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(57) ABSTRACT

An optical time delay apparatus comprises: a multi-wave-
length optical source; a diffractive element set imparting a
wavelength-dependent delay on signals routed from the
source to a 1xN optical switch; and N diffractive element
sets routing signals from the 1xN switch to an output port.
The optical propagation delay between the source and the
output port varies according to the operational state of the
source and the 1xN switch. A photodetector may receive the
time-delayed signal at the output port.
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OPTICAL TIME DELAY APPARATUS
INCORPORATING DIFFRACTIVE ELEMENT
SETS

BENEFIT CLAIMS TO RELATED
APPLICATIONS

This application claims benefit of prior-filed now aban-
doned provisional App. No. 60/580,625 filed Jun. 16, 2004
in the names of Christoph M. Greiner, Thomas W. Mossberg,
and Dmitri lazikov, said provisional application being
hereby incorporated by reference as if fully set forth herein.

BACKGROUND

The field of the present disclosure relates to optical time
delay apparatus. In particular, optical time delay apparatus
are described herein that incorporate diffractive element
sets.

One or more distributed optical structures (i.e., sets of
diffractive elements) in a channel waveguide, an optical
fiber, a slab waveguide, or another guided-wave optical
structure may be used in a variety of devices for beam
steering, spectral filtering, laser frequency control, spectral
multiplexing, optical sensing, optical delay, or other func-
tions. It is often desirable that such devices be optimized, or
nearly so, for routing, mapping, or coupling optical signals
between input and output optical ports with minimal optical
loss. Apparatus incorporating diffractive element sets for
providing time-delayed optical signals are described herein.
Such time delay apparatus may, for example, function as
true-time delay devices which are relevant in the case of
phased array radar systems or other applications.

Various embodiments, implementations, and adaptations
of such diffractive element sets are disclosed in: application
Ser. No. 11/062,109 filed Feb. 17, 2005; pending, applica-
tion Ser. No. 11/055,559 filed Feb. 9, 2005; now U.S. Pat.
No. 7,123,744, application Ser. No. 11/021,549 filed Dec.
23, 2004; pending application Ser. No. 10/998,185 filed Nov.
26, 2004; now U.S. Pat. No. 6,993,223, application Ser. No.
10/989,236 filed Nov. 15, 2004; now U.S. Pat. No. 6,965,
716, application Ser. No. 10/898,527 filed Jul. 22, 2004;
pending application Ser. No. 10/989,244 filed Nov. 15, 2004;
now U.S. Pat. No. 6,961,491, application Ser. No. 10/798,
089 filed Mar. 10, 2004 (now U.S. Pat. No. 6,823,115 issued
Nov. 23, 2004); application Ser. No. 10/653,876 filed Sep. 2,
2003 (now U.S. Pat. No. 6,829,417 issued Dec. 7, 2004);
application Ser. No. 10/602,327 filed Jun. 23, 2003; now
U.S. Pat. No. 6,859,318, application Ser. No. 10/229,444
filed Aug. 27, 2002 (now U.S. Pat. No. 6,678,429 issued Jan.
13, 2004); application Ser. No. 09/843,597 filed Apr. 26,
2001; now U.S. Pat. No. 6,965,464, and application Ser. No.
09/811,081 filed Mar. 16, 2001 (now U.S. Pat. No. 6,879,
441 issued Apr. 12, 2005). Each of said applications is
hereby incorporated by reference as if fully set forth herein.

The following publications are also incorporated by ref-
erence as if fully set forth herein: Mossberg, “Planar holo-
graphic optical processing devices,” Opt. Lett. 26 414
(2001); Greiner et al., “Lithographically-fabricated planar
holographic Bragg reflectors,” J. Lightwave Tech. 22 136
(2004); Greiner et al., “Fourier-transform-limited perfor-
mance of a lithographically-scribed planar holographic
Bragg reflector,” Photon. Technol. Lett. 16 840 (2004);
lazikov et al., “Apodizable integrated filters for coarse
WDM and FTTH-type applications,” J. Lightwave Tech. 22
1402 (2004); Mossberg, “Lithographic holography in planar
waveguides,” SPIE Holography Newsletter 12 (2001); Iaz-
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ikov et al., “Effective grayscale in lithographically scribed
planar holographic Bragg reflectors,” Appl. Opt. 43 1149
(2004); Boggs et al., “Simple high-coherence rapidly tun-
able external-cavity diode laser,” Opt. Lett. 23 1906 (1998).

SUMMARY

A first apparatus comprises: a 1xN optical switch con-
necting a switch input optical port to any one of N switch
output optical ports based on a selected operational state of
the 1xN optical switch; and an optical waveguide having N
sets of diffractive elements. The optical waveguide substan-
tially confines in one transverse dimension an optical signal
received from any of the N switch output optical ports and
propagating in two dimensions therein. Each set of diffrac-
tive elements corresponding to one of the N switch output
optical ports and is configured and positioned for routing at
least a portion of an optical signal received from the corre-
sponding one of the N switch output optical ports to an
output optical port. The N diffractive element sets and the
output optical port are positioned relative to the switch
output optical ports so that each corresponding optical
pathlength between each of the switch output optical ports
and the output optical port varies among the switch output
optical ports, thereby resulting in an optical propagation
time delay between the switch input optical port and the
output optical port that varies according to the selected
operational state of the 1xN optical switch.

A second apparatus comprises: an optical waveguide
having a set of diffracting elements configured and posi-
tioned for routing at least a portion of an optical signal
propagating in the optical waveguide between an input
optical port and an output optical port; and an optical source
positioned for launching an optical signal into the optical
waveguide through the input optical port. An optical signal
at only a selected one of multiple optical source wavelengths
reaches the output optical port based on a selected opera-
tional state of the optical source. The optical waveguide
substantially confines in one transverse dimension an optical
signal propagating in two dimensions therein. The diffrac-
tive element set is adapted for imparting a wavelength-
dependent optical delay onto the routed portion of the
optical signal, thereby resulting in an optical propagation
time delay of an optical signal launched from the optical
source between the input optical port and the output optical
port that varies according to the selected operational state of
the optical source.

A third apparatus combines the first and second apparatus,
so that the optical signal is routed by the diffractive element
set imparting the wavelength-dependent optical delay from
the input optical port to the switch input optical port, and
then to the corresponding output port. The optical propaga-
tion delay between the input port and the corresponding
output port varies according to selected operational states of
both the optical source and the 1xN optical switch.

Objects and advantages of optical time delay apparatus
incorporating diffractive element sets may become apparent
upon referring to the exemplary embodiments illustrated in
the drawings and disclosed in the following written descrip-
tion and/or claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B are schematic perspective and longitu-
dinal cross sectional views, respectively, of a planar
waveguide with a diffractive element set. In FIG. 1A the
upper cladding is missing to reveal the diffractive elements.
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FIGS. 2A and 2B illustrate schematically exemplary
optical time delay modules.

FIGS. 3A and 3B illustrate schematically exemplary
optical time delay modules.

FIG. 4 illustrates schematically multiple diffractive ele-
ment set arranged in series.

FIGS. 5A-5C illustrate schematically an exemplary opti-
cal time delay module.

In the Figures, typically only a few diffractive elements
are shown out of an entire diffractive element set, which may
contain anywhere from a few, dozens, hundreds, or even
thousands of diffractive elements. The Figures may illustrate
the waveguide or diffractive elements schematically, and
therefore may not show all structures in their proper shape
or proportions. The lines or curves representing the diffrac-
tive elements, or the contours defining them, do not neces-
sarily represent their actual shapes. In particular, straight
lines in some of the Figures may in fact represent elements
or contours that may be curved in actual devices, and vice
versa. It should be noted that while many of the exemplary
embodiments shown or described herein have a diverging
input beam mapped by diffractive elements within a diffrac-
tive transformation region into a converging output beam,
the present disclosure or appended claims also encompass
embodiments in which input and output beams may include
any desired combination of converging, diverging, or sub-
stantially collimated beams. The embodiments shown in the
Figures, and their corresponding layouts, are exemplary
only, and should not be construed as limiting the scope of the
present disclosure and/or appended claims.

DETAILED DESCRIPTION OF EMBODIMENTS

A planar optical waveguide is generally formed on or
from a substantially planar substrate of some sort, which
may be substantially flat or may be somewhat curved, bent,
or deformed. The confined optical signals typically propa-
gate as transverse optical modes supported or guided by the
planar waveguide. These optical modes are particular solu-
tions of the electromagnetic field equations in the space
occupied by the waveguide, with each mode being charac-
terized by its respective amplitude variation along the con-
fined dimension. 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.
More generally, the adaptations disclosed or claimed herein
may be implemented in any guided-wave optical structure,
including grating-like structures. The disclosed adaptations
may be applied to channel, slab, rib, fiber, and other guided-
wave optical structures known in the art. In the present
disclosure, planar waveguides are specifically referred to for
concreteness only, and the various exemplary embodiments
described herein may be implemented in other guided-wave
optical structures as well. In some portions of an optical
signal pathway, an optical signal may propagate without
confinement as a free-space optical beam. Typically, but not
necessarily, such free-space propagation regions involve
initial or terminal legs at optical signal sources or receivers,
respectively.
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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). An example in
Shown in FIGS. 1A and 1B, wherein core 102 is positioned
between cladding layers 104 and 106 (the cladding layer 106
is missing from FIG. 1A to show underlying structure). The
core is fabricated using one or more dielectric materials
substantially transparent over a desired operating wave-
length range. In some instances one or both claddings may
be vacuum, air, or other ambient atmosphere. More typi-
cally, 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 indices n,, n,, or n_,,, may be
spatially substantially uniform over the planar waveguide, or
may spatially vary over the extent of the planar waveguide,
as set forth hereinbelow. The core or cladding(s) may
comprise multiple materials having different indices. 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 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 comprise some suitable alter-
ation of the planar waveguide (ridge, groove, index modu-
lation, density modulation, and so on), and are spatially
defined with respect to a corresponding virtual one- or
two-dimensional linear or 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. An example is shown
in FIGS. 1A and 1B, with diffractive elements 110 formed at
the boundary between core 102 and cladding 106 as
trenched in the core 102 filled with a different material,
possibly but not necessarily the material of cladding layer
106. It should be noted that the terms “diffractive contour”
and “diffractive element” are sometimes used interchange-
ably in the present disclosure. Implementation of a diffrac-
tive element with respect to its virtual contour may be
achieved in a variety of ways, including those disclosed in
the references cited herein. In some instances, each diffrac-
tive element individually transforms input signal wavefronts
to the form appropriate to desired output signals. More
generally, and particularly when optical signals are trans-






























