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FINAL PERFORMANCE REPORT

A. Spatio-spectral Tracking with a Rotational Shear Interferometer

A. 1 Background
Spatio-spectral tracking with the rotational shear interferometer (RSI) involves both spatial and

spectral interferometric sensing. It is useful to describe a couple of simpler examples before

addressing the RSI. The next two sections will discuss the Fourier transform spectrometer

(interferometric spectral sensing) and the use of the RSI as a monochromatic coherence imager

(interferometric spatial sensing).

A. 1.1 Fourier Transform Spectroscopy
As stated in the introduction, the Fourier transform spectrometer was first introduced when

Michelson developed the interferometer which bears his name. Many varieties of the Fourier

transform spectrometer exist, but all operate by interfering the input field with a time delayed

version of itself.t An example of a Michelson interferometer is shown in Fig. 2.1 with input field

U. The interferometer is composed of a beamsplitter and two mirrors. Upon entering the

interferometer the input field, U, is split and traverses the two arms of the interferometer. The

mirrors reflect the divided field, and the beamsplitter recombines the fields, directing half to the

detector and the other half out the input aperture. If the field from the arm with Mirror 1 is U(t)

then the field from the other arm is U(t + r) where r is the delay introduced in the

'A non-interferometric Fourier transform spectrometer exists, known as the Mertz Mock Interferometer.
The mock interferometer is a unique case and is not relevant in a discussion of the RSI. [71
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where c is the speed of light. Optical detectors measure intensity rather than the amplitude and
phase of the field. The time averaged intensity of the field U is represented as:

. = (Iulz) (A.2)

where the (U) represents an ensemble average over U. The interferometer's detector measures

the intensity of the sum of the field reflected from each of the arms of the interferometer. The

detected intensity is a function of the path length difference:

I(T) = (IU(t)U(t + r)12)

= (u(t) + U(t + T)) + (u*(t)U( + ,)) + (U(t)U'(, + ,)) (A.3)

= 210 + 2Re{G('r)}

The function G(r') is the autocorrelation function, defined as:

G(M) = (U*(r)U(t + ,r)). (A.4)

The Wiener-Khinchin theorem states that the autocorrelation of a signal and its power spectral

density are related by the Fourier transform:

G(r) = J S(v)exp(j27rvr)dv, (A.5)



where S (v) is the power spectral density. [8] Since the power spectral density of signal is real,

and its integral over all frequencies is equivalent to the measured intensity of the signal:

JS(v)dv = 1,(A.6)

it is possible to relate the intensity detected by the Michelson interferometer over a range of t to

the power spectral density. Starting with Eq. A.3 and substituting Eq. A.6 for 10 and Eq. A.5 for

G (') yields:

I(Tr) = 2J .S(v)dv + 2Re{ f'S(v)exp(j2n'vr)dv}
(A. 7)

= 2Jo S(v)dv + 2J S(v)cos(2lrvT)dv

Solving for the intensity at r = 0 yields:

1(0) = 4J S(v)dv, (A.8)

which can be combined with Eq. A.7 to produce: 1
S2 S(v)cos(2nrvr)dv. (A.9)
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Figure 2.2: Diagram of a rotational shear interferometer.

This is a cosine Fourier relationship between the intensity detected as a function of t and the

power spectral density, which can be solved for power spectral density:



S(V) = J 2[I('r)- I(0)]cos(27rv'r)d'r. (A. 10)

The Fourier transform relation between spectrum and intensity described by Eq. A. 10 show

that all measurements over T contribute to each frequency, v, in the spectrum. Since the

instrument is sampling in the Fourier space of the spectrum, a greater range covered in Fourier

space (the range of r) equates to recording more detailed spectral information, yielding a higher

resolution measurement.

A. 1.2 Rotational Shear Interferometer
The rotational shear interferometer (RSI) is similar to a Michelson interferometer except that the
planar mirrors on the arms are replaced by right-angle folding mirrors. Fig. 2.2 shows a diagram
of an RSI. The RSI allows us to measure the mutual coherence of the incident wavefront by
interfering the wavefront with a rotated and time-delayed version of itself. One of the arms of the
RSI can be rotated about the optical path, producing the shearing angle. A wavefront incident
upon the RSI is initially split by the beam splitter and then traverses both of the arms. One of
the arms folds the wavefront (labeled Mirror 1 in Fig. 2.2) while the other both folds and rotates
the wavefront (labeled Mirror 2 in Fig. 2.2). The arm with the rotation mechanism is also
translatable, allowing for a path length difference between the two arms, just like the Michelson
interferometer. After traversing the arms, the wavefront is recombined and imaged on a digital
focal plane.

The RSI used in this project was designed at the University of Illinois at Urbana-Champaign,

and the components manufactured by the electrical engineering departmental machine shop. Like

most interferometers, the RSI is sensitive to vibrations and mechanical disturbances on the order

of a single wavelength of light. For this reason, the RSI was built from Invar, a metal alloy with a

very low coeffcient of thermal expansion around room temperatures. The beam splitter and

folding-mirrors used the design are one-inch optics. Since the RSI was designed for use in the

visible region of the electromagnetic spectrum, the optics all have anti-reflective coatings to

minimize losses at the air-glass interfaces. Figure 2.3 shows a photograph of the RSI.

2.1.3 The RSI in Astronomy
The RSI has been used in astronomy, primarily during the 1970s and 1980s before adaptive
optics became available to the astronomy community. All uses of the RSI during this period
applied the Van Cittert-Zernike theorem. [9] This theorem states that under the restriction of a
quasi-monochromatic spectrum, a measurement of mutual intensity from a source is equivalent
to the Fourier transform of the spatial intensity distribution of the source. This allows
astronomers to reconstruct the image of a star from the FFT of the interference pattern recorded
with an RSI from a telescope and narrow band spectral filter. Initially, Breckenridge analyzed an
interferometer identical to an RSI with the shear fixed at 90 degrees. [10] His goal was to take
high resolution astronomical images through the atmosphere. He collected a set of short exposure
interference patterns, eliminated the interference patterns that were distorted by atmospheric
turbulence, and combined the remainder for analysis. Later, the RSI was used and analyzed by



Roddier, Mariotti, and Chelli for successful stellar observations. [11-14] In all cases, photon
efficiency was a serious problem because of the narrow band spectral filters used to meet the
quasi-monochromatic source condition. A more recently proposed use for the RSI in astronomy
is as a nulling interferometer for extrasolar planet detection. [15] Since the RSI has a null
response for a point source directly on the optical axis, this paper suggests that extrasolar
planets could be detected by pointing the optical system directly at a star and looking at the
result.

Figutre, 2.3. 11hot.•,.•rnlph (A' Q.h_, rotat~iona~l Aih•iir iintl~rfroicewr.

A.2 Spatio-spectral Tracking of Orbiting Objects
Conventional systems for satellite tracking and identification involve imaging the satellite's

structure using a large aperture telescope and adaptive optics. These telescopes are somewhat

rare and quite expensive, so more recent methods attempt to identify the satellite by recording its

spectral profile as it crosses from horizon to horizon. This typically involves the use of a

spectrometer coupled to a telescope that is aimed at the satellite using a separate guiding system.

The spectral profile of the satellite is measured in the visible wavelength range, measuring the

spectrum of sunlight reflected from the satellite. This project uses a rotational shear

interferometer (RSI) coupled to a telescope to simultaneously collect spatial tracking information

and spectral reflectance information from the target satellite.

A.2.1 Conventional Systems
Conventional systems used for satellite tracking and identification can be separated into two



categories. Instruments in the first category capture an image of a satellite's structure for
identification purposes. Not many of these systems exist since they require a multi-meter

aperture, a fast and stable mount, and adaptive optics. One such system is the Maui Space
Surveillance System (MSSS) run by the Air Force, based on a 3.67 m telescope. One project

attaches a hyperspectral imager to the MSSS to capture spatial and spectral information. [16] It
uses a set of tuneable spectral filters which are scanned over a period of time to create a
hyperspectral image of the target.

The second category of systems used to track and identify satellites involves non-resolved

object characterization. These systems image the satellite as a point source, using a telescope of

diameter 500 mm or less. Tracking is easily accomplished by locating the point source in the field

of view of the telescope. Satellite identification with these smaller systems is performed via four

color photometry. This procedure measures the intensity of the observed point source through

four different spectral filters. These filters are known as BVRI filters, corresponding to blue,

green, red, and infrared. These four intensity values are then matched to a spectral database to

find a close match for the satellite in question. Multiple BVRI intensity values can be recorded

for a satellite as it crosses the sky, collecting a spectral reflectance profile for different sides of

the satellite. Much of the research in this area involves algorithms to match the BVRI filter data

to a database built from computer-modeled reflectance data. [ 17, 18]

A.2.2 Tracking with a Rotational Shear Interferometer

The target of interest for RSI tracking is a non-resolvable object in orbit. This means that a

combination of the object's physical dimensions, its distance from the observer, and atmospheric

turbulence causes the object to appear as a point source. Since the point source is in the far field,

the field at the RSI can be approximated as a plane wave. The intensity response of an RSI to a

monochromatic plane wave input is: r 4,rsin(20) }
Itcd = 1 +Cos 41 in2)tan(o,)x (A.11l)

In Eq. A. 11, 0 is the shear angle of the RSI's rotating arm, X is the wavelength of the source, and

o is the angle between the source and the optical axis of the interferometer. Figure 2.4 shows the

angle y and the coordinate system for the interferometer.

For a monochromatic point source and with a fixed shear angle, the RSI records a cosine

fringe pattern whose frequency depends on both the wavelength of the source and the angle

between the source and the optical axis. The rotation angle of the fringes on the detector plane

(about the optical axis) depends on the elevation and azimuthal directions to the target (,, 0y).



This relation is shown in Fig. 2.5. If both the wavelength and the location of the point source are

unknown, two measurements must be made from different perspectives (essentially for two

different values of Oy to spatio-spectrally locate the source.

"optical axis --- (_-_-_--_--_-_-_7

Figure 2.4: Dia gram showing RSI, target,, and coordinatce axis.

A non-monochromatic source can be treated as a linear combination of monochromatic

sources of different wavelengths. The visibility of the fringe pattern decreases as more spectral

components are added, the result of the decrease in coherence length for a spectrally broader

source. A simulated fringe pattern for a non-monochromatic source located at (0,, O) = (0.2,0.2)

radians is shown in Fig. 2.6.

As discussed in the overview of Fourier transform spectroscopy, the Wiener-Khinchin

theorem relates fringe intensity for a range of different path-length delays (T) to the power

spectral density of the source. With a nonzero shear angle, a single RSI measurement fringe

intensities for a range of "t because of the path-length difference between the rotated and fixed

mirrors. A two-dimensional FFT of the RSI's source.
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Figure 2.6: Simulated RSI fringes for a non-monochromatic point source.



1'lgutlr' 2.7: FI" f 4 .[he t' i ( , p:t.t.er l "'r : t I-,nv th le u c -r cin i: hl'ood m t.icy pa int

Z 4!

L,* .I '. A.. ni Ni !.. .

Figure 2.8: Original source spectrum and spectral estimate from simulated fringes.

fringe pattern yields spectral data along a radial line in the resulting image, as shown in Fig. 2.7.
A cross section of the FFT image along the radial line produces a spectral estimate of the source,
appearing in Fig. 2.8. The angle between the radial line and the "axes" of the image, as well as the
distance from the center of the image to the spectral content, both relate to the spatial position of
the source. Similar to the monochromatic case, two measurements must be recorded from
different perspectives to determine the position of the source and properly scaled spectral
information.
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A.3 Experimental Data
A.3.1 RSI Measurement of a White LED
After constructing and aligning the RSI shown in Fig. 2.3, a white LED was used to demonstrate

the system performance. The LED was approximately 1 mm in size and was placed 1.5 m

downrange from the RSI so that it approximated a point source. The fringe pattern for the white

LED is recorded in Fig. 2.9. The pattern is not centered because the camera was not on the

optical axis of the interferometer. Fortunately, sufficient fringe information was recorded to

further process the data. The FFT of the fringes and a radial cross section showing the spectral

data are shown in Fig. 2.10. There is a large low frequency component to the information in Fig.

2.9, so a small region in the center of the FFT was manually set to zero. This removes some of

the low frequency noise from spectral data, making the LED spectrum more visible. The spectral

reconstruction from the RSI data is compared to a spectrum of
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the white LED measured by an Ocean Optics spectrometer in Fig. 2.11.



'A.3.2 RSI Measurement of Polaris
Attaching the RSI to a telescope increases the light input to the RSI, allowing the system to

image dim objects like stars and satellites. The RSI / telescope system is a pupil imaging system

where an image of the aperture of the telescope is formed through the RSI onto a focal plane.

After initial work at the Three College Observatory (TCO) in Greensboro, NC, it seemed

advantageous to use a telescope with a clear aperture. The telescope at the TCO is a Richey-

Chretien model, using a secondary mirror in the aperture. The secondary mirror creates an

obstruction in the middle of the measured interference pattern, as seen in Fig. 2.12. Upon testing

an RSI attached to a small (102 mm) refracting telescope, shown in Fig. 2.13, it was determined

that the light gathering ability of available refracting telescopes was not suffcient. (Reflecting

telescopes are much cheaper than refracting telescopes for apertures over 100 mm.) For better

light gathering, the current telescope system uses a 254 mm Schmidt Cassegrain telescope made

by Meade. The beam leaving the telescope is folded into a vertical path by a dielectric mirror and

then collimated by an achromatic doublet lens. The collimated beam is folded again so that it is

directed into the an RSI, mounted on top of the telescope tube. Figure 2.14 shows a diagram of

this system beside a picture of the telescope with RSI attached.

Different stars were used as the target points sources instead of orbiting satellites. Stars are

easier targets to track because they are brighter and move much more slowly than visible

satellites. (Geosynchronous satellites are, of course, stationary in the sky, but their high orbit

makes them practically invisible.) The example data presented here are measurements taken of

Vega. Vega is a very bright star, of magnitude 0.03. The RSI and telescope system recorded the

fringes shown in Fig. 2.15 for a 30 second
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Figure 2.14: Diagram of RSI attached to SCT telescope (left), picture of RSI and SCT telescope

system (right).
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observation. Fringes were visible for integration times as low as 50 msec, but their poor signal-

to-noise ratio made them difficult to analyze. An FFT of the fringe pattern from Fig. 2.15 and

radial cross section of spectral information are shown in Fig. 2.16. There was a large amount of

low frequency noise present in the fringe pattern, so a large area was deleted from the middle of

the FFT image. The spectral resolution of the result is on the order of 10 nm per pixel.

A.4 Conclusions
The RSI / telescope system works as a proof-of-concept demonstration for interferometric

spatio-spectral tracking. As can be seen in Fig 2.16, there are blurring problems that degrade the

spectral data. This blurring is primarily caused by the shifting of the apparent location of the

point source while acquiring a single frame. The two major causes of location shifting are

inaccuracies in the telescope's tracking mount and atmospheric turbulence. A more stable

telescope mount would produce
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more accurate results. The effects of atmospheric turbulence can also be reduced by using a
procedure like that described in [10] and [I11]. Rather than using long integration times on the

CCD to record a fringe pattern, sets of short exposure images can be recorded. These images are

then analyzed and corrected for spatial shifts of the source, and then summed together for a

higher quality image.
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B. Dispersive Instruments for Spatio-spectral Point Source Tracking

1. Introduction

Our previous work on spatio-spectral tracking has dealt with interferometric methods for

simultaneously gathering spatial information for tracking and spectral information for the
identification of nonresolved objects in orbit. Our interferometric system uses either a single or
multiple rotational shear interferometers (RSIs). Computing the position and spectrum of a

target point source requires two measurements with the RSI, either in sequence with a single RSI
or simultaneously with an array of RSIs in parallel.

The fringe response of an RSI, as shown in Figure I encodes the target's spatial
information in the orientation and frequency of the fringe pattern. The spectrum of the target is
encoded in the intensity modulation pattern present in the fringes. The RSI-based system
collects full spectral and tracking information in two measurements. This compares favorably
with a typical instrument used in satellite tracking and astronomy: a four-color photometry

system using BVRI filters. The four-color photometry system makes a measurement of the
target with each of four filters, providing spatial information and spectral information averaged

into four bands. The multiplex advantage that allows the RSI system to capture full spectral
information in two measurements, however, exhibits the multiplex disadvantage in signal-to-noise
ratio.

Pr•
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Figure 1. Photograph of a rotational shear interferometer (right) and fringe response
recorded from a star (left).

Here we describe several instruments we have developed based on spectrally dispersive

elements rather than interferometric designs. These systems also capture spatial and spectral
information from a target point source, but do not exhibit the multiplex disadvantage in SNR.
These systems concentrate the signal photons onto one or a few narrow bands on the detector,
rather than the RSI, which distributes the signal photons across the entire detector. These

dispersive systems are also less sensitive to vibration and precise alignment versus the RSI
system. The first system is a simple proof-of-concept system that images the output of a
telescope through a grating. The second system uses a custom designed multiplex holographic
grating element to create a spatiospectral signature from a point source. The third system
provides a spatio-spectral measurement with a set of three custom designed gratings.



B.2. Imaging Through A Grating

This spatio-spectral sensor is rather minimal, composed of a transmission grating and a

digital focal plane. The system is designed to focus the telescope's image plane onto the focal

plane through the grating. The system, shown in Figure 2, is built with a 90 degree geometry

between the telescope output and CCD.

Grating

Telescope

CCD

Figure 2. Diagram of a simple dispersive spatio-spectral tracking system.

The grating is placed in the middle, rotated 45 degrees from the telescope optical axis and

45 degrees from the normal of the CCD. The grating used in this design has a relatively high
period of 2400 line pairs per millimeter, resulting in a spectral range of only 90nm (540 -630
nm). The grating is housed in a photopolymer housing printed on a rapid-prototyping system,
designed to replace the eyepiece of a consumer grate telescope. The data recorded by the CCD is
a single spectral stripe across the axis of the CCD that matches the dispersion axis of the grating.
The location of this stripe along the non-dispersion axis of the CCD provides spatial
information, locating the point source in the field of view of the telescope in one dimension. A

second system can be used in parallel with the first, with dispersion axis rotated 90 degrees with
respect to the first, to achieve two dimensional tracking information (elevation and azimuth

angles). A photograph of the system and of the system's response to a point source is shown in
Figure 3.
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Figure 3. Photograph of the simple dispersive system and example of its response to a
point source.

The spectral range shown in Fig. 3 is larger than the 90nm range of the instrument
because the camera used for the photograph is capable of capturing a wider angle from the grating
than the CCD used on the instrument. The spectral response of the point source is simply the
intensity as recorded across the spectral stripe.

B.3. Dispersion Multiplexing With A Multiplex Transmission Hologram

The key feature of our second dispersive spatio-spectral sensor is a custom designed
and fabricated multiplex holographic element. The hologram is designed to capture both spatial
and spectral information of a point source in the telescope's field of view. The hologram
contains three different grating periods, each at different rotation angles. The different grating
periods target separate, but overlapping regions of the visible spectrum. The rotation angle of
the holograms provides spatial information, relating the location of the point source within the

field of view of the telescope. The system also images the 0 order diffraction from the
holograms, which can also be used to spatially track the source.

The hologram has three different grating periods recorded on it, rotated with respect to
each other. One grating period disperses its spectrum across the horizontal dimension of the
CCD, and the other two disperse their spectra at a rotation angle of (+ and -) 19.61 degrees from
the horizontal - along the diagonals of the CCD. Fig. 4 shows the calculated response of the
holographic element. The system records the 0 and +1 order diffraction from the hologram, as
shown by the shaded region in Fig. 4 representing the CCD. The specifications for the three
spectral bands are listed in Table B. 1.

Ali Adibi's research group at Georgia Tech fabricated the holographic elements specified for both of the
dispersion multiplexing systems in this paper.
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Figure 4. Calculated response for the second system's multiplex hologram.

Grating 1 Grating 2 Grating 3
Center Wavelength (nm) 475 600 725
Spectral Bandwidth (nm) 450 - 500 525 - 675 650 - 800

Grating Period (lines per 0.374 0.275 0.257
micron)
Estimated Spectral 0.96 0.94 1.0

Resolution (nm per pixel) _ I

Table B.I. Spectral Band Data

A diagram of the optical system for this spatio-spectral sensor is shown in Figure 5. The
lenses in the system all have a diameter of 25mm. The hologram is 15 mm in diameter. One of the
key features in this design is that the CCD is not centered on the optical axis of the rest of the
optical system. It is shifted 3 mm "right", along the longer dimension of the CCD. This is
depicted in Figure 4. This system is also built using a photopolymer structer printed on a rapid
prototyping machine. After the optics are assembled in the polymer structure, the structure is
attached to a cooled CCD camera with a resolution of 765 x 510 pixels. During testing, we

operated the camera at 0 degrees C. The system is shown in Figure 6, both by itself and attached
to a telescope. The telescope used to track and collect light from the target is a Schmidt-

Cassegrain style telescope with a 254 mm aperture and f/6.3 optics. The hologram described in
this section proved to be quite challenging to manufacture. The hologram used in the constructed
system is similar to the calculated specifications, except that the dispersion pattern is magnified
and the spectral ranges of the bands are extended. The dispersion pattern is magnified such that
only two of the spectral bands can be resolved on the CCD at once. The angle between any two
of the three spectral bands is sufficient to locate the target point source by calculating the
position where the two lines intersect. This intersection is usually located beyond the visibility
range of the CCD, but with the CCD pixel size and specifications for the telescope optics we can



easily calculate the location of the target. Since the spectral range of the bands has been extended,
one of the diagonal bands measures approximately 450nm of bandwidth, from 450 -900nm.
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Figure 5. Diagram of optical components for second system.

S... ... I

Figure 6. Photograph of second spatio-spectrai tracking system. The sysem is shown
opened, on the left, and attached to a telescope, on the right.

Figure 7 shows two datasets taken with this spatio-spectral tracking system. The first
dataset shows the CCD measurement of a krypton pen lamp and the spectrum calculated for

the pen lamp. The second dataset shows the measurement recorded for Polaris, and the
corresponding spectrum.
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Figure 7. Experimental data for the second system. The first column shows the response

to a krypton pen lamp (above) and the spectrum of the penlamp (below). The second
column shows similar data for the star, Polaris.

B.4. Dispersion Multiplexing With A Set of Gratings

The third dispersion-based system we developed for spatio-spectral tracking, like the

second, uses dispersion multiplexing. Rather than implementing a multiplex dispersion pattern
with a single hologram, this system uses a set of three separate gratings. Each grating is recorded

on its own substrate with a specific grating period and corresponding spectral response range.
When the gratings are installed in the system, they are rotated at a fixed angle with respect to

each other. The rotation angle between the gratings produces the spatial information used to
track the target point source. The expected system response to a point source measured by the

detector is shown in Figure 8. Table B.2 describes the spectral response for the three holograms
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Figure 8. Calculated point source response for System 3.

Hologram I Hologram 2 Hologram 3

Center Wavelength (nm) 452 530 634

li/e Spectral Bandwidth (nm) 376 -530 424 -646 474 -804

Table B.2. Spectral data for holograms in system three.

As noted by the color in Figure 8 and the specifications in Table 2, each grating period covers a

separate, but overlapping, segment of the spectrum. This device should be sensitive from 400-

750 nm with a spectral resolution better than 1 nm. The intersection between the three spectral
bands on the CCD indicates the location of the target. The azimuth and elevation angle to the
target can be calculated given the pixel number of the intersection and knowledge of the
telescope's optics.

This system also uses 25mm optics and the same cooled 764x510 resolution camera as
described in the previous section. It is also designed for use with our 254mm diameter ff6.3
Schmidt-Cassegrain telescope. Figure 9 shows the diagram for the optical system
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Figure 9. Diagram of optical components for third system.

The assembled prototype is shown in Figure 10.
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B.A Summary

A three telescope-coupled spatio-spectral tracking systems based on spectrally
dispersive elements has been described. These systems have both improved mechanical stability
and signal-to-noise ratio versus an interferometric system. Two of these systems can capture
two dimensions of tracking data and 400nm of spectral bandwidth (visible through NIR) in a
single measurement. While these systems can be further optimized for increased spectral
resolution and spectral bandwidth, they present a good solution for spatio-spectral point source
tracking.

C. Dispersion Multiplexing Spectrometer

Current environmental sensing, defense and research applications demand compact and
inexpensive spectrometers that maintain a high level of performance. This chapter describes a

spectrometer to meet this goal by using aperture coding and dispersion multiplexing with
broadband filtering.

A traditional dispersive spectrometer is composed of three primary elements: an input
aperture, a digital focal plane, and a dispersive element. Other optics are usually present,
optimized to relay light between the primary elements while minimizing optical aberrations.
This spectrometer is operated under the assumption that uniform, spatially incoherent light
fully fills the aperture. In order to achieve reasonable spectral resolution, this requires the
aperture to be a spatial filter (typically a slit) to limit the angular extent of the source input to
the spectrometer. When examining a diffuse source the slit blocks the majority of the photons
incident on the instrument, limiting light throughput to the spectrometer. This is one of the
major trade-offs in slit-based dispersion spectrometer design: spectral resolution versus light
throughput. Increasing light throughput in a slit spectrometer while maintaining spectral
resolution requires a taller slit and detector, effectively increasing the size and cost of the



system. One solution to this problem is to replace the slit with a coded mask with many times

the open area of a single slit.
The most expensive single part of a dispersion spectrometer is typically the detector array.

The primary reason for this is the demand for spectrometers with the sensitivity to measure

low-intensity samples. This challenge is exacerbated by the resolution-throughput trade-off in a

slit-based device. A secondary reason for the high cost of spectroscopy detector arrays is their

non-standard aspect ratio. Detector arrays produced in high volume typically use an aspect ratio

of 4:3 or 16:9, to be used in consumer imaging devices. Many spectrometers use a non-

commodity detector with an aspect ratio of 4:1 or more to increase the number of detector

elements along the dispersion axis, thereby increasing spectral resolution. Dispersion

multiplexing allows us to use a standard aspect-ratio focal plane by overlaying several spectral

ranges across the dispersion axis of the detector. One commercial system uses a form of

dispersion multiplexing by dispersing two spectral ranges along discrete stripes, separated along

the non-dispersion axis of the CCD [C-I]. (They do, however, use a standard spectroscopy

detector array.) Our technique uses a transmissive holographic grating with multiple grating

periods recorded in it to disperse three spectral ranges across the entire extent of the detector.

This section describes a doubly multiplexed spectrometer, using both aperture coding and

dispersion multiplexing. This system is a computational sensor that measures a combination of

components of the input spectrum at each pixel location which can be processed to provide a

spectral measurement. This chapter discusses the design and implementation of this dispersion

multiplexing spectrometer. The key concept introduced is dispersion multiplexing with

broadband filtering. The theory of and computational inversion algorithm required by dispersion

multiplexing arc described, as well as the details of our miniature implementation.

C. 1 Coded Aperture Spectroscopy
Replacing the slit used in the aperture of a traditional dispersion-based spectrometer with a two-

dimensional coded aperture with many openings allows us to overcome the trade-off between

spectral resolution and light throughput faced by spectrometer designers. This is particularly

advantageous for systems used to measure the spectra of diffuse sources, since the constant

radiance theorem states that light from a diffuse, incoherent source cannot be focused or have its

intensity increased through (de)magnification [C-2]. Other techniques used in spectroscopic

instruments to overcome the rcsolution-throughput trade-off include the use of a structured fiber

bundle for light collection or interferometric-based (non-dispersive) techniques [C-3, C-4].

Neither of these techniques are useful for a low cost spectrometer. The fiber bundle can collect

light over a large aperture on one end, but on the other, the bundle must be stacked to imitate the

shape of a slit, requiring large optics and detector for a large collection area. The design stability

and tolerances for interferometric spectrometers make them prohibitively expensive when

compared to a dispersion-based device.
Coded aperture spectrometers, introduced as multi-slit spectrometers, were initially

implemented with single channel detectors and moving masks. [31-33] These devices were used

to increase light throughput without loss of spectral resolution. Eventually an entire class of



spectrometer was developed, known as the Hadamard Transform Spectrometer (HTS). [A- I]
The basis for the HTS was a moving mask (or set of masks) with a series of openings based on

the Hadamard matrix. The primary disadvantage of the HTS systems using a single channel
detector is the time required to take the measurement-each spectral measurement requires a full
set of detector measurements for each position of the moveable mask. Since multichannel
detectors have become widely available, coded aperture spectrometers have been implemented
with spatial light modulators (SLM) and micro-electromechanical mirror (MEM) arrays to

simulate the moving masks [C-9, C-10]. With a two-dimensional aperture code and a two-

dimensional array detector, it is possible to measure the spectrum with single shot. Our design
uses a static coded aperture made of a two-dimensional chrome pattern deposited on glass, a

simpler and more cost effective solution than the MEM and SLM based designs. Below we
discuss the theory behind our coding scheme. A more detailed discussion can be found in a prior
publication [C- 1 ].

Source Coded Dispersive
ApertUrc Element CCD

Figure 4.1: Diagram of a traditional dispersive spectrometer.

Figure 4.1 shows a simple schematic of a coded aperture spectrometer and defines the

coordinate systems used in this section. Light incident on the detector plane can be represented
by Eq. 4.1.

I(x',y') = 6 (x - (x' + a(' - ,,))))(y - y')T(x,y)S(x,y;?e)dxdyda (C. 1)

Here (x - (x' + a(A - is the propagation kernel for a dispersive spectrometer with no

internal magnification and with linear dispersion of a along the x axis and center wavelength of

A, at x = 0 for all y. T(xy) represents the transmittance function of a two-dimensional aperture

mask, and S(xy;A) represents the spectral density as a function of position in the aperture. Since

this paper focuses on a spectrometer and not a hyperspectral imager, we assume that there is no



spatial structure in the input spectrum of the aperture. This means that S(xY;,A) is constant in x

andy, reducing the spectral density to S(A). This reduces Eq. C. 1 to

I(x',y') = T(xy'"S(1 = X + A, dx. (C.2)

This means that the intensity measured at the detector is a one-dimensional convolution

between the spectrum of the source and the transmittance function of the aperture, measured

along the dispersion axis of the detector. For a slit-based dispersive spectrometer with the slit at

X = X , r(xy) can be approximated by a delta function, 8(x-x), so that one position in x' on the

detector corresponds to the intensity at a single wavelength:

I x*,Y) L 0---f+ ;L (C. 3)
a

Using a coded transmittance pattern for T(xy) causes the instrument to become a multiplex
device such that one position on the detector in (x',y) measures the sum of the intensities at
several wavelengths. This T(xy) must be properly designed to yield an accurate estimation of
the source spectrum.

Previously we have shown that mask transmittance patterns based on families of orthogonal
functions are suffcient for the design requirements of a system based on a coded aperture mask.
[C-Il] Traditionally, the Hadamard matrix has been used as the basis for coded aperture
spectrometers. The order-p Hadamard matrix is an orthogonal matrix with p rows, originally
derived as an optimal solution for making a multiplex measure of several weights in the presence
of noise. [A-l,C-12] A mask based on an order-12 Hadamard matrix is shown in Fig. 4.2. While
the order- 12 Hadamard matrix has 12 rows, this mask has been constructed according to a
previously published row doubling procedure, yielding the 24 rows shown in the figure. [C-II]

In a dispersive spectrometer, a coded aperture system decouples spectral resolution from
light throughput. For a traditional slit-based spectrometer, a required minimum spectral
resolution specifies a maximum slit width, w. A system based on a coded aperture achieves the
same spectral resolution by using a feature size of w, where feature size refers to the size of one
of the open elements in the aperture mask. Since the coded aperture is constructed of a number
of these open elements, it has a larger entrance aperture area and therefore higher light
throughput versus the slit. For an aperture based on the order-p Hadamard matrix, there is a
50% loss of light because half of the mask features are opaque. This means that the Hadamard-
code based system achieves p/2 times the light throughput of the traditional system when
considering a diffuse source that fully fills the input aperture. Further, a finer-pitched mask
pattern covering the same aperture area as the original pattern maintains the same light
throughput, but increases the spectral resolution of the coded aperture spectrometer.
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To recover the target spectrum, we take the data from the detector, subtract a dark image to

reduce the pattern noise and then slightly shift each row to correct for the "smile" distortion

present in grating spectrometers. [22] The smile distortion can be easily characterized by

looking at a target with distinct spectral features like a gas discharge lamp. It is also possible to

reduce smile distortion by introducing a "negative" curvature to the aperture pattern when

fabricating the mask, a technique currently used in some slit spectrometers. Generally, we design

our aperture mask such that a single mask element covers several pixels on the detector. The last

step before inversion is to average the set of pixel rows (along the non-dispersion axis of the

spectrometer) that make up a single mask feature. The result for a mask with r rows is a set of r

data vectors with length corresponding to the number of pixels along dispersion axis of the

detector. A mathematical formulation of this is shown in the following equation, where the rows

of M are the data vectors from the detector, the rows of W are spectral estimates formed for

each row of input data, and H is the matrix representation of the aperture code.



H.W=M (C.4)

A non-negative least squares inversion algorithm is used to calculate the spectra in W

(Typically we use the lsqnonneg function built into Matlab.) We then average these r spectral

estimates to determine the spectrum of the target.

C.2 Dispersion Multiplexing
In a traditional slit-based dispersion spectrometer the source spectrum is spread across the
detector. A one-dimensional detector is suffcient to record the entire spectrum, though a two-

dimensional detector is frequently used to increase SNR. For a fixed size detector and a target

spectral range, this traditional spectrometer system design is completely specified - the
maximum spectral resolution is set by the number of pixels on the detector along the dispersion

axis. (Aberrations in the relay optics and a slit width not optimized for maximum spectral
resolution can, however, reduce the spectral resolution.) To increase spectral resolution, one

must either decrease the spectral range of interest or replace the detector with a higher resolution

(and more expensive) model. Assuming the use of a two-dimensional detector, dispersion

multiplexing provides an alternative that can increase spectral resolution with the same detector

and the same spectral range.

Ii Spetral Band I

<p.mtr. Bad 2

Input Light Slit Holoplex Detector
Multiplex Dispersive Array

Element

Figure 4.3: Diagram of the Holoplex lnutltiplex holographic dispersive element.

Holographic gratings are useful for dispersion multiplexing spectrometers due to their

flexibility in implementing different dispersion patterns. One commercial system, the Kaiser

Holoplex, disperses two separate spectral bands on the detector, each covering a different

spectral range. [C-i, C-15] The spectral bands are separated along the non-dispersion axis of the

detector, as shown in Fig. 4.3. Our system uses a multiplex holographic grating with three



different grating periods. The Bragg wavelength selectivity of the hologram is tuned so that each

of the gratings responds to a different spectral band, as shown in Fig. 4.4. The grating periods

are set to disperse the spectral range of each band fully across the detector. This results in three

spectral bands incident on the same detector pixels. To disambiguate these overlapping bands

we use broadband filters that match the spectral range for each band. While it is possible to

implement this type of dispersion multiplexing spectrometer with a set of disambiguation filters

external to the detector, we chose to use a simpler and more cost effective color CCD. This

combines the broadband filters and detector into a single component. A typical color digital focal

plane records data in three
tAnother alternative is to use a focal plane whose pixels have some inherent spectral response. For example, the
detectors made by Foveon detect the standard red, green, and blue color channels of a color CCD at each pixel

location by using a special triple-well structure. This pixel structure effectively stacks a red-, green-, and blue-

sensitive pixel vertically at each location. [C-19,C-20]
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spectral bands by using an array of red, green, and blue (RGB) per-pixel filters. The standard



pattern of RGB filters used on a color focal plane is known as the Bayer pattern, as shown in
Fig. 4.5. [C- 16] This filter pattern provides one sample of green in each column of the detector
and one sample of red and blue in alternating columns of the detector. For a detector with N
pixels along the dispersion axis of the detector, this yields N samples of the green spectral band
and N/2 samples for each of the red and blue spectral bands for our system.

The spectral responses of the Bayer pattern filters used in our system are shown in Fig. 4.6.
These responses are typical of filters used in RGB color imaging. The red-filtered pixels provide
an estimate of the spectrum within the red spectral band. Similarly, the green-and blue-filtered
pixels estimate their respective spectral bands. As shown in Fig. 4.6, the RGB filter responses
overlap. This causes the three spectral ranges sensed by our dispersion multiplexing
spectrometer to overlap. It is necessary to correct for this overlap to eliminate spurious spectral
features from our final spectral estimate.
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If we assume, in a traditional dispersion spectrometer, that the dispersion direction of the

instrument corresponds to the horizontal axis of the detector, then each column of the detector
represents a specific element of spectral resolution. A single column of the detector in our
dispersion multiplexing spectrometer corresponds to three elements of spectral resolution - one
for each of the spectral bands on the detector. Since the the per-pixel filter functions are smooth,
we can label a column's spectral resolution elements for its center wavelength: k,,, and 1. In

our system we treat every two columns on the detector as one column of output data, giving us
one sample of red and blue and two of green for each element of spectral resolution. If we record
the values (R, G, B) for one effective column of the detector, then we can calculate the proper
values, accounting for overlap in the spectral bands, (r, g, b) by solving Eq. C.5. The Fo.,(A,)

represents the value of the R, G, or B filter functions at the wavelength corresponding to the


