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(7) ABSTRACT

A distributed optical structure comprises a set of diffractive
elements. Individual diffractive element transfer functions
collectively yield an overall transfer function between
entrance and exit ports. Diffractive elements are defined
relative to virtual contours and include diffracting region(s)
altered to diffract, reflect, and/or scatter incident optical
fields (altered index, surface, etc). Element and/or overall set
transfer functions (amplitude and/or phase) are determined
by: longitudinal and/or angular displacement of diffracting
region(s) relative to a virtual contour (facet-displacement
grayscale); longitudinal displacement of diffractive elements
relative to a virtual contour (element-displacement
grayscale); and/or virtual contour(s) lacking a diffractive
element (proportional-line-density gray scale). Optical ele-
ments may be configured: as planar or channel waveguides,
with curvilinear diffracting segments; to support three-
dimensional propagation with surface areal diffracting seg-
ments; as a diffraction grating, with grating groove or line
segments.

106 Claims, 18 Drawing Sheets
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AMPLITUDE AND PHASE CONTROL IN
DISTRIBUTED OPTICAL STRUCTURES

RELATED APPLICATIONS

This application is a continuation-in-part of prior-filed
non-provisional application Ser. No. 10/229,444 entitled
“Amplitude and phase control in distributed optical struc-
tures” filed Aug. 27, 2002 now U.S. Pat. No. 6,678,429 in
the names of Thomas W. Mossberg and Christoph M.
Greiner, said non-provisional application being hereby
incorporated by reference as if fully set forth herein. Appli-
cation Ser. No. 10/229,444 in turn claims benefit of provi-
sional App. No. 60/315,302 entitled “Effective gray scale in
lithographically scribed planar holographic 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 claims benefit of prior-filed co-pending
provisional App. No. 60/468,479 entitled “Proportional
Line-Density Gray Scale” filed May 7, 2003 in the names of
Christoph M. Greiner, Dmitri lazikov, and Thomas W.
Mossberg, said provisional application being hereby incor-
porated by reference as if fully set forth herein. This appli-
cation claims benefit of prior-filed co-pending provisional
App. No. 60/486,450 entitled “Reflective amplitude control
in distributed optical structures via spatial and angular
displacements of constituent diffractive facets” filed Jul. 10,
2003 in the names of Christoph M. Greiner, Dmitri Iazikov,
and Thomas W. Mossberg, said provisional 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. In particular,
apparatus and methods are described herein for implement-
ing amplitude and phase control in distributed diffractive
optical structures.

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.
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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 Vol. 26, p. 414 (2001);
T. W. Mossberg, SPIE International Technology Group
Newsletter, Vol. 12, No. 2 (November 2001); and the appli-
cations cited hereinabove). In order to produce a general
spectral transfer function, it is useful to control the ampli-
tude and phase of each constituent diffractive element.
Application of the present invention provides for such
control. Also, when multiple distributed structures are over-
laid in the same spatial region, system linearity can only be
maintained by ensuring that the diffractive strength of over-
laid diffractive elements is the sum of the individual dif-
fractive 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 having a set of multiple
diffractive elements. Each diffractive element diffracts a
corresponding diffracted component of an incident optical
field with a corresponding diffractive element transfer func-
tion. Collectively, the diffractive elements provide an overall
transfer function between an entrance optical port and an
exit optical port (which may be defined structurally and/or
functionally). Each diffractive element includes at least one
diffracting region modified or altered in some way so as to
diffract, reflect, and/or scatter a portion of an incident optical
field, and is spatially defined relative to a corresponding one
of a set of diffractive element virtual contours. The virtual
contours are spatially arranged so that, if the diffracting
regions of the corresponding diffractive elements were to
spatially coincide with the virtual contours, the resulting
superposition of corresponding diffracted components at a
design wavelength would exhibit maximal constructive
interference at the exit port. The modification to form a
diffracting region typically involves a differential between
some optical property of the diffracting region relative to the
corresponding average optical property of the optical ele-
ment (effective index, bulk index, surface profile, and so
forth).

The optical element may be a planar (2D) or channel (1D)
waveguide, with optical field propagation substantially con-
fined in at least one transverse dimension. In a waveguide,
the diffracting regions are curvilinear segments having some
alteration of an optical property relative to the waveguide.
The optical element may be a 3D optical element enabling
three-dimensional propagation of optical fields therein, with
the diffracting regions being surface areal segments of
surface contours within the volume of the optical element.
The optical element may be a diffraction grating, the dif-
fracting regions being segments of the grating lines or
curvilinear grooves that are formed on the grating. These
various distributed optical devices may define one or more
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ports, and may provide one or more spatial/spectral transfer
functions between the one or more ports.

For a channel or planar waveguide, a 3D optical element,
or a diffraction grating, the overall transfer function and/or
at least one corresponding diffractive element transfer func-
tion is determined at least in part by longitudinal and/or
angular displacement of at least one diffracting region
relative to the corresponding virtual contour. For a planar
waveguide, a 3D optical element, or a diffraction grating, the
overall transfer function and/or at least one corresponding
diffractive element transfer function is determined at least in
part by: longitudinal and/or angular displacement of at least
one diffracting region relative to the corresponding virtual
contour; longitudinal displacement of at least one diffractive
element relative to the corresponding virtual contour; and/or
at least one virtual contour lacking a diffractive element
corresponding thereto.

Various objects and advantages pertaining to distributed
optical structures may become apparent upon referring to the
preferred and alternative embodiments of the present inven-
tion as illustrated 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.

FIG. 3 illustrates schematically diffractive elements hav-
ing differing fill factors.

FIG. 4 is a schematic diagram of a two-port distributed
optical device implemented in a planar optical waveguide.

FIG. § is a schematic diagram of a three-port distributed
optical device implemented in a planar optical waveguide.

FIG. 6 is a schematic diagram of a distributed optical
device implemented in a channel optical waveguide.

FIG. 7 is a schematic diagram of a distributed optical
device implemented as an optical surface grating.

FIG. 8 is a cross-sectional view of an individual diffrac-
tive element.

FIGS. 92 and 9b are schematic diagrams of distributed
optical devices having constant and position-dependent den-
sity of diffractive elements, respectively.

FIG. 10 is a schematic diagram of a distributed optical
device having a position-dependent density of diffractive
elements.

FIGS. 114 and 11b are side cross-section and top views of
a distributed optical device.

FIG. 12 illustrates schematically a diffractive element
having varying longitudinal facet displacements relative to a
virtual contour.

FIG. 13 illustrates schematically a diffractive element
having uniform longitudinal facet displacements relative to
a virtual contour.

FIG. 14 illustrates schematically a diffractive element
having angular facet displacements relative to a virtual
contour.

FIG. 15 illustrates schematically a diffractive element
having uniform facet thickness and varying longitudinal
facet displacements relative to a virtual contour.

FIG. 16 illustrates schematically a diffractive element
having varying facet thickness and varying longitudinal
facet displacements relative to a virtual contour.

FIG. 17 illustrates schematically a diffractive element
having angular and longitudinal facet displacements con-
tinuously varying relative to a virtual contour.
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FIG. 18 illustrates schematically a pair of diffractive
elements displaced longitudinally from their respective vir-
tual contours in a correlated manner.

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.

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

Definitions

Distributed Optical Structure: A collection of two or more
diffractive elements spanning a region of space that are
collectively active to diffract, reflect, or redirect 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 constituent diffractive elements and the detailed
relative arrangement of the constituent diffractive elements.
A holographic Bragg reflector (HBR) and a diffraction
grating are examples of distributed optical structures. A
distributed optical structure may also be referred to as a
distributed diffractive optical structure, a distributed optical
device, a distributed diffractive optical device, and so forth.

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 (also referred to as diffracting
segments or diffracting facets), the diffracting regions hav-
ing 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. A set of
diffractive elements is spatially defined with respect to a set
of diffractive element virtual contours.

Diffractive Element Virtual Contour Set: A set of virtual
lines, curves, or surfaces that serve as a spatial reference for
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