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ABSTRACT 
 
The computed tomographic imaging spectrometer (CTIS) is a passive non-scanning instrument which simultaneously 
records a scenes spectral content as well as its 2-D spatial. Simultaneously implies a time frame limited only by the 
frame rate and signal-to-noise of the imaging device. CTIS accomplishes this by feeding incident scene radiation 
through a computer generated hologram (CGH) in Fourier space. The resulting dispersion pattern is recorded on a 
conventional pixilated imager and is stored on a local computer for post processing using iterative reconstruction 
techniques. A virtual 3-D datacube is constructed with one dimension in terms of energy weights for each wavelength 
band. 
 
CTIS is ideal for observing rapidly varying targets and has found use in military, bio-medical and astronomical 
applications. For the first time we have built an entirely reflective design based on the popular Offner reflector using a 
computer generated hologram formed on a convex mirror surface. Furthermore, a micro electro-mechanical system 
(MEMS) has been uniquely incorporated as a dynamic field stop for smart scene selection. Both the MEMS and 
reflective design are discussed. The CTIS multiplexes spatial and spectral information, so the two quantities are 
interdependent and adjustments must be made to the design in order to allow adequate sampling for our given 
application. Optical aberrations arising from a tilted image plane are alleviated through design optimization. 
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1. INTRODUCTION 
 
The conventional ideology behind imaging spectrometer design is to use some form of scanning to record spatio-
spectral information about an observed scene. These methods usually rely on electro-mechanical assemblies and/or 
natural space born gravitational mechanics. Common high level examples include NASA’s Airborne Visible/Infrared 
Imaging Spectrometer (AVIRIS) which uses “whiskbroom” scanning and the Tropospheric Emission Spectrometer 
(TES) which uses a Fourier transform spectrometer (FTS). Whiskbroom scanning uses the natural movement of the 
spectrometer slit relative to the scene, or equivalently, a rotating fold mirror, to scan a swath at a distance. FTS uses 
reflective translators to change the optical path difference (OPD) of the system’s interferometer. Although, these 
scanning techniques are adequate for large expansive spatial swaths, they’re not ideal for transient scenes and on 
platforms where rugged mobility and jitter are issues.   
 
Flash hyperspectral imaging (FHI) is the process of simultaneously recording spectrally dependent scene information 
contiguously. Simultaneously implies that the event occurrence time is within the detector exposure time (τdwell > τevent) 
and that an acceptable spectrally dependent signal-to-noise (SNR) ratio can be achieved. The ideal FHI will obtain error 
free spatio-spectral information for transient object motion superimposed on a bright or dark background.  The closest 
modern approximation to this ideal FHI is the computed tomographic imaging spectrometer1 (CTIS).  

2. BACKGROUND 
 
The standard CTIS is composed of an objective assembly which images a scene’s irradiance pattern onto a small 
rectangular field stop. The objective can be refractive or reflective and is typically chosen based on the radiometric 
requirements.  The image is fed by way of a lens assembly into collimation space. This approximates a plane wave 
which is incidence onto a transmissive pixilated computer generated hologram (CGH). The transmissive CGH is 
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typically made using analog direct-write electron-beam lithography techniques with post development in pure acetone. 
The pattern is formed in resist from clear Poly-methyl methacrylate (PMMA) on a solid substrate such as quartz. The 
material attaches weighted phase contributions, termed phasels, which effectively change the OPD of the wave 
propagation through the pixilated medium. The phasels are replicated over a relatively large resist area which allows 
multiple field positions, hence creating a 2-D spatial tomographic dispersion pattern. The main driver in CTIS 
technology is the CGH and its advancement is dependent on electron beam fabrication techniques2. The radiation is then 
feed to a conventional pixilated imager using a re-imaging lens. After digital recording, iterative post-processing 
techniques are used to obtain a 2-D spatial, 1-D spectral datacube where each discrete volume element is termed a 
voxel, and each projection thru the datacube is the line integral approximation of the spectral irradiance distribution at 
one particular spatial location in the scene. A generalized optical schematic is shown in figure 1.  
 

 
 

Figure 1:  Generalized transmission CTIS layout (shown with reflective objective assembly) 
 
The CTIS has been shown to be an effected tool for use in military3 and astronomical4 applications as well as having 
potential for time critical bio-medical5 applications where patient comfort is an issue. With modern large format focal 
plane technology using HgCdTe and InSb detectors, CTIS has also been shown to work in near (NIR) to mid infrared 
(MWIR) regimes6. Many advantages can be realized in the infrared and ultraviolet by pursuing an all-reflective design. 
This is especially true for the mid wavelength infrared (MWIR) and long wavelength infrared LWIR (8-12 microns) 
regimes. There are a limited amount of materials available for use to help minimize optical aberration in a wide infrared 
spectral region. Lens design and fabricating for these materials is difficult and very expensive. The materials which are 
commonly used to form the lens systems, such as germanium, have inherently high indices of refraction, so expensive 
antireflection coatings must be applied. High throughput lens systems are typically large, heavy and bulky and would 
not constitute a handheld designation. Also, most lens systems only cover one particular region such as LWIR or 
MWIR. Although a few dual-band systems are becoming available, most have fairly low average transmissions (~ 75%) 
and are not relatively available commercial off-the-shelf. Furthermore, optical lens systems to cover triple or quadruple 
bands are still in their infancy. 
 
We have constructed an all-reflective CTIS using the simple Offner7 type concentric reflective design to eliminate all of 
the refractive system deficiencies. The Offner design allows a very compact, portable and low cost system. 
Fundamentally, the Offner system consists of two mirrors, a concave primary and a convex secondary. The secondary 
has twice the power of the primary, and both are aligned about their common center of curvatures (CoC). Analogues to 
the transmission CTIS, the grating is placed in collimation space, except now the grating is fabricated on a convex 
spherical surface. For the first time to our knowledge, a 2-D reflective CGH on a convex surface is fabricated. It allows 
higher diffraction efficiency as well as system throughput than past transmissive designs. It also is fundamental in 
allowing the CTIS to be used in the compact Offner configuration. 
 
A potential built-in novelty of our design is the use of a “smart” reflective field stop. We use a commercially available 
micro electro-mechanical system (MEMS) which allows selective directional reflection of an incident scene image by 
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electrostatic movement of micro-sized mirrors. It acts as a multiplexing spatio-spectral filter in this sense allowing both 
a spatial and spectral region of interest (SS-ROI) dynamic to become available. The MEMS was purchased through an 
outside vendor. The board is controlled via USB 2.0 on a local computer. The fast connection allows up to 100fps at full 
micro-mirror resolution to be displayed. It’s powered by an external 12V adapter. We explore the optical characteristics 
of image formation with this device as well as describe a “diffraction-limited” conceptual design by using a non-
concentric Offner unit reflector. 
 

3. SYSTEM OPTICAL DESIGN AND ALIGNMENT 
 
The idea behind the Offner concentric design was to provide a relay unit magnifier to alleviate distortion and third order 
system aberrations while having an accessible object and image plane. The first published supplementary idea for an all 
reflecting or 2-mirror concentric imaging spectrometer was cast by Thevenon and Mertz8. Subsequent work was also 
done by Kwo9 and Lobb10. Patents have been filed for both the Offner as a diffraction spectrometer11 and for use as a 
CTIS12. Having a concentric design like the Offner compliments beautifully with the pushbroom slit spectrometer 
designs as shown in previous work13. Smile and keystone distortion are nearly eliminated as well as non-idealized point 
spread function (PSF) properties. The CTIS allows further exploration of this design with 2-D field positions in lieu of a 
1-D slit. Added challenges were overcome to achieve acceptable performance.  
 
An all reflective design is preferred for a spectrometer since no field dependent chromatic aberrations are possible. The 
pure Offner has a magnification of -1. The stop is located at the position of the secondary mirror and the entrance and 
exit pupils are at infinity, so the overall system is doubly telecentric. All odd aberrations are cancelled out since the 
Offner design in its pure form is symmetric about the stop. The CGH destroys the symmetry, so the grating tilt is 
allowed to vary in the design to try and counter balance the effects. 
 
ZEMAX is used for all merit function creation and design optimization. The main goal was to find a design which 
balances astigmatism for a 2-D field stop while maintaining an acceptable object space numerical aperture (NA). We 
maintained a working f-ratio of four. A constraint was kept in our design to limit the amount of bulkiness and to take 
advantage of the potential compactness of the Offner design. The CTIS Offner optical system is shown in figure 2. 
Instead of one large bulky primary mirror, there is a smaller primary and tertiary mirror which is aligned concentrically 
about their common CoC. These two mirrors are securely fastened to a breadboard base once aligned and require no 
further adjustment. For a prototyping proof-of-concept model we’ve keep the optical system as close as possible to the 
standard Offner design as well as designed the entire system for visible-near infrared (VNIR) wavelengths (600 – 
1100nm). It’s been shown that further improvements are possible using the Offner design as a base for correcting 
distortion (smile) and improving the Strehl ratio though allowing optimization of the primary and tertiary relative 
distances.  
 
There are trade-offs in CTIS tomographic dispersion design. Our prototype reflective CTIS has a silicon base 
commercial14 focal plane array (FPA) with 1360x1036 resolution elements and 6.4 micron pitch. Asymmetric grating 
periods are used in the CGH design to maximize the dispersion to detector fill factor. Our system is designed to have 
118x118 spatial sampling with 5nm bands in the VNIR. We must counterbalance the 0th order spatial resolution with the 
higher order spectral due to the finite size of the FPA. The limited-angle tomography limits the available information 
obtainable by imposing a region of missing information in frequency space allowing potential spatio-spectral errors in 
the iterative reconstructions. This region of missing information15 is dependent on the number of projections from 
arguments of the central slice theorem. A 5x5 dispersion pattern, consisting of the -2, -1, 0, 1 and 2 orders, will define 
the missing information region while retaining a suitable amount of spatio-spectral sampling. 
 
We use concentric interferometric alignment techniques16 in order to make the primary and tertiary aligned with their 
common CoC.  A large beam from the interferometer is illuminated towards the two mirrors and manual adjustments 
are used to arrive at the zero fringe position for each mirror concurrently. Remembering that the Offner is a 1:1 
magnification imager, we set the relative distances of the FPA and field stop equal and make further adjustments to the 
secondary to achieve acceptable focusing results. 
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Figure 2:  Offner spectrometer design for use with CTIS 
 

4. CONVEX REFLECTIVE COMPUTER GENERATED HOLOGRAM 
 
The convex reflective two-dimensional computer-generated hologram grating was designed to give broadband 
efficiency from 600 to 1100 nm in 5x5 diffraction orders.  The order efficiencies were designed to be stronger for the 
outer, highly dispersed orders, and weaker for the inner orders, so that after dispersion the signal on the FPA would be 
roughly equal for all orders.   The CGH grating cell was composed of 10 x 16 pixels of dimension 6 x 5 µm to create a 
2D period of 60 x 80 µm, thus creating higher-angle diffraction in the horizontal dimension to fill the FPA area.  To 
achieve broadband efficiency, we used our recently developed spectral domain optimal rotation angle algorithm to 
design the CGH17.  Taking into account the average angle-of-incidence of 21.5 degrees, the maximum pixel depth was 
0.56 µm.  The resulting CGH depth pattern was fabricated by analog direct-write electron-beam lithography in PMMA 
resist on a convex diamond-turned substrate 18,19,20,21.  Figure 3 shows photographs and an atomic force microscope 
profile of the convex CGH grating after it had been coated with 600Å of aluminum for high reflectivity.  The concentric 
rings observable in Fig. 3(a) are due to slight E-beam defocusing within each annular E-beam pattern and have a 
negligible effect on the performance of the grating. 
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Figure 3: (a) Macro photograph of the convex reflective CGH (22 mm clear aperture), (b) microscope photograph of the CGH pixel 

pattern (c) atomic force microscope profile showing the pixel depths. 
 

5. SYSTEM EVALUATION 
 
The customary optical modulation transfer function (MTF) and Strehl ratio are used as figures of merit for acceptable 
system performance. The evaluation described in this paper takes into account the Offner optical components as well as 
the grating but does not include the spectral characteristics of the entire CTIS.  The MTF is described assuming a PSF 
with spatial extent given by h(x,y)  by 

( ) ( )2
, exp 2MTF OTF h x y i x y dxdyπ ξ η

∞

= = − +  ∫∫  

where the outer bars describe the modulus of the inner optical transfer function (OTF). In this form, the integral is 
described over all spatial frequencies. The Strehl allows a scalar interpretation by comparing the integral of the 
aberrated system OTF with the integral of the perfect system OTF, a value of unity being ideal. Our goal is to have a 
measured worst case Strehl of no less than 0.9. 
A small optical fiber and monochromator is used for testing to approximate an input PSF Also, the MEMS is used as an 
illumination tool to allow micro sized targets to be formed from the MEMS adjustable micro mirrors and relayed 1:1 
onto the CTIS detector. This allows verification of the system’s negative unit magnification as well as approximating 

92     Proc. of SPIE Vol. 5660



line spread profiles. Each MEMS mirror corresponds to roughly 2x2 detector pixels.  Our prototype Offner is shown in 
figure 4. 
 

 
 

Figure 4: Prototype Offner spectrometer with grating used for testing 
 

From the design we expect to find modulation near the diffraction limit of 0.7 to 0.8 at a frequency of 50 line pairs per 
mm as seen in figure 5a. Our worst MTF had slightly poorer performance and was found to be within the range of 0.6 to 
0.7. This can be seen figure 5b. At the design wavelength of 800nm, our design Strehl was 0.925. Although this is an 
idealized number, we found our worst case Strehl to be on the order of 0.9. We deemed this a success. Once we 
obtained an acceptable MTF and Strehl, we imaged spectrally interesting targets to witness the spatio-spectral 
characteristics of the grating. The grating was deemed a success with high quality tomographic projections. Figure 6 
shows a Mercury Argon (HgAr) source, red LED source and a white lamp source all imaged simultaneously. A close-up 
of one projection outlined with the dotted line on figure 6 can be seen in figure 7. 
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Figure 5: RL CTIS MTF plots showing comparable performance - (a) theory and (b) measured. 
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Figure 6: Mercury Argon source, Red LED source and white light background source all imaged simultaneously. 
 

 
 

Figure 7: Close up of highlighted area in figure 6 showing high quality spectral emission from HgAr source, red LED and white light 
source. 

 

6. DIGITAL MICROMIRROR RLCTIS 
 
Recent literature22 has shown some validation with using a MEMS as a spatial modulating device in spectrometer 
designs. The quick response time of the MEMS coupled with the simultaneous spatio-spectral acquisition of CTIS 
seems to be a perfect match. Our MEMS consists of a 1024x768 array of micro mirrors, each 12µmx12µm in size and 

positioned with a 13.68µm pitch. Each mirror of the MEMS is individually addressable and controlled via electric 

94     Proc. of SPIE Vol. 5660



potential as it is switched from +12o to -12o of tilt. These angles are fixed and there is no null or 0o position (i.e. no 
controllable flat position). When the system is turned on initially, a random appearance of mirror tilts are present. Some 
residual pattern appearance remains when the system is cleared from having any bias towards mirror tilt.   Furthermore, 
due to the characteristics of the MEMS, there is an added complexity of positioning the MEMS in-line with the system 
in a way to optimize performance as shown in figures 8a and 8b.  
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Figure 8: Required position of MEMS with respect to observer for use as an image field stop relay. The generalized observer is our 
CTIS. (a) Shows only one line of mirrors for clarity. The tilt angle is with respect to the diagonal. (b) Shows how our line of sight is 

oriented with respect to the MEMS which creates a large tilted image plane. 
 
 

The tilted image plane can effectively be cast as a depth of field argument where out-of-focus contributions contribute 
to the asymmetry of the system hence increasing odd aberrations such as astigmatism and coma.  We create a ZEMAX 
conceptual model which simulated both the MEMS tilt angle and the modified Offner design. Simulating in the visible 
band, it is found that maximum correction occurs by allowing the primary and tertiary mirror to fall out of concentricity. 
We achieve diffraction limited performance given a square field stop size of 1mmx1mm with some slight higher order 
zonal spherical aberration and a Strehl maintained at 0.946. A graphical review is shown in figure 9. 

7. REMARKS 
 
A successful all-reflective CTIS has been shown to be an effective FHI. For the first time a CGH has been successfully 
fabricated on a convex surface and tested. Although, this paper describes a breadboard visible system, a second 
generation infrared system ruggedized for field use is currently being designed. It has been shown that the incorporation 
of a MEMS device as a smart field stop requires only slight adjustments to the design concentricity by adjusting the 
primary and tertiary mirrors. All of the same optics can still be used. 
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Figure 9: Conceptual MEMS model incorporated in with Offner spectrometer CTIS. Correction is shown for inherent MEMS tilt 
angle. 
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