
sions an optical signal propagating therein). Each diffractive
element set routes, between a corresponding input optical
port and a corresponding output optical port, a correspond-
ing diffracted portion of the optical signal propagating in the
planar waveguide that is diffracted by the diffractive element
set. The planar waveguide includes at least one material
having thermo-optic properties chosen so as to yield a
designed temperature dependence of spectral and/or tempo-
ral characteristics of the diffracted portion of the optical
signal.

Variations of material refractive indices, physical dimen-
sions, and/or optical mode distributions with temperature
may at least partly compensate one another to yield the
designed temperature dependence. Optical materials, includ-
ing thermo-optic materials, may be incorporated in various
ways into the core and/or cladding of the planar waveguide
and/or into the diffractive elements, and may have dn/oT of
various magnitudes and signs. The designed temperature
dependence of spectral and/or temporal characteristics may
be: i) substantial temperature independence over an operat-
ing temperature range; ii) a temperature derivative (i.e., the
rate of change of a device parameter or performance char-
acteristic with respect to temperature) equal to zero at a
selected temperature in an operating temperature range; or
iii) a designed variation with respect to temperature. The
optical apparatus may function as a spectral filter with a
designed temperature dependence of its spectral profile. The
optical apparatus may function as a temporal encoder with
a designed temperature dependence of its temporal charac-
teristics.

Objects and advantages pertaining to temperature-com-
pensated planar waveguide optical apparatus may become
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apparent upon referring 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 schematic views of a slab (1A) and
channel (1B) waveguides with diffractive elements.

FIGS. 2A and 2B are schematic diagrams of exemplary
temperature-compensated waveguides with diffractive ele-
ments.

FIGS. 3A and 3B are schematic top and side views,
respectively, of an exemplary temperature-compensated slab
waveguide with diffractive elements.

FIG. 4 shows calculated temperature-dependent spectral
properties of waveguides with diffractive elements.

FIGS. 5A and 5B are schematic top and side views,
respectively, of an exemplary temperature-compensated slab
waveguide with diffractive elements.

FIG. 6 shows calculated temperature-dependent spectral
properties of waveguides with diffractive elements.

FIG. 7 is a schematic diagram of an exemplary tempera-
ture-compensated waveguide with diffractive elements.

FIG. 8 is a schematic diagram of an exemplary tempera-
ture-compensated waveguide with diffractive elements.

FIG. 9 is a schematic diagram of an exemplary tempera-
ture-compensated waveguide with diffractive elements.

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 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. The planar waveguide
may comprise a slab waveguide (equivalently, a 2D
waveguide, substantially confining in one transverse dimen-
sion an optical signal propagating in two dimensions
therein) or a channel waveguide (equivalently, a 1D
waveguide, confining in two transverse dimensions an opti-
cal signal propagating therein). It should be noted that the
term “planar waveguide™ is not consistently employed in the
prior art with respect to the distinction between slab and
channel waveguides. The planar waveguide typically com-
prises a core surrounded by lower-index cladding. The core
is fabricated using one or more dielectric materials substan-
tially transparent over a desired operating wavelength range.
In some instances the cladding may include vacuum, air, or
other ambient atmosphere. More typically, the cladding
comprises dielectric material(s). (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 planar waveguide
optical filter may also be referred to as: a distributed optical
structure; a set of holographic elements; a volume hologram;
a distributed reflective element, distributed reflector, or
distributed Bragg reflector (DBR); a Bragg reflective grating
(BRG); a holographic Bragg reflector (HBR); a distributed
Bragg structure; mode-selective photonic bandgap crystal;
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directional photonic bandgap material; 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 modu-
lation, and so on). In a slab waveguide, each diffractive
element is spatially defined by a virtual two-dimensional
linear and/or curvilinear diffractive element contour, the
shapes of the contours (linear and/or curvilinear) typically
being configured to impart desired spatial characteristics
onto the diffracted portion of the optical signal. The diffrac-
tive elements of the set (or equivalently, in a 2D waveguide,
the 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, so as to impart desired spectral and/or temporal
characteristics onto the portion of the optical signal collec-
tively 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 (i.e., a fraction of the incident amplitude
is diffracted by a diffractive element while the remainder is
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 inci-
dent optical signal (in contrast to a traditional surface or thin
diffraction grating, in which the diffractive elements, i.e.
grating lines, are spaced transversely across the wavefront of
the incident optical signal). In a slab waveguide, each linear
and/or curvilinear diffractive element is shaped to direct its
diffracted portion of the optical signal to an output optical
port, typically (but not necessarily) propagating back
through earlier diffractive elements of the set. The relative
spatial arrangement (i.e. longitudinal spacing) of the diffrac-
tive elements of the set yields (at least in part) desired
spectral and/or temporal characteristics for the overall dif-
fracted 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 and propagation
direction). For a single-mode planar waveguide, 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, modal dispersion and
mode-to-mode coupling of diffracted portions of the optical
signal may limit the range of spectral transfer functions that
may be implemented.

The set of diffractive elements of a slab planar waveguide
optical apparatus provides dual functionality, spatially rout-
ing a diffracted portion of an optical signal between an input
optical port and an output optical port, while at the same
time imparting designed spectral and/or temporal character-
istics onto the diffracted portion of the optical signal. The
linear and/or curvilinear diffractive elements may be
designed (by computer 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 linear and/or curvilinear diffractive
elements (segments of lines, circles, ellipses, parabolas,
hyperbolas, and so forth), if not optimal, may be employed
as approximations of fully spatially optimized contours. A
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