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The author is holding 
a miniaturized version 
of the Hadamard 
Aperture Multimodal 
Multiple Excitation 
Raman (HAMMER) 
spectrometer. The 
device is formed using 
multiplex holographic 
gratings to fold the 
optical path, reducing 
system volume by a 
factor of 27.
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For some spectrometers and imagers, smaller is actually 

better. New sampling and measurement methods are 

shrinking the size and boosting the performance of 

optical devices for many applications.

igger is better. Th e 10-m 
Keck telescopes are better 
than the 200-in Hale tele-

scope. A 1-m spectrometer is better than 
a 25-cm spectrometer.

Th ese truisms are backed by physi-
cal law. Th e angular resolution of an 
optical system satisfying the paraxial 
approximation increases linearly in 
aperture size. To satisfy the paraxial ap-
proximation, system volume must scale 
in proportion to the aperture. For fi xed 
throughput the resolution of a spec-
trometer is linear in focal length, with 
volume again scaling proportionately. 

Despite apparent physical barri-
ers, the optical engineer cannot help 
turning a jealous eye toward electron-
ics. As the size of microprocessors falls 
and performance rises, one wonders if 
similar economies of scale could not be 
achieved in optics.

Surprisingly small instruments have 
emerged over the past decade. In 1992, 
Ocean Optics Inc. introduced the 
S1000, which the company described 
as “a miniature fi ber optic spectrometer 
nearly 1,000 times smaller and 10 times 
less expensive than previous systems.” In 
2005, more than 350 million cam-
eras were shipped worldwide as cell 
phone components, nearly an order of 

B magnitude greater than the number of 
standalone digital cameras. Th ese tiny 
instruments do not overcome diff rac-
tion or sampling limits, but they clearly 
demonstrate the market demand for and 
manufacturability of small instruments. 

Reductions in system volume dramati-
cally increase the utility of optical instru-
ments. Th e S1000 enabled fi eld spec-
trometers on remote platforms. With no 
incremental burden for carrying a camera 
on a cell phone, soon more than 1 billion 
people will have a camera on their person 
at all times. Emerging demands for 
compact instruments include low-profi le 
infrared goggles, low-power ground sen-
sor arrays, integrated sensors on ground 
and air vehicles, integrated biosensors and 
even in vivo biomedical devices. 

Smaller instruments are uniformly 
associated with lower cost and increased 
manufacturing volume. Costs are reduced 
because less glass, plastic and metal is 
used in each instrument and because 
smaller components are easier to in-
corporate in automated manufacturing 
processes. For very compact instruments, 
Digital Optics Corp. has pioneered the 
concept of “photonic chips”: wafer-based 
micro-optical assemblies that use fabrica-
tion technologies derived from wildly suc-
cessful semiconductor chip technology.
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aperture imaging and spectroscopy in 
the 1970s to contemporary information 
theoretic analysis.

Computational imaging is also 
closely related to the optical coherence 
tomography technologies that emerged 
originally from Fujimoto’s lab. Very 
recent emerging themes include the 
compressive imaging camera of Kelly and 
Baraniuk and the light field camera of 
Ng, Hanrahan and Levoy.

Fourier transform spectroscopy and 
optical coherence tomography are the 
most successful examples of multiplex 
sensing to date. Multiplex measurement 
and aggressively computational sensing 
have spawned several recent products. 
The technologies are the primary focus of 
Centice Corp., CDM Optics, Plainsight 
Systems and Distant Focus Corp.

Coding and nonlinear signal inference 
are the core tools that enable generalized 
sampling to revolutionize sensor design. 
Coding emerged spectacularly in optical 
sensor system design in Golay’s 1949 
paper on multislit spectroscopy.

Recent work may be viewed as an 
effort to show that several landmark 
1949 papers misled sensor designers. 
Specifically, Golay’s codes and Shannon’s 
sampling strategy are inappropriate for 
modern sensors.

In Golay’s system, measurement and 
computation were expensive. He used 
one detector and based his codes on ana-
log data processing. Modern sensors, of 
course, may use millions of detector ele-
ments and aggressive digital processing.

Shannon’s focus was communications 
rather than sensing. In applying his work 
to sensor systems, one implicitly assumes 
that signal information is uniformly and 
independently spread across a pixel field. 
If this were true, most images would 
look like television snow. I imagine that 
younger readers, accustomed to digital 

Given that “bigger is better but small 
is best,” researchers from diverse com-
munities are developing methods and 
technologies for high-performance micro-
optical systems. Order of magnitude or 
greater reductions in system scale (and 
1,000 times reduction in system volume 
and mass) have been demonstrated com-
pared to current baselines while main-
taining comparable performance metrics.

These volume reductions have been 
achieved because, in imaging, focal 
plane sampling does more to limit 

resolution than diffraction and because, 
in spectroscopy, system geometries are 
unnecessarily large. As experience grows 
with these systems, a frontal assault on 
apparently fundamental scaling laws is 
increasingly attractive. 

Big tools for little systems

New mathematics, rather than new phys-
ics, is the first key to overcoming naïve 
barriers to high-performance micro-opti-
cal systems. Methods that emerged gradu-
ally over the past quarter century from 
harmonic analysis and statistical inference 
are revolutionizing sensor design.

As the basis of electrical engineering 
for over half a century, the Whittaker-
Shannon sampling theorem sets precise 
limits on sampling rates as a function 
of signal bandwidth. A quarter century 
ago, Papoluis introduced generalized 
sampling to accommodate the possibility 

of broadband signal reconstruction using 
sub-Nyquist sampling over multiple 
low-bandwidth channels. The resulting 
multi-band sampling theory was a 
founding concept in wavelet theory and 
the subsequent cascade of multiscale 
sampling strategies. Very recently, 
Donoho, Candes, Tao and Romberg have 
shown that appropriately sparse signals 
may be accurately reconstructed from 
drastically undersampled data.

Compressive sampling implements 
image and spectral compression in the 

measurement layer 
and assumes advanced 
signal-inference 
algorithms in post-
detection processing. 
Stated more directly, 
compressive sampling 
suggests that one may 
be able to accurately 
produce, for example, 

40-megapixel images from 10-megapixel 
focal planes. 

Multiplex measurement is necessary 
for generalized sampling. In conventional 
focal or isomorphic measurement, each 
detected data value corresponds to a spe-
cific image pixel. Multiplexed systems, in 
contrast, measure signal components in 
weighted groups. Such “group testing” is 
essential to compressive signal inference.

The Duke Imaging and Spectroscopy 
Program (DISP) has explored multiplex 
sampling strategies in optical imaging 
and spectroscopy for the past decade. 
We are part of a vibrant community. A 
comprehensive listing is impossible, but 
highlights include cubic aberration for 
extended depth of field (Dowski and 
Cathey), feature-specific imaging (Nei-
feld), Hadamard spectroscopy (Fateley) 
and spectral tomography (Descour, 
Derniak, Brodzik and Mooney). Barrett’s 
work uniquely ranges from coded 
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New mathematics, rather than 
new physics, is the first key to 
overcoming naïve barriers to high-
performance micro-optical systems. 
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video, are unfamiliar with television  
snow (which proves the point in a 
different way).

For many years comparisons of multi-
plex and isomorphic sensor systems, such 
as the classic text by Harwit and Sloane, 
focused exclusively on linear estimators. 
Nonlinear estimators were reserved for 
hard cases of inadvertent distortion, such 
as the Hubble Space Telescope. The very 
recent idea of deliberately encoding mul-
tiplex measurement systems for iterative 
nonlinear signal estimation is a critical 
tool for micro-optical sensor design.

Expectation-maximization algorithms 
developed over the past several decades 
are particularly powerful for optical signal 
estimation. Just as harmonic analysis and 
sampling theory have yielded surprises in 
recent years, the work of O’Sullivan, Sny-
der and Schulz has—very recently and 
significantly—deepened our understand-
ing of recursive signal estimation. 

[ Photonic crystal spectrometer ]
Photonic crystals consisting of self-assembled silica spheres with 
index of refraction nsp between 1.33 and 1.45, backfilled with 
near-index-matching polymethylmethacrylate. These spheres had a 
diameter of 370 nm, which was chosen to put the primary band gap 
in the near IR spectrum. Crystals of varying thickness are illuminated 
with white light illumination under 503 magnification. The spectral 
variation produced from white light illumination may be character-
ized to produce a thin diffuse-source spectrometer.

[ Coded spectroscopy ]
The tradeoff between spectral resolution and light throughput poses a great challenge to the use of slit spectrometers for weak, diffuse 
sources. (Left) The DISP group has developed a coded aperture spectrometer that addresses this tradeoff by replacing the slit with a 
larger, coded pattern of openings. The intensity distribution observed on the CCD (the detector) is the convolution of the input spec-
trum and the coded aperture pattern. (Center) A raw CCD image observed when the spectrometer is exposed to a xenon gas-discharge 
lamp. In contrast to a slit spectrometer, which directly produces the input spectrum on the detector, a coded aperture spectrometer is a 
computational sensor because post-processing of the raw CCD image is necessary to generate a spectral estimate. (Right) The spectral 
estimate of the discharge lamp, a result of this post-processing on the raw CCD image (center). The four strong spectral peaks corre-
spond to the four clear images of the aperture pattern observed in the CCD image. 

Microspectroscopy
A spectrometer consists of dispersive ele-
ments, spatial filters and detectors. In the 
simplest case, the dispersive element is a 
diffraction grating and the spatial filter is 
a slit.

Extremely small spectrometers may be 
imagined by eliminating the spatial filter 
and using wavelength-dependent atomic 
or solid state effects, an approach Jimenez 
and I proposed with colleagues at the 
University of Illinois in 1997. The Fo-
veon X3 direct image sensor, multiband 
IR focal planes and even simple Bayer 
pattern color imagers may be considered 
examples of this approach.

Unfortunately, fabrication of a solid 
state system with robust and program-
mable high-spectral-resolution sensitivity 
has thus far proven impossible. Tradeoffs 
between physical limits, manufacturabil-
ity and mathematical coding capacity are 
the basis of microsensor development. 

In a seminar at Duke’s Fitzpatrick 
Institute in 2002, John Ballato described 
Foulger’s work at Clemson University 
on self-assembled photonic crystals and 
noted that sample uniformity was a major 
problem. As I looked at the multispectral 
images of Foulger’s crystals, I realized that 
I was observing a very thin, broadband 
and potentially high-resolution spectrom-
eter.

DISP used Foulger’s crystals to 
demonstrate that the combination of 
well-characterized disordered photonic 
crystal layers and computational signal 
inference could be used to create a 
sub-100-mm-thick spectrometer. 
Subsequent work with crystals from 
Astratov demonstrates that nanometer-
scale spectral resolution is reasonable 
for such a spectrometer. In combination 
with decompressive inference and 
nonlinear estimation, one can imagine 
500-nm-bandwidth, 1-nm-resolution 
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Healy and Athale. Teams from Michi-
gan Technological University and Rice 
University are also part of phase II of 
COMP-I.

COMP-I’s central goal is an order-of-
magnitude reduction in digital imager 
thickness without loss of baseline resolu-
tion or pixel count. COMP-I’s initial 
strategy is based on the TOMBO multi-
channel sampling strategy pioneered by 
Tanida. Alternatively, an annular folded 
imager is under development for MON-
TAGE by a group led by the University 
of Arizona and the University of Califor-
nia, San Diego. 

The first-order opportunity for imager 
thickness reduction arises from the fact 
that most digital imagers undersample. 
One often encounters confusion regard-
ing the optimal sampling rate. To avoid 
aliasing in diffraction-limited incoherent 
imaging, it is necessary to sample on a pe-
riod less than the wavelength l multiplied 
by the system’s f-number, or approximate-
ly l for an f/1 system. The ideal sampling 
period is less than half the full width 
between zeros of the Airy pattern.

Current visible digital imagers 
undersample by factors of 10 to 20. Me-
dium- and long-wavelength infrared (IR) 
systems typically undersample by factors 
of 3 to 10. Undersampling is somewhat 
reduced in visible systems by the use of 
microlens arrays to effectively increase the 
f-number.

Simple TOMBO-like systems are 
direct examples of Papoulis’ general-
ized sampling strategy. Undersampling 
in a parallel array of thin imagers can 
be combined, if sampling patterns are 
non-degenerate, to produce a single 
high-resolution image. The focal lengths 
of the parallel imagers may be reduced in 
proportion to the focal plane undersam-
pling rate relative to baseline.

spectrometers occupying perhaps  
100 mm3 based on this approach.

Lack of control over coding is the 
weakness of current photonic crys-
tal spectrometers. While the relative 
advantages of different sensor codes are 
often difficult to demonstrate rigorously, 
it is easy to demonstrate the difference 
between bad codes and good codes.

The code for a spectrometer is rep-
resented in the matrix that maps target 
spectral values onto measured data. His-
torically, Golay, Hadamard and Fourier 
transform based codes are popular. With 
current design and fabrication tech-
nologies, it is not possible to implement 
complex codes in thin photonic crystal 
circuits.

Miniaturization is just one of many 
parameters DISP considers in spectrom-
eter design. For the past several years we 
have combined static coded spatial filters 
with 2D focal planes to obtain precisely 
controllable spectral coding and simple, 
low-cost manufacturing. While high-
etendue instruments for tissue spectrosco-
py have been a primary goal, coding also 
enables spectrometer miniaturization for 
two reasons. First, spatial coding enables 
narrow-band filtering and fine detector 
features without loss of throughput. In 
addition, holographic coding folds spec-
tral dispersion.

In 2005 DISP, using three-grating 
multiplex holograms made by Adibi 
and co-workers, demonstrated a cubic-

[ COMP-I imager ]
The COMP-I Phase I long-wavelength 
IR multichannel imaging system (left) 
consists of a 3 x 3 array of 2.3-mm thick 
lenslets on a 30-mm-pixel-pitch amor-
phous silicon microbolometer array. The 
nine images captured from the lenslet 
array are undersampled compared to 
the approximately 10-mm-pitch Nyquist 
rate (center). The subimages are nonde-
generate because the sampling registra-
tion varies from one to another. By digi-
tally estimating the relative shift of the 
image copies and then using maximum 
likelihood estimators, the COMP-I signal 
processing group produces images that 
are upsampled by a factor of 3 (right).

The first-order opportunity for 
imager thickness reduction arises 
from the fact that most digital 
imagers undersample. 

centimeter-volume, 5-nm-resolution 
spectrometer spanning the spectral range 

from 400 to 650 nm. 
Multiplex gratings 
reduce the aperture by 
a factor of 3 and the 
volume by a factor of 
27 relative to alterna-
tive designs.

The prototype 
system used a 78-mm 
effective slit width. We 

found that a reduction in spatial feature 
size of one to two orders of magnitude is 
readily obtainable; the reduction results 
in a proportional increase in spectral 
resolution without increasing the sensor 
volume. 

Micro-imaging
In 2003 DISP partnered with Raytheon, 
Digital Optics and the universities of 
Delaware, North Carolina Charlotte 
and Rochester to propose the Compres-
sive Optical MONTAGE Photography 
Initiative (COMP-I) in response to 
the DARPA Multiple Optical Non-re-
dundant Aperture Generalized Sensors 
(MONTAGE) program developed by 

Mohan Shankar
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Assuming a factor-of-three 
undersampling on long-wavelength IR 
focal planes, COMP-I uses optical path 
folding and aggressive optical design 
to obtain a full-order-of-magnitude 
reduction in system thickness. In Phase 
I, COMP-I demonstrated imagers with 
a thickness of 1.8 mm in the visible and 
2.3 mm at long IR wavelengths. The 
phase II goal is to create a 5-mm-thick 
long-wavelength IR imager with a field of 
view of 0.3 rad and an instantaneous field 
of view of 1.3 mrad.

To make multichannel sampling 
actually work, one must first have high-
quality micro-optics operating near the 
diffraction limit. Such optics have only 
recently become possible. COMP-I optics 
are developed from detailed computer-
aided designs at Digital Optics (te Kolste 
and Carriere), the University of Delaware 
(Chen) and Raytheon (Gibbons) and 
manufactured using lithographic and 
diamond turning technologies.

Second, one must have high-fidelity 
nonlinear image estimation algorithms. 
Fortunately, the signal processing com-
munity has extensively studied super-
resolution through multiband sampling 
over the past decade. COMP-I’s digital 
signal processing group (Pitsianis, Sun, 
Willet, Schulz and Fluckinger) has 
developed and adapted high-performance 
registration, regularization and estimation 
algorithms for this purpose. 

Nano-optics and gigapixels
Close examination reveals many unan-
swered questions and unexplored oppor-
tunities for micro-optical sensors.

Due to the relatively advanced art of 
microcavity, photonic crystal and thin-
film technology, the near-term path to 
miniaturized high-performance spectral 
systems is much clearer than the path to 

While the ultimate impact of plas-
monic optics on imaging and spec-
troscopy is not yet clear, it is apparent 
from the range of emerging tools in 
mathematics, fabrication and design that 
Feynman’s famous prediction of “room at 
the bottom” applies well to optical sensor 
design. In contrast with the half century 
of microelectronic integration, the race to 
the bottom of micro-optical imaging and 
spectroscopy has just begun. 

DISP develops computational microspectrometers 
through the Advanced Biosensor Program of the 
National Institute on Alcohol Abuse and Alco-
holism and through a DARPA-sponsored collabo-
ration with the University of North Carolina 
Charlotte. The COMP-I program is supported 
by DARPA. Basic DISP computational sensor 
research is supported by the Air Force Office of 
Scientific Research.

[ David J. Brady (dbrady@duke.
edu) is the Addy Family professor of 

electrical and computer engineering at Duke 
University, Durham, N.C. ]
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[ Plasmonic focusing ]
This fluorescence image sequence 
shows the focus of optically ex-
cited waves on a 200-nm-thick silver 
plasmonic lens with 10-µm diameter 
using different polarization and incident 
angles. (Left to right) Normal incident 
with horizontal polarization; 7.7° incident 
angle with horizontal polarization; 26.6° 
incident angle with horizontal and verti-
cal polarization, respectively. Arrows 
indicate the polarization directions of 
the normally incident illumination.

micro-imaging systems. Recent work in 
metamaterials and plasmonic optics, how-
ever, points to revolutionary new func-
tionality in imaging system components.

For example, Zhang and co-workers 
have demonstrated in-plane focusing 
using 200-nm-thick plasmonic lenses. 
Zhang’s devices demonstrate that it is 
possible to observe coherence effects 
across an aperture with essentially no 
focal volume.

Zhaowei Liu


