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7) ABSTRACT

An optical element is provided with one or more sets of
diffractive elements. Individual diffractive element transfer
functions collectively yield corresponding overall transfer
functions between corresponding entrance and exit ports.
Diffractive elements are defined by contours that include
diffracting region(s) altered to diffract, reflect, and/or scatter
incident optical fields (altered index, surface, etc). Element
transfer functions are determined by: fraction of contour
filled by diffracting region(s) (partial-fill grayscale); and/or
the spatial profile of the diffracting region(s) (profile-based
grayscale). Optical elements may be configured: as planar or
channel waveguides, with curvilinear diffracting segments;
to support three-dimensional propagation with surface areal
diffracting segments; as a diffraction grating, with grating
groove segments. These devices may have one or more
ports, and may provide one or more spatial/spectral transfer
functions between the ports with spatially overlapping sets
of diffractive elements.

93 Claims, 8 Drawing Sheets
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AMPLITUDE AND PHASE CONTROL IN
DISTRIBUTED OPTICAL STRUCTURES

RELATED APPLICATIONS

This application claims benefit of prior-filed co-pending
provisional App. No. 60/315,302 entitled “Effective gray
scale in lithographically scribed planar holographic devices”
(Docket No. 5455P007Z) filed Aug. 27, 2001 in the name of
Thomas W. Mossberg. This application claims benefit of
prior-filed co-pending provisional App. No. 60/370,182
entitled “Amplitude and phase controlled diffractive ele-
ments” filed Apr. 4, 2002 in the names of Thomas W.
Mossberg and Christoph M. Greiner.

FIELD OF THE INVENTION

The field of the present invention relates to distributed
optical devices. In particular, apparatus and methods are
described herein for employing individual element ampli-
tude and phase control in distributed optical structures.

BACKGROUND

Distributed optical structures in one-, two-, or three-
dimensional geometries offer powerful optical functionality
and enable entirely new families of devices for use in a
variety of areas including optical communications, spectral
sensing, optical waveform coding, optical waveform
processing, and optical waveform recognition. It is impor-
tant in the design of distributed optical structures to have
means to control the amplitude and phase of the electro-
magnetic field diffracted by individual diffractive elements
within the overall distributed structure. This invention
relates to approaches for fabricating diffractive elements that
provide flexible control over diffractive amplitude and
phase.

A distributed optical structure typically includes a large
number of individual diffractive elements. Each individual
diffractive element may scatter (and/or reflect and/or
diffract) only a small portion of the total light incident on the
distributed structure. This may be because the individual
diffractive elements subtend only a small fraction of avail-
able solid angle of the incident optical field in the interaction
region, and/or because individual diffractive elements have
a small reflection, diffraction, or scattering coefficient. Dis-
tributed optical structures in two or three dimensions can
also be described as volume holograms since they have the
capability to transform the spatial and spectral properties of
input beams to desired forms.

There are many reasons why it is important to have
control over the amplitude and/or phase of the portions of
the field scattered by individual diffractive elements. For
example, a distributed optical structure can act as a general
spectral filter supporting a broad range of transfer functions.
In the weak-reflection approximation, the spectral transfer
function of a structure is approximately proportional to the
spatial Fourier transform of the structure’s complex-valued
scattering coefficient—as determined by the amplitude and
phase of the field scattered by individual diffractive elements
(See T. W. Mossberg, Optics Letters 26, 414 (2001) and the
provisional applications cited hereinabove). In order to
produce a general spectral transfer function, it is useful to
control the amplitude and phase of each constituent diffrac-
tive element. Application of the present invention provides
for such control. Also, when multiple distributed structures
are overlaid in the same spatial region, system linearity can
only be maintained by ensuring that the diffractive strength
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of overlaid diffractive elements is the sum of the individual
diffractive element strengths. When diffractive elements are
lithographically scribed, overlaid structures will not typi-
cally produce a summed response. The approaches of the
present invention provide means for modifying overlaid
diffractive elements (formed by lithographic and/or other
suitable means) so that each element negligibly affects
another’s transfer function.

SUMMARY

An optical apparatus according to the present invention
comprises an optical element provided with at least one set
of at least two diffractive elements. Each diffractive element
diffracts a corresponding diffracted component of an inci-
dent optical field with a corresponding diffractive element
transfer function. Collectively, the diffractive elements pro-
vide an overall transfer function between an entrance optical
port and an exit optical port (which may be defined struc-
turally and/or functionally). Each diffractive element is
spatially defined by a corresponding diffractive element
contour and includes at least one diffracting region of the
corresponding contour modified in some way so as to
diffract, reflect, and/or scatter a portion of an incident optical
field. The modification of the contour typically involves a
differential between some optical property of the diffracting
region relative to the corresponding average optical property
of the optical element (effective index, bulk index, surface
profile, and so forth). At least one of: i) the overall transfer
function; and ii) at least one corresponding diffractive ele-
ment transfer function, is determined at least in part by at
least one of: a) a less-than-unity fill factor for the corre-
sponding contour; b) a non-uniform distribution of multiple
diffracting regions of the corresponding contour; ¢) variation
of a spatial profile of the optical property along the at least
one diffracting region of the corresponding contour; d)
variation of a spatial profile of the optical property among
multiple diffracting regions of the corresponding contour;
and e) variation of the spatial profile of the optical property
of the at least one diffracting region among the elements in
the diffractive element set.

The optical element may be a planar or channel
waveguide, with optical field propagation substantially con-
fined in at least one transverse dimension. In a waveguide,
the diffracting segments are curvilinear segments having
some alteration of an optical property relative to the
waveguide. The optical element may enable three-
dimensional propagation of optical fields therein, with the
diffracting segments being surface areal segments of surface
contours within the volume of the optical element. The
optical element may be a diffraction grating, the diffracting
segments being segments of the grating lines groove con-
tours that are formed on the grating. These various distrib-
uted optical devices may define one or more ports, and may
provide one or more spatial/spectral transfer functions
between the one or more ports.

Various objects and advantages of the present invention
may become apparent upon referring to the preferred and
alternative embodiments of the present invention as illus-
trated in the drawings and described in the following written
description and/or claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of a distributed optical
device implemented in a planar optical waveguide.

FIG. 2 is a cross-sectional view of a pair of individual
diffractive elements of a distributed optical device.



US 6,678,429 B2

3

FIG. 3 schematically illustrates diffractive elements hav-
ing differing fill factors according to the present invention.

FIG. 4 is a schematic diagram of a two-port distributed
optical device implemented in a planar optical waveguide
according to the present invention.

FIG. 5 is a schematic diagram of a three-port distributed
optical device implemented in a planar optical waveguide
according to the present invention.

FIG. 6 is a schematic diagram of a distributed optical
device implemented in a channel optical waveguide accord-
ing to the present invention.

FIG. 7 is a schematic diagram of a distributed optical
device implemented as an optical surface grating according
to the present invention.

FIG. 8 is a cross-sectional view of an individual diffrac-
tive element according to the present invention.

In the Figures, it should be noted that many of the
embodiments depicted are only shown schematically, and
that not all features may be shown in full detail or in proper
proportion. Certain features or structures may be exagger-
ated relative to others for clarity. It should also be noted that
the embodiments shown in 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.

DETAILED DESCRIPTION OF PREFERRED
AND ALTERNATIVE EMBODIMENTS
Definitions

Diffractive Element: Generalization of a single line or
groove in a standard surface-type diffraction grating. In
general, a diffractive element may comprise one or more
diffracting regions thereof, the diffracting regions having
one or more altered optical properties so as to enable
diffraction (and/or reflection and/or scattering) of a portion
of an incident optical field therefrom. Such optical property
alterations may include: refractive index variations or modu-
lations in, on, and/or near an optical element or a waveguide
medium; trenches or grooves etched into one or more
surfaces of an optical element or a waveguide structure (core
and/or cladding); ribs extending out from one or more
surfaces of an optical element or a waveguide structure (core
and/or cladding); metallic, dielectric, multi-layer, and/or
other coating elements in, on, or near an optical element or
a waveguide structure (core and/or cladding); and/or other
one or more altered optical properties in the interior, on the
surface(s), or in the proximity of an optical element or a
waveguide active to diffract, reflect, and/or scatter incident
light. In one- or two-dimensional waveguide-based diffrac-
tive structures, diffractive elements may include generalized
curves active to diffract, reflect, and/or scatter a portion of an
incident optical field. In three-dimensional diffractive
structures, diffractive elements may include generalized
surfaces having one or more altered optical properties so as
to diffract, reflect, and/or scatter a portion of an incident
optical field. In diffraction-grating-type diffractive
structures, diffractive elements may include grating lines
and/or grooves (full and/or partial) having one or more
altered optical properties so as to diffract, reflect, and/or
scatter a portion of an incident optical field.

Distributed Optical Structure: A collection of two or more
diffractive elements spanning a region of space that are
collectively active to diffract or reflect at least a portion of
an input optical field, thereby creating an output field whose
spectral and spatial properties differ from those of the input
field in a manner determined by the structure of individual
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constituent diffractive elements and the detailed relative
arrangement of the constituent diffractive elements.

Field Amplitude: The peak value of an oscillatory field
interactive with a distributed optical structure. Interactive
fields may include input and output fields. Field amplitude
may be a function of wavelength, position, and/or propaga-
tion direction.

Field Phase: The difference in oscillatory phase of an
interactive oscillatory field compared to a reference oscil-
latory field as a function of wavelength, position, and/or
propagation direction.

Diffractive Element Transfer Function: A function of
wavelength, position, and/or propagation direction relating
the field amplitude and field phase of an optical field
diffracted, reflected, and/or scattered from a single diffrac-
tive element to the field phase and field amplitude of an
optical field incident on the diffractive element.

Collective Transfer Function: Alternatively, distributed
optical transfer function, overall transfer function, overall
set transfer function, diffractive element set transfer
function, device transfer function, port-to-port transfer
function, and so forth. A function of wavelength, position,
and/or propagation direction relating the field amplitude and
field phase of an optical field diffracted, reflected, and/or
scattered from a distributed optical structure (comprising
one or more constituent diffractive elements) to the field
phase and field amplitude of an optical field incident on the
distributed optical structure. In the limit of weak diffraction
by each element (so that multiple diffractions can be
neglected), such a collective transfer function is typically a
coherent superposition of the diffractive element transfer
functions of the constituent diffractive elements. In cases
where the diffraction by each element is sufficiently strong
(so that multiple diffractions cannot be neglected), the
relationship between the various element transfer functions
and the collective transfer function will be more compli-
cated.

Planar Waveguide: Alternatively, a two-dimensional
waveguide. Any transmissive structure of relatively large
extent in two dimensions and relatively thin in a third
dimension whose boundary reflection properties lead to
substantial confinement of certain optical fields propagating
nearly parallel to the structure’s extended directions (i.e.,
substantial confinement in one transverse dimension). A
planar waveguide may be flat or curved according to
whether the thin dimension corresponds to a substantially
fixed spatial direction or a position-dependent spatial
direction, respectively.

Channel Waveguide: Alternatively, a one-dimensional
waveguide. Any transmissive structure of relatively large
extent in one dimension and relatively thin in the remaining
two dimensions whose boundary reflection properties lead to
substantial confinement of certain fields propagating nearly
parallel to the structure’s single extended direction (i.e.,
substantial confinement in two transverse dimensions). A
channel waveguide may be straight or curved according to
whether the thin dimensions correspond to substantially
fixed spatial directions or position-dependent spatial
directions, respectively.

Fill Factor: A number between O and 1 representing the
fraction of a predefined line, curve, surface, and/or other
contour that is marked, scribed, or otherwise altered in some
manner to form one or more diffracting regions. For a
curvilinear contour, the fill factor may be determined by the
sum of the lengths of all altered (i.e., diffracting) segments
of the contour divided by the total contour length. For a
surface contour, the fill factor may be determined by the sum
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of the surface areas of all altered (i.c., diffracting) surface
areal segments of the contour divided by the total contour
surface area.

Fill Distribution: a function of position on a contour
indicating whether a given point on the contour has been
altered or not to form a diffracting region. Integrated over an
entire contour, the fill distribution would yield the fill factor
(see above). Integrated over a region of the contour, the fill
distribution may be interpreted as defining a “local fill
factor” for the region.

Optical Port: A structurally and/or functionally defined
region of space through which an optical field enters or exits
an optical device, characterized by position and/or propa-
gation direction. For example, incident and diffracted angles
relative to a diffraction grating would be an example of a
functionally-defined optical port defined by propagation
direction, while an end face of a channel waveguide would
be an example of a structurally-defined optical port defined
by position. A given optical device may have one or more
ports, and any given port may function as an entrance optical
port, an exit optical port, or both.

Exemplary Diffractive Element Geometries

Consider the substantially flat exemplary planar
waveguide structure shown in FIG. 1. A plane containing
one boundary (upper or lower) of the planar waveguide is
spanned by the x and y coordinates. The waveguide structure
occupies a certain region of the xy plane and has a thickness
Az which is substantially constant except for thickness
variations that may be associated with diffractive elements.
The thickness Az is typically 4 to 8 times the in-medium
design wavelength of the device but can be less (provided
that propagating waveguide field modes are nevertheless
supported by the planar waveguide) or greater (provided that
modal dispersion does not appreciably broaden the spectral
response of relevant distributed optical structures). At typi-
cal telecommunication wavelengths (h,;,~1.5 um), the
thickness of the planar waveguide may be about 6 um if the
waveguide medium is silica. In the exemplary embodiment
of FIG. 1, light enters the planar waveguide through optical
port 101 (via a channel waveguide, edge mounted fiber,
surface grating coupler, free space propagation, or any other
suitable optical input means), propagates within the planar
waveguide (in this example expanding in region 110),
encounters distributed optical structure 123, and diffracts
from diffractive elements 103. The diffractive elements 103
are positioned and adapted so that diffracted light in region
112 possesses field amplitude/phase well-suited for trans-
mission through optical port 102, through which light may
exit the device and propagate away (by free space propa-
gation or propagation through a channel waveguide, butt-
coupled fiber, surface grating coupler, or any other suitable
optical coupling device). The contour of individual diffrac-
tive elements 103 in the xy plane may preferably chosen so
as to collectively transform the field amplitude/phase of the
input signal to be optimally suited for transmission through
output port 102. The diffractive elements, considered
collectively, comprise a hologram with powerful field
amplitude/phase mapping and/or spectral filtering capability
through the collective transfer function of distributed optical
structure 123. The diffractive elements 103 are shown in this
example as simple circular arcs having a common center
105, which is approximately midway between the optical
ports 101 and 102. Circular arcs may not necessarily provide
optimal mapping of the input field amplitude/phase onto the
output optical port. More generally, the diffractive elements
103 may comprise contours more complex than simple conic
sections.
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An enlarged cross sectional view of an exemplary planar
waveguide structure including two of the individual diffrac-
tive elements is shown in FIG. 2. The cross sectional plane
of FIG. 2 is parallel to the z direction and contains the point
105 in FIG. 1. In FIG. 1, the actual structure of the diffractive
elements is not resolved and they appear simply as lines 103.
In the exemplary case of FIG. 2, the diffractive elements
comprise trenches etched or otherwise scribed into one
surface of the planar waveguide core 200. Typically, but not
necessarily, the region above and below the waveguide core
200 is filled with a transparent dielectric material, upper
cladding 203 and lower cladding 205, having an index of
refraction that is smaller than that of core 200. Input fields
incident on the distributed optical structure are primarily
localized in the core 200. Alternatively, the diffractive ele-
ments may comprise: bulk index of refraction changes in the
core and/or cladding layers; index of refraction variations,
modulations, and/or discontinuities created internal to the
planar waveguide during fabrication by lithographic or other
means; rib-like structures extending from the waveguide
plane, including in the limit of very short ribs metallic and/or
dielectric coating elements; and/or any structural element
active to diffract, reflect, and/or scatter a portion of the input
field.

A diffractive element trench shown, 210, has a width w
and a depth d in the planar waveguide core 200. It would be
useful to have the ability to independently vary the depth of
the various diffractive elements (and/or the shapes of the
trenches) since such ability would provide for independent
control of the relative diffractive amplitudes of the indi-
vidual diffractive elements. However, depth/shape control
within a single distributed optical structure creates signifi-
cant fabrication challenges. Similarly, heights/shapes of
protruding ribs or the magnitudes/profiles of index modu-
lations could also provide diffracted amplitude control for
individual diffractive elements, but also introduce significant
fabrication challenges.

The present invention includes apparatus and methods for
controlling the diffractive scattering amplitude of individual
diffractive elements, while mitigating fabrication difficul-
ties. A preferred technique is referred to herein as partial-fill
gray scale. Another preferred technique is referred to herein
as width-based gray scale. Some aspects of these techniques
have been disclosed in above-cited provisional patent App.
No. 60/315,302 by Mossberg and provisional patent App.
No. 60/370,182 by Mossberg and Greiner. It should be noted
in the ensuing discussion that any references to partial
scribing of trench- or groove-like diffractive elements may
be equivalently applicable to partial fabrication, alteration,
and/or impression of protruding, rib-like, index-modulated,
and/or other types of diffractive elements.

Partial-fill Gray Scale

The instantaneous output signal generated at a particular
position by a distributed optical structure such as that shown
in FIG. 1 contains contributions from the light scattered
from each point along the length of each diffractive element.
The net contribution made by a particular diffractive element
to the output signal at a particular time and position may be
regarded to be the spatial integral of the product of the
diffractive element amplitude at each point along its contour
and the amplitude of the input field that was incident on the
diffractive element point a propagation time earlier. In
computing the aforementioned integral, optical phase must
be taken into account. In cases where all points on a
diffractive element contour contribute with essentially the
same phase, as for example at the output port 102 in FIG. 1,
the integral nature of the diffractive element contribution to
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