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Coding the wavefront to N
extend the depth of field !

The depth of field of an imaging system can be increased if the optics a

modified and some signal processing is doRgure 1(a) shows an ex-

ample where the objects are diatoms viewed under @éptical magnifi- }
cation with a numerical aperture of 1.3. Consequently, the depth of fiel Y -
of the system is very small as seen in Figure 1(a). After coding th

wavefront to extend the depth of field and doing some signal processin

the image of Figure 1(b) is obtained. This shows an increase in the deg

of field by about an order of magnitude. How is this possible? We use

technique that is very unlikely to have been discovered using conve .
tional lens design techniques. It was found by using Woodward’s amb

guity function and analogies with radar. However, after a means of coq

ing the wavefront was developed, using a special optical element, it
possible to use a ray trace to see how it works.

One optical element that can extend the depth of field by coding th
wavefront produces an optical path difference that varie3ay°. An
element such as this is placed in the aperture stop of the imaging syste
After this modification, the rays of the coded wavefront do not focus|
They are spread so that a cross-section of the rays changes very little
misfocus. Figure 2 shows the two-dimensional point spread functions f
a normal system and one with a coded wavefront. Figure 2(a) shows
in-focus point spread function (PSF) and Figure 2(b) shows the out—ol
focus PSF for a normal system. Figures 2(c) and (d) show that the PS
for an imaging system with a coded wavefront change very little for th
same misfocus. The PSFs of Figure 2(c) and (d) cause the intermedi
image that is formed with the modified optics to appear blurred. This i
because the object distribution is convolved with the PSF to obtain th
image. After signal processing to decode the intermediate image, the P
of the system with a coded wavefront appears as sharp as the one of F
ure 2(a). Consequently, it is possible to obtain an image such as the ¢
shown in Figure 1(a) by modifying the optics and performing signal pro

D

cessing.
What is the cost? In addition to the increased signal processing, thi\

is a reduction in the signal-to-noise ratio (S/N) in the final image. Fro
the point of view of a 3D modulation transfer function (MTF), there is aFigure 1. Diatoms imaged with
fixed amount of signal that can either be concentrated in the normal focabox with a numerical aperture
plane, or spread over a region about that pfaifespread about, the level  of 1.3, (a) with a conventional
of the MTF in the focal plane must drop. Hence, there is a loss of SN ipaging system and (b) with an
the mid range of spatial frequencies, compared to the case of i”‘fOCWﬁaging system with a coded
images with a conventional imaging system. Other forms of phase plat%vefront.

continued on p. 8




Guest Editorial

Special issue on

Integrated Computational

Sensors

In a pioneering 1984 paper, developed
through Bob Guenther’s Palantir program at
the Army Research Office, Cathey, Frieden,
Rhodes and Rushforth (CFRR) pointed out
that imaging systems might attain better re-
sults if, “the image-gathering system is de-
signed specifically to enhance the perfor-
mance of the image-restoration algorithm.”
While, to my mind, CFRR does not capture
the full breadth and depth of the potential
revolution, the vision of integrated design
that it presented has driven nearly two de-
cades of imagination and analysis in task-
specific and adaptive optical and electronic
processing.
The focus on “imaging” is my primary

objection to CFRR. One ought to consider
the paper’s distinction between image-gath-

ing technologies, and partly to many other
factors. The primary driving force, however,
has been Moore’s Law and the continuing
integrated electronic processor and sensor
revolution. Ubiquitous computing power,
high quality electronic photodetector arrays,
advanced positioning and control systems,
micro-opto-electro-mechanical systems
(MOEMSs), computer optical design and
manufacturing tools, and computer control
and data acquisition tools, have converged
to enable the advanced sensor system de-
signs outlined in this issue.

In my opinion, the revolution reflected
by recent designs is still only a superficial
view of the possibilities. Designers and in-
tegrators of holographic and volume optics,
like Barbastathis, Adibi and Descour, and
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ering and image-restoration as a subset of of 3D optoelectronic processors, like
more general computational sensors that in- Tanguay, provide a glimpse of the future,
tegrate design of data-gathering and data but the full range of sensing transformations
analysis. Thus, this issue of the Optics and on optical fields is amazingly unexplored.
Information Systems technical group news- One expects recent work on photonic crys-
letter focuses on “integrated computational tals and electronic nanostructures to even-
sensors”. Given the explosion of the pixels/ tually broaden into designs for complex 3D
pupil ratio in the past 20 years and trends optoelectronic processors. Integrated with
toward ubiquitous sensor spaces, | doubt that adaptive MOEMs systems and smart pixel

the authors of CFRR will object to this
change. All continued to lead the integrated
design community and Cathey and Frieden
participated in the first OSA Topical Meet-
ing on Integrated Computational Imaging
Systems, held last fall in Albuguerque. Ob-
viously, not every one agrees with my ob-
jection to the word “imaging.”

Imaginative computational sensor sys-
tem design has exploded in the past five
years. This explosion is due partly to sto-
chastic algorithm and design discoveries
(such as Dowski and Cathey’s work on
wavefront-coding systems), partly to con-
tinuing and increasing market demand for
innovative sensor systems, partly to emerg-
ing optical and optoelectronic manufactur-

illumination, these systems may yet make
the use of analog image formation using
lenses as extinct as the dinosaurs.

David J. Brady

Fitzpatrick Center for Photonics and
Communication Systems and
Department of Electrical and
Computer Engineering

Duke University, Box 90291

Durham, North Carolina

Tel: 919/660-5394

Fax: 919/660-5293

E-mail: David.Brady@duke.edu
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Volume holographic telescopes

Precision imaging,
ranging, and identifica-
tion become increas-
ingly difficult as the dis-
tance from the object in-
creases. This is a seri-
ous challenge for au-
tonomous robotic sys-
tems operating in de-
manding biological, in-
dustrial and military en-
vironments. For ex-
ample, industrial in-
spection of complex
shapes is more useful if
the information is re-
turned as a three-dimen-
sional (3D) shape rather
than a planar projection.
In biological specimens
(cells, matrices, etc.) 3D
spatial information as
well as spectral infor-
mation (e.g. the absorp-
tion or fluorescence
spectrum) are both nec-
essary to characterize
the function of, and in-
teractions among,
biosystems. In the mili-
tary context, modern
autonomous scouts and
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Figure 1. Volume holographic telescope schematic (top) and experimental results (bottom).

An additional benefit
of our experimental ar-
rangement is that the
telescope determines the
effective (NA) of the
overall system. There-
fore, by tuning the mag-
nification appropriately,
we can ensure that the
desired performance is
accomplished with a
relatively small-area ho-
logram. This keeps the
cost and alignment sen-
sitivity requirements of
the system within reason.
In our experimental sys-
tem, we used a single ho-
logram and instead
scanned the object, a
small toy car located ap-
proximately 0.5m away
from the telescope. The
results shown in Figure 1
correspond to longitudi-
nal resolution better than
1mm with 3.5% magnifi-
cation and 5mm holo-
gram aperture.

Further improve-
ments in imaging perfor-
mance are obtained by

smart munitions are required to inspect and iden-thought of as a matched filter, which “sees” some combining two volume holographic telescopes to
tify valid targets while at the same time avoiding selected aspects of the object and “rejects” otherobtain an image of the same target simultaneously.
civilian or religious facilities and decoys. They aspects. This property allows the real-time extrac-The binocular telescope essentially over-con-
must do this from distances ranging from a half tion of complex information from objects, e.g. in strains the location of the object surface. Then,
to several miles: for instance, typical flight alti- the three spatial dimensions and the spectral dithe dependence of longitudinal resolution on nu-
tude for a reconnaissance Unmanned Air Vehicle,mension combined, which in most other types of merical aperture becomes better than 1/@NA)
UAV, is 1km. imaging systems would require scanning. Real-becomes 1/NA if the two telescope axes are or-

In general, as we increase the distance betweetime spatial-spectral microscopic imaging has al- thogonal to each other). We have extrapolated
the object and the aperture plane of the imagingready been demonstrated with fluorescent omni-directional resolution of ~1cm for a target
system, the angle that the object subtends towardsnicrospheres by our group in collaboration with located 1km away, using moderate optics (~0.5m
the imaging system (i.e., the numerical aperture,the Caltech Optics group. primary mirror diameter). Experiments to verify
NA) decreases. As a result, lateral resolution be- A volume holographic telescope is built by this prediction are currently underway. This re-
comes worse, as 1/NA. Longitudinal resolution using a standard telescope (e.g. a 4f system) irsearch was funded by the Air Force Research
depends on aperture even more strongly, asconjunction with a volume holographic imaging Laboratories, Munitions & Guidance division
1/(NA)% We have developed a novel class of im- element (VHIE), as shown in the schematic. The (AFRL/MNG). We are grateful to Brian Miles,
aging elements, based on volume holography, torole of the telescope is to create a demagnifiedRob Murphey and Sheri Burton for discussions
meet this challenge. Holographic imagifds intermediate image of the target, which then servesand support.
based on using a smart holographic lens to replaceas input to the VHIE. In general, the VHIE is com-
elements of an imaging system (e.g. the objectiveposed of several multiplexed volume holograms, George Barbastathis and Arnab Sinha
lens). The holographic lens is pre-recorded as theeach tuned to a specific distance at the vicinity of MIT Mechanical Engineering
interference pattern of two appropriately defined the object. If a portion of the object surface Room 3-461c, 77 Massachusetts Ave
simple waves (e.g. two plane waves or a planematches one of these holograms, a strong signaCambridge, MA 02139
wave and a spherical wave) in a volume holo- is received at the detector. In general, this hap-g-maijl; {gbarb,arnab}@mit.edu
graphic material (e.g. lithium niobate or photo- pens at the same time for several of the holograms
polymer). The hologram is then fixed and aligned contained in the VHIE (i.e., all the holograms References
with the rest of the imaging system. whose tuned distances happen to lie on the object. Barbastathis et aQpt. Let. 24 (12), pp. 811-813,

When light scattered from a target enters the surface). The remaining holograms remain “si-  1999.
imaging system, the hologram selectively diffracts lent.” Therefore, the volume holographic tele- 2- Barbastathis and Bradgyoc. IEEE 87 (12), pp.
the Bragg-matched modes of the incoming illu- scope forms a distance-specific image. We com-, 2L998'212.°' 1999. .

. . . O X . 3 . . Liu, Psaltis, and BarbastathReal time spectral

mination, while the remaining modes propagate puted and experimentally verified the longitudi-

X . " imaging in three spatial dimension® appear in
undiffracted. Therefore, the hologram can be nal resolution of this element to 1.7I/(NA) Optics Letters.
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Photonic multichip modules for vision applications

The use of intelligently-designed pre-detection op-
tics in combination with postprocessing tech-
nigues can provide a powerful paradigm for the
development of sophisticated multi-dimensional
sensors. The approach can extend and comple-
ment the image-formation characteristics of tra-
ditional imaging sensors such as focal plane ar-
rays. Such integrated computational sensors
achieve this unusual functionality by transform-
ing the input wavefront, prior to intensity-based
detection in a non-image or augmented-image
plane, resulting in the need for complementary
post-processing algorithms.

In this article, we focus on integrated compu-
tational sensor configurations in which the pre-
detection optics, sensor array, and post-processor DIQE
are densely integrated to form a composite, hy-
brid, electronic/photonic, multichip module
(PMCM).28 In particular, we describe efforts to
developbiologically-inspiredPMCMs that are
capable of implementing a wide range of non-tra-
ditional post-processing algorithms. These have
applications in both vision systems and integrated
computational sensors.

Biological vision systems are characterized by

Silicon

GaAs

Silicon

Det. Elect. Det. Elect.

VCSEL VCSEL

Det. Elect. Det. Elect.

high computational complexity, dense 3D inte- Figure 1. Schematic diagram of multilayer hybrid electronic/photonic multichip module (PMCM), showing

gration, and relatively low power dissipatibf.
Several key themes are common to both mam-
malian and non-mammalian vision systems, in-
cluding: a propensity fdayering of the process-
ing architecture; the employment of massive par-
allelism with simple processing units and little, if
any, local storage; the incorporation of dense in-
terconnections at all scales (from local to global,
among multiple modules) with a high degree of
fan-in and fan-out; adaptivity on multiple time
scales; and distributed storage of both informa-
tion and processing algorithms through intercon-
nection weights.

One possible 3D integrated electronic/photo-
nic PMCM structure is shown in Figure 1, pre-
detection optics not shown. Multiple layers of
pixellated silicon VLSI chips (chips that are di-
vided into arrays of nearly identical devices or
functional regions) are densely interconnected by
a combination of electronic, optical, and photo-
nic devices. These produce either a space-variant
or -invariant degree of fan-out and fan-in to each
individual pixel (neuron unit, or processing node).
These weighted fan-out/fan-in interconnections

vertical-cavity surfaceemitting laser (VCSEL) and diffractive optical element (DOE) arrays.

PMCM
{Combinad)

Silicen (Elect./Det.)

PMCM DOE
(Gray-Scale {Qptional) Difraciive Optical
and Spatial) Element (DOE)
[ —
.:'::, ~— DOE {Optional)
t |
-
) PMCHM
FPaeh:?T (Spectral
Iris {Tunable) and Spatial)
Diaphragm
(Variable)

are suggestive of the axonal projections, synapses,
and dendritic tree structures that characterize neu-

robiological systems. They provide for fan-out Figure 2. Schematic diagram of an optical architecture for pre- and post-processing of intimately-coupled
from one terminal on a given chip to many termi- Spatial and spectral features, illustrating separate processing paths for color and gray-scale versions of the

nals on the adjacent chip with individual weights Mage.
on each connection. In particular, the use of opti-
cal and photonic devices allows for the implemen-
tation of such dense weighted fan-out/fan-in in-
terconnection patterrietweeradjacent physical
layers within the stack of chips and without sig-
nificant cross-talk, thus eliminating the need for
electrical connections that must penetrate throug
each chip.

In the implementatici? shown schematically

in Figure 1,
cal-cavity surface-emitting lasers (VCSELS), fab- previous layer), processors and memory elements
ricated on a gallium arsenide (GaAs) substrate, (in the analog or digital domain), and VCSEL driv-
provide optical outputs from a given integrated ers. Proximity-coupled diffractive optical element
nayer of the structure. These VCSEL arrays are (DOE) arrays are designed to incorporate both fo-
flip-chip bonded on a pixel-by-pixel basis to the
silicon VLSI chips, which typically incorporate

2D arrays of bottomemitting verti- local optical detectors (for optical inputs from the

continued on p. 8
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Information-based design tools
for computational imaging

Over the last twenty years, the discipline of im-

aging-system design has seen steady evolution- detector ]
ary progress in contrast to revolutionary advances . comp utation
in optical materials, detectors, and digital com- optics |

putation capabilities. Typical imagingsystem de- i

sign treats the optics and detection as separate
design problems. Post-detection processing is con-
sidered a last resort for the correction of imag-

ing-system deficiencies. The impressive restored i

images produced during the Hubble Telescope cri- [ d lsplay /
sis emphasized that post-detection digital com—d) anal‘y SIS
putation can be a part of the image formation pro-

cess. However, this digital computation merely

compensated for deficiencies. Similarly, modern

consumer digital cameras often employ digital de-

warping to compensate for optical distortion. Im- scehe

age sharpening often compensates for aberrations.

These examples are a first step towards an emerg-_. ) . .
ing integ):ateg approachl to imazing\;,\-l system d esiggF/gure 1. The parameters of the physical optics, detector and post processing are all degrees of freedom

that consider the optical components, the detec-1 @ information-based design approach.
tion layer, and the computational layer, as mul-
tiple degrees of freedoms in a single design prob-from signal-to-noise problems in low light. Joseph van der Grachtand Gary W.
lem as illustrated in Figure 1. Neifeld used an information approach to addressEylisst

A major difficulty in moving toward an inte-  this trade-off between spatial resolution and noise*HoloSpex Inc.
grated design methodology is the choice of per-for imaging discrete binary object¥Ve are cur- 5470 Freetown Rd. Suite 200-104
formance metrics. One approach is to consider therently applying information metrics to optimal cglumbia, MD 21044
imaging-system as an information channel. The detector design for imaging continuous grey-level _m4il: vanderj@holospex.com
original message is the scene intensity distribu-scenes. http://www.holospex.com
tion and the received signal is stored as a discrete  Dynamic range and depth-of-field are two sig- tApplied Photonics, Inc
array of numbers that may later be processed anahificant problems in digital-imaging-system de- T
displayed. The design problem is to maximize the sign. The depth-of-field problem has been ad- References
mutual information between scene intensity and dressed in an innovative way by Dowski and 1 r o Huck, C.L. Fales, R. Alter-Gartenberg, S.K.
the image. Huck et al have applied Shannon in-Cathey! Dowski's approach uses an unconven-  Park, and Z. Rahmamformation-theoretic
formation to analyze discrete imaging systems intional asphere to pre-blur the image followed by  assessment of sampled imaging-systedps, Eng.
this mannet. It is important to understand that post-detection processing to form a pleasing im- _ 38,p. 742, 1999. )
imaging systems designed using these metricsage. Information-based design allows the designer®- G:W- Euliss and J. van der Grachiformation

; . theoretic analyses of a birefringent blur filter,

often do not form pleasing raw images at the de-to compare the performance of the novel system 5| ‘o0t 40, p. 6492, 2001.
tector. However, the design ensures that post-deto more conventional approaches and provides a. m.A. Neifeld, Information, resolution, and space-
tection restoration can produce faithful images. means of optimizing the design parameters of the  bandwidth productQpt. Lett. 23, p. 1477, 1998.

We have applied the Shannon information aspheré.Dynamic-range issues are particularly 4. E.R. Dowski and W.T. Cathefixtended depth of
approach to the problem of aliasing in discrete troublesome when using a video camera indoors ‘Ig'ggthl’gggh wavefront codingppl. Opt. 34, p.
imaging system3.This problem arises because and the subject stands in front of a window. This 5. 3. van der Gracht and G.W. Eulisformation-
detector sensitivity demands wide aperture set-problem forces the user to settle for saturated ar-  optimized extended depth-of-field imaging-systems,
tings that result in very high spatial frequencies eas in the image or to reduce the exposure and Proc. SPIE 4388 p. 103, 2001.
passed by the optical system. Typical consumerput up with noise problems. An integrated imag- 6. M.P. Christensen, G.W. Euliss, M.J. McFadden,
cameras are under-sampled by as much as twenting approach driven by information metrics may ~ K:M. Coyle, P. Milojkovic, M.W. Haney, J. van der
times the Nyquist sampling rate. In fact, virtually be instrumental in tackling this difficult problgm,  ~ Sracht. and R-A. AthalACTIVE-EVES: An

. . . . adaptive pixel-by-pixel image segmentation sensor

all consumer cameras contain a sandwich of bire-  The general approach discussed here attempts chitecture for high dynamic range hyperspectral
fringent plates that purposely blur the image prior to maximize fidelity between the scene and the  imaging, submitted toAppl. Opt..
to detection to reduce aliasing. The design paramimage. Maximum fidelity is not always the opti-
eters for such filters have been chosen subjectivelymum solution. The designer should try to incor-
and do not take advantage of post-detection resporate the specific task into the design problem.
toration. Our approach used information metrics In many consumer applications, it is difficult to
to design the birefringent blur filter and assumes take advantage of such information. In scientific
that the image will be appropriately restored. image analysis, many imaging-systems may be

A seemingly reasonable approach to combat-better quantified by considering more specific in-
ting the aliasing problem is to pack in smaller formation about the objects of interest. The use
detector pixels. In fact, digital cameras manufac- of metrics that incorporate more specific infor-
turers continually boast of more pixels and claim mation about the object and the task can lead to
superior resolution. In practice, these smaller pix- revolutionary imaging designs that take advan-
els have lower light-collecting ability and suffer tage of recent technological gains.
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Fast holographic recording using angle multiplexing

Fast events can be recorded using pulsed hologpulse from a frequency-doubled Q-switched above method and used them to record five plane-
raphy. In order to resolve individual holograms Nd:YAG laser (wavelength 532nm, pulse width wave holograms. The diffraction efficiency de-
recorded with different pairs of pulses, spafial 5.9ns, energy per pulse 300 mJ, and beam diameays since there is less and less energy in the pulse
or anglé“multiplexing may be used. The method eter 9mm). The cavity used to generate the refer-train. The last hologram yields a diffraction effi-
we describe here uses the angular selectivity ofence pulses is shown in Figure 1(b). The incidentciency of about 0.1% which is still well above the
thick holograms to resolve frames that are re- pulse is coupled into the cavity with a small mir- scattering noise level. Aprilis photopolyrheras
corded with adjacent pulses. Two specially de- ror. The two lenses form a 4f imaging system. used as the holographic recording medium.
signed cavities are used to generate the signal antiVe break the symmetry of the cavity by slightly We used this apparatus to record optical break-
reference pulse trains. The advantage of ourslanting the rear partial mirror so that, after eachdowrf 7 events. We split the pulse from the laser
method is that the speed is limited by the pulseround trip, the pulse adjusts its direction slightly. and focused it on a sample. This pumping pulse
width of the laser instead of a scanning mecha-The signal pulse train can be generated using thean optically break down the object and Figure 1(d)
nism. The number of frames is limited by the dy- cavity shown in Figure 1(c). The vertically polar- shows such a breakdown of a PMMA sample.
namic range of the recording material, not its spa-ized (perpendicular to the paper) incident pulse isFrame 1 was recorded at about 1ns before the pump-
tial extent. coupled into the cavity using a polarizing beam- ing pulse vanished. Frames 1, 2, 3, 4, and 5 are the
As shown in Figure 1(a), a sequence of signal splitter. successively recorded frames and the frame inter-
and reference pulses are incident on the holo- The Pockels’ cell is timed to rotate the polar- val is 12ns. Frame 6 is the final direct image of the
graphic medium during the recording. The signal ization of the pulse to the horizontal direction (in sample after the optical breakdown. The size of the
pulses all travel in the same direction while the the paper) after it first enters the cavity. Itis turned image is 1.74mml.09mm. The intensity of the
reference beam direction changes from pulse tooff afterwards while the pulse travels back towards pumping beam is about X80**W/cn?. Frame 1
pulse in order to angularly multiplex holograms. the opposite mirror. A/4 wave plate is used to shows the plasma created by the pumping pulse.
After the recording, a CW laser at the same wave-slightly rotate the polarization of the pulse and The tail is likely due to the discharge in the air in
length is used to read out individual frames. De- the induced vertically-polarized component is front of the sample. In frame 2, a shock wave is
pending on the incidence angle, different frames coupled out of the cavity from the polarizing beam clearly seen. The average propagating speed of
can be read out separately thanks to the angulasplitter. In both cases, the pulse separation is conthe shock wave between frame 1 and 2 is about
selectivity of the thick hologram. trolled by the round-trip time of the cavity, which 10 km/s and that between frame 4 and 5 is about
In these experiments, both the signal and theis 12ns. 4 km/s.
reference pulse trains are generated by a single We generated five pairs of pulses using the

// Reference

continued on p. 8
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Compression of digital holograms for 3D imaging

Many existing three-di- RP; RP;
mensional (3D) imaging L
and processing tech- BS SF I
My

niques are based on the M, / -
explicit combination of

several 2D perspectives
(or light stripes, etc.)

through digital image .
processing. With holog- ') w2 A4
raphy, multiple 2D per- L

spectives are optically SF ¥

combined in parallel. M3
When either of the two N /\
stages in holography, re- M; =

cording or reconstruc- Ar /

tion, are performed digi- | laser

tally the process has

been referred to as com- a_:_____,___--— =

puter, or digital, holog- . 3D i = M N I CCD
raphy. This subject that object

has seen renewed inter-
est-2with the recent de- d -

velopment of megapixel o e 1. Experimental setup for digital holography: M, mirror: BS, beam splitter: SF, spatial filter: L, lens; RP, retardation plate
digital sensors with suf- 9 - EXp P 9 grapny- M, T PILEL ST SPp o pate.
ficient spatial resolution

and dynamic range. Synthesis of holograms by

more efficient storage and transmission. Our digi-

Thomas J. Naughton, Yann Frauel,!
- : : tal hol d of lex-valued L e .
computetand digital reconstruction of optically- peilxelg o\?vrﬁrg;f ,%faﬁzr?ﬁg;ecasngf rt?ep S?(O\ézsseeoﬁahram Javidit and Enrique Tajahuerce

recorded objecthave been demonstrated. We ' : : : Department of Computer Science
record digital holograms using a technique called 8I"6CtlY with standard image compression tools. ' ZL? W0 | 2 22 ESE
e A ; Furthermore, digital holograms contain speckle, - Yy , y
phase-shift interferometrand introduce a third ; h ; ) "’ County Kildare. Ireland
step. that of digital compression and decom res_WhICh gives them a white-noise appearance. It is ty ) )
siorE’ 9 P PreS ot a straightforward procedure to remove the F'Ima”i tolm.ngughton@may.le
: . . . i i i Electrical and Computer Engineerin
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We would like to compress these holograms for P P g )

SPIE’s International Technical Group Newslette@



OPTICS IN INFORMATION SYSTEMS

MAY 2002

Coding the wavefront

continued from cover

to do the coding cause a smaller loss

S/N, but there is always some loss,

which is dependent on the amount b

which the depth of field is increased.

The effect of this loss is highly depen-

dent on the dynamic range of the cam

era being used.

W. Thomas Cathey' and

Edward R. Dowski' {A) (B)
(C) (D)

"University of Colorado, Boulder,
Colorado

TCDM Optics Inc., Boulder,
Colorado
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Single-mode photonic-crystal wavequides for all-optical circuits
continued from p. 12
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New Optics Web
Discussion Forum launched
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online discussion forum on Optics in
Information Systems. The INFO-OPCOM
mailing list is being retired as we move the
discussions to the more full-featured web
forums. We hope you will participate. To post
a message, log in to create a user account.
For options see “subscribe to this
forum.”

You'll find our forums well-designed and
easy to use, with many helpful features such
as automated email notifications, easy-to-
follow threads, and searchability. There is a
full FAQ for more details on how to use the
forums.

Main link to the new Optics in Information
Systems forum:

http://spie.org/app/forums/tech/

Related questions or suggestions can be
sent to forums@spie.org.
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Single-mode photonic-crystal
waveguides for all-optical circuits

Photonic crystals have inspired a lot
of interest recently due to their poten-
tial for controlling the propagation of
light. Photonic crystals (also called
photonic bandgap materials) are
microstructured materials in which the
dielectric constant is periodically
modulated on a length scale compa-
rable to the desired wavelength of light
(for example, a two-dimensional lat-
tice of air columns in a dielectric ma-
terial). Multiple interference between
wave structures scattered from each
unit cell of the structure may open a
photonic bandgap: a range of frequen-
cies within which no propagating elec-

a. Conventional guide b. Single-mode guide
®® 00 0o

tromagnetic field exists. By adding d. Odd mode

point defects with sizes on the order N ' ' ‘

of a wavelength, ultra-small cavities 94 "= 1 04r 1 /a=0.501

and lasers have been demonstrated'g0 381\\3 B | Eo a8l A A ;, ]

Photonic-crystal waveguides can be& "~ [ 5. *. % g Ut

made by adding line defects to a pho20.36F 5>, r'/a=0.50, % g 364 a-a- 4" e e, Pla=0.45

tonic crystal. These waveguides makes '7,*:\&\‘4, Sa P I~ R e

the routing and interconnection of op-g 9341 N ST P 1803 o e-a-n ra=0.40)

tical signals (even around sharp corg, ,, S St T e Ry L Ll Cft e -a -

ners) possible. Recently, there havet t RN r/a=0.45| iL e R P1a=0.35

been enormous research activities irg 0.3} D S = o OO o
L . N 0y T o o= N oo @ o..  r'fa=0.30

designing all-optical components, suchg PBG e as040) S 0 00O oo o

as all-optical switches, for optical com- £0-28| G e, rfa=0.35] £0.28¢ PBG

munications and networking. There is§0 2. o 0l'a=0,30] S 0.26

an urgent need for a unified platform ¥ ’

to integrate all these components in a o_z4o 05 ; 5 5 25 3 0_240 05 : 5 5 25 3

single substrate. Photonic crystals are ' Normalized Phase, Kxa ' ’ Normalized Phase, Kxa '

the best media for such all-optical cir-
cuits. The entire circuit can be laid out Figure 1. Design of a single-mode photonic-crystal waveguide by changing the radii of the air holes next to the guiding
on a photonic crystal by incorporating region.
appropriately designed defects.

A major requirement for using pho-
tonic crystals in all-optical circuits is the avail- in the photonic bandgap when the radius of eachin an all-optical circuit, all air holes in a desired
ability of single-mode waveguides. Conventional hole isr = 0.3a with a being the period of the single-mode waveguide must be on the same lat-
photonic-crystal waveguides are designed by re-structure in the horizontal direction. We recently tice (or periodic structure).
moving one row of air columns from a two-di- demonstrated the design of single-mode  The guided modes of a photonic-crystal wave-
mensional photonic crystal as shown in Figure waveguides by reducing the thickness of this guide are mainly confined to the middle slab and
1(a). Such waveguides usually have more than oneniddle slal’: However, the reduction of the thick- its surroundingg. Therefore, the properties of
guided mode in the photonic bandgap due to theness of the middle slab shifts the centers of all airthese modes can be considerably modified by
large thickness of the middle slab of the holes above the slab compared to those below the&hanging the geometry of the air regions next to
waveguide. The waveguide shown in Figure 1(a) slab. This added defect makes the design of mul-
has two modes (one even mode and one odd modejple waveguide bends difficult. For application continued on p. 9
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