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Abstract

Hyperspectroscopy for fast transient events such as battlefield explosions is an

undeveloped area of spectral imaging. This thesis is an examination and analysis

of issues involved with taking a laboratory design for a rotating prism hyperspectral

chromotomographic (CT) instrument and producing a first approximation satellite

payload design, operating scheme and orbit to demonstrate this technology in low-

earth orbit. This instrument promises the capability of adding a time dimension

to the normal spatial and spectral data produced by most hyperspectral imagers.

The ultimate goal is to conduct experiments showing spectral definition of transient

combustion events on the ground from space.

This thesis examines the overall design requirements for operation of this instru-

ment in a space environment. It begins with a discussion of spectroscopy, the current

literature on the topic of hyperspectral imagers, and a review of some representative

hyperspectral imagers currently in operation. This is followed by an examination of

the laboratory instrument, identifying key components and operating principles of

that instrument. Then a definition of some general instrument requirements to con-

duct the experiment is presented. This continues with a trade-space analysis of major

instrument components to include: front-end optics, the rotating prism, focal plane

array, on-orbit calibration, and data production, storage and downlink. An opera-

tional analysis of a notional test event encompasses Chapter IV. The thesis concludes

with a summary of the major issues presented and recommendations for further work

leading towards the actual construction and employment of the proposed space-based

instrument.
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An Engineering Trade Space Analysis for a

Space-Based Hyperspectral Chromotomographic Scanner

I. Introduction

This thesis will present a trade-space analysis for an engineering design of an

experimental chromotomography-based hyperspectral imager (Chromotomographic

Imaging Experiment - CTEx). The basis for this instrument is a current laboratory

instrument, the Chromotomographic Hyperspectral Imaging System (CTHIS), which,

as the name implies, employs chromotomographic techniques for data extraction from

images. The objective of this study is to provide a first-order engineering trade-space

analysis for such an instrument. The design will address issues involved in launching

and operating this instrument in space. It will take into account the stresses of launch,

the challenges of the space environment such as heating, cooling and solar radiation,

and the much greater distances between the target and the instrument Focal Plane

Array (FPA) for example. In the end, the instrument will be designed, built, launched

and operated in low-earth orbit. It will provide proof-of-concept validation of the

practicality and effectiveness of hyperspectral chromotomographic remote sensing of

the Earth’s surface from space.

Spectral data analysis is already widely used in both military and civilian ap-

plications. Examples include defeating camouflage, categorizing mineral deposits,

tracking climate change and analyzing the growth and health of vegetation for agri-

cultural or forestry use. CTEx promises to add additional capabilities for analyzing

fast changing events such as battlefield explosions, rocket engine tests, or the smoke

plume resulting from industrial fires. Measuring spectral changes from imagery of

these types of situations will enhance users’ ability to determine the chemical content

of the explosive, smoke plume or any other transient event.

1



1.1 Spectroscopy

Spectroscopy is the use of variations in the spectral signature of an observed ge-

ometric space, object or event to extract data about that target which is not apparent

in traditional electro-optical imagery. In remote sensing an image may be analyzed

within a single spectral band (monochromatic), several spectral bands (multispectral)

or many spectral bands (hyperspectral). Although there is no authoritative differen-

tiation between multi- and hyperspectral imaging, there is a general consensus that

image analysis in more than about a dozen spectral bands qualifies as “hyperspec-

tral”. In addition, multispectral instruments, such as the LandSat Thematic Mapper,

which is discussed below, usually do not use contiguous bands, rather using selected

specific bands and bandwidths at various points in the electro-magnetic spectrum for

particular applications. In other words, if the entire spectral area of interest is from

400 - 1000 nm, a hyperspectral imager will collect data over that entire spectral band-

width and break up that width into a dozen or more smaller bands. By contrast, a

multispectral imager will collect data on only a few specific parts of the entire band,

and those parts will not necessarily lie next to each other; there will be large gaps over

the entire bandwidth where no data is taken at all. For reference, the EM spectrum

with the visible light portion highlighted is presented in Figure 1.1.

The advantages of using spectral imaging data as opposed to more familiar,

visible light images (panchromatic), i.e. photography, is that many objects can be

distinguished from their surroundings by strong reflection, or lack thereof, in specific

parts of the spectrum but are washed out in a panchromatic view. The distinguishing

reflectance (or emittance) in a small portion of the EM spectrum may be undetectable

when an entire portion of the spectrum, such as the visible light portion, is observed

as a whole. Further, hyperspectral imagery provides much more data, with finer

resolution, than can be gathered through multispectral or panchromatic imaging.

As pointed out above, an example of the use of hyperspectroscopy is in the

detection and identification of camouflaged equipment. This application is illustrated

2



Figure 1.1: The EM spectrum [41]

below in Figure 1.2. This is a side-on, close-up view of a camouflaged tent. Cam-

ouflage generally works on the principle of masking an object’s color (visible light

reflectance) and shape by matching it to the background. However, when the same

camouflaged object is observed in many narrow spectral bands, the differences in sig-

nature between it and that background become much more apparent. Observe the

same tent in an overhead panchromatic and then in multispectral and hyperspectral

imagery (Figure 1.3). In the multispectral image more detail is apparent, but the tent

is still not noticeable. The hyperspectral image clearly shows an anomalous feature

that can be further investigated. Note that the color in these images is not true color

but is a processing technique that contrasts parts of the spectral signature with others

to highlight differences. This is another advantage of hyperspectroscopy. Post-image

processing can be used to focus on different spectral wavelengths in order to distin-

3



guish particular features of interest. This is especially advantageous where the analyst

knows the areas of the spectrum where a particular type of material has the strongest

reflectance, i.e. a tank may be most strongly reflectant in the near infrared band. An

analyst looking for tanks in an image can highlight that area of the spectrum to see

if anything stands out in stark contrast to the background.

Figure 1.2: Camouflaged tent [4]

1.2 Example Spectrographic Imagers

In order to better illustrate the concepts introduced here a brief examination of

two representative imagers is presented. Although several space-borne hyperspectral

imagers are discussed in detail in the next chapter, it will be advantageous to use the

Thematic Mapper and the Airborne Visible/Infrared Imaging Spectrometer (AVIRIS)

instruments to clarify some of the basic terminology at this point.

1.2.1 Thematic Mapper. Remote sensing of the Earth’s surface using multi-

and hyperspectral instruments is not a new concept. Examples of both air and space

borne instruments are readily available. These include the Thematic Mapper (TM),

which is a Landsat satellite-based multispectral instrument using seven different spec-

tral bands to analyze the same geography or to maximize the information that can

be collected on a particular area. The TM uses seven spectral bands from the visible

to the mid-IR regions.

The Thematic Mapper (TM) is a seven channel sensor mounted on the
Landsat platform which is maintained in a sun-synchronous, near-polar

4



(a) Panchromatic image of camouflaged tent (b) Multispectral image of camouflaged tent

(c) Hyperspectral image of camouflaged tent

Figure 1.3: Camouflaged tent in three spectral views [4].
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orbit at an altitude of 705 km. This provides for global repeat coverage
every 16 days. TM data are recorded at 30-m ground resolution across a
swath of 185 km, except for the thermal data that are recorded at 120-m
ground resolution.

Band description:

1. BLUE (0.45-0.52 m): Designed for water body penetration, making it
useful for coastal water mapping. Also useful for soil/vegetation discrim-
ination, forest type mapping and cultural feature identification.
2. GREEN (0.52-0.60 m): Designed to measure green reflectance peak of
vegetation for vegetation discrimination and vigor assessment. Also useful
for cultural feature identification.
3. RED (0.63-0.69 m): Designed to sense in a chlorophyll absorption re-
gion aiding in plant species differentiation. Also useful for cultural feature
identification.
4. NEAR INFRARED (0.76-0.90 m): Useful for determining vegetation
types, vigor, and biomass content, for delineating water bodies, and for
soil moisture discrimination.
5. MID-INFRARED (1.55-1.75 m): Indicative of vegetation moisture con-
tent and soil moisture. Also useful for differentiation of snow from clouds.
6. THERMAL INFRARED (10.4-12.5 m): Useful in vegetation stress
analysis, soil moisture discrimination, and thermal mapping applications.
7. MID-INFRARED (2.08-2.35 m): Useful for discrimination of mineral
and rock types. Also sensitive to vegetation moisture content.
[10]

This particular instrument uses a diffraction grating and bandpass filters to sep-

arate light reflected from the Earth’s surface into several spectral bands and then pass

those specific bands of electromagnetic radiation onto a focal plane array (FPA) which

is sensitive to light in that band (or bands). The FPA(s) form part of an instrument

cluster for collecting, storing and transmitting (with possibly some processing as well)

images in electronic form.

As can be seen from the band descriptions, the Thematic Mapper uses rather

broad spectral bands. This is well illustrated in Figure 1.5 where the TM bands and

spectrum are shown graphically:

6



Figure 1.4: Thematic Mapper design [41]

Figure 1.5: Thematic Mapper spectral bands illustration [41]
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The purpose of the Thematic Mapper is to provide data for the study of vege-

tation, soil, geography and climate on the Earth. As such, these broad bands work

relatively well. Of course the TM was also a relatively early operational employment

of spectroscopy in space-based remote sensing.

Since Landsat TM first became operational in the 1970s there have been many

air- and space-based applications of multi- and hyperspectral imaging instruments

used in the private and public sectors. Chapter II will provide background on some

of these instruments to help illustrate their design and capabilities. However, AVIRIS

will be briefly discussed here as an aide in clarifying important basic concepts associ-

ated with hyperspectral imaging.

1.2.2 AVIRIS. AVIRIS is a true hyperspectral imager. It produces imagery

in 224 contiguous bands from 400 to 2500 nanometers, thereby offering spectral res-

olution of 9.375 nm or .0094 µm. This resolution is good enough to identify various

surface and atmospheric constituents at the particle or molecular level, but not good

enough to separate molecular isotopes of the same compounds or elements in most

cases. Nevertheless, as the AVIRIS mission is to study processes of global environ-

mental and climate change, this resolution is certainly sufficient [5]. In relation to the

spectral resolution and bandwidth, it is important to note the relationship that exists

and the tradeoffs presented. A wide bandwidth, in this case covering from the begin-

ning of visible light all the way through short wave infrared (SWIR), .400 - 2.5 µm,

covers a greater portion of the EM spectrum and thereby provides more data. This

is particularly important when imaging through the Earth’s atmosphere as radiation

absorption, especially by water and carbon dioxide, create gaps in the imagers ability

to collect target data. This is illustrated in Figure 1.6. Broad spectrum coverage

helps to mitigate the effects of these gaps in data analysis.

Conversely, the larger the spectral bandwidth, the more spectral bands are

required to achieve the same spectral resolution. For AVIRIS, with 224 bands over

2100 nm of bandwidth, spectral resolution is about 10 nm. If the entire bandwidth

8



Figure 1.6: Absorption of reflected solar radiation by atmospheric components such
as water create gaps in an imagers ability to collect spectral data. [39]

was only in the visible portion of the spectrum the instrument would require 30

bands to achieve the same spectral resolution. Spectral resolution requirements drive

requirements for the size, sensitivity and data throughput of the instrument’s light

detecting focal plane array. The size of the target bandwidth as a whole determines

the materials required for the FPA and whether more than one FPA will be required.

This is due to the limits on EM sensitivity for various materials. For example, silicon

based photoelectric FPA elements can be used for the visible light and some near

infrared (NIR) parts of the spectrum. While longer wavelengths from NIR on up may

be better matched with indium antimonide (InSb) or mercury cadmium telluride

(HgCdTe) based FPAs. Obviously multiple FPAs or very large FPAs will in turn

drive costs, complexity and instrument geometry. This can be seen in the AVIRIS

instrument itself. In order to cover the broad spectral range that it does, AVIRIS uses

three different detector materials, silicon for visible light, gallium arsenide for NIR

and indium antimonide for short wave infrared (SWIR). The instrument scans along

9



the path of flight using what is known as a “whisk broom” or side-to-side technique

providing a total of 34 degrees field-of-view with a 12 Hz scan rate. (see Fig 1.7).

One of the most challenging aspects of hyperspectral imaging can be the rate

of data throughput from the focal plane array. The data rate for AVIRIS is over 20.4

Mbps. Data is stored on a 76GB hard drive. AVIRIS uses air breathing platforms for

its data collection flights, so it is easy to download the data taken after each flight.

A space-based platform will obviously not have that luxury and data will need to be

transmitted to the ground after a collection pass. The other issue that is driven by

the data rate is the image processing speed of the focal plane array as well as other

important aspects of the mission that rely on the FPA. These will be discussed in

detail in subsequent chapters.

Figure 1.7: The AVIRIS hyperspectral imager [6]

To go further in the discussion of hyperspectral imagery, a representative output

from one pixel of the AVIRIS FPA can be examined (Figure 1.8).
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Figure 1.8: One pixel’s spatial dimension is repeated over the entire spectral band [8]
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The image shows the radiance, the received power, on one pixel of the AVIRIS

FPA. The radiance is shown across the entire bandwidth of the instrument from 400

to 2500 nm in each of the 224 spectral bands. Notice that there is both a spatial and

spectral extent for each pixel. The spatial extent of the image remains constant but

is represented in 224 separate spectral bands. The sum total of all pixels in the 2-D

FPA creates a 3-dimensional data cube with x and y spatial components and λ as the

spectral extent as shown below. It is important to remain aware of this relationship;

that each pixel in the 2-dimensional focal plane array corresponds with a particular

portion of the overall image and therefore with a particular piece of geography that

is in the optical field of view (FOV) for the instrument as a whole. This does not

mean that the FOV corresponds to the size of the FPA. If the light that is incident

on the system aperture is not fully focused on the FPA but either extends beyond the

edges of the FPA or does not entirely fill the length or width of the FPA, the image

produced will not match the instrument field of view. Clearly the greater the number

of spectral bands, the better the fidelity of the resulting spectrograph. The end result

being a better or poorer ability to identify substances or objects whose reflected or

emitted light makes up some portion of the image under consideration.

1.3 Temporal Dimension

Thus far the thesis has described the uses of hyperspectroscopy with a three

dimensional hyperspectral cube, two dimensions of physical extent and one of spectral

bandwidth. These three dimensions can also be extended to a fourth, time. As already

discussed, the spectral content of an image can provide analysts with a great deal of

information about the imaged scene. Vegetation, water in liquid or frozen form,

geologic minerals, man-made structures and so on can be identified and analyzed

through a single hyperspectral image. Certain types of scenes also lend themselves to

providing significant additional data through the temporal dimension. Those objects

or activities of interest that change rapidly with time produce a changing spectral
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Figure 1.9: A 3-D hyperspectral data cube is created from the convolution of all pixel
data [7].
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signature in addition to any spatial changes that may occur. Examples of this include

jet or rocket engine plumes, explosion fireballs, or any other combustion event.

The detonation of an artillery shell creates a fireball that will rapidly expand

and then dissipate. A single hyperspectral image at some point in that progression

will capture a snapshot in time of the size and spectral content of the fireball at that

instant. However, much more information about the type and quantity of explosive

as well as the packaging (shell) of that munition would be discernable if, instead of

a single hyperspectral image, a large series of such images over the entire lifetime of

the event were available. This would be, in essence, a hyperspectral movie of the

event. This application could be used to analyze the evolution of the spectra that the

fireball produces over time, in each of however many spectral bands our instrument

resolves. This is the essential idea behind the Chromotomographic Hyperspectral

Imaging Sensor (CTHIS) as described by Murgia et al. [36]

1.4 Problem Statement and Organization

This thesis uses the CTHIS instrument as a baseline concept for the first-order,

engineering trade-space analysis of a proof-of-concept, space based CTHIS instrument.

The thesis will be segmented into five chapters. The first, this one, introduces the

concepts involved and lays out the problem to be examined. Chapter II provides a

background literature and representative instrument review. It goes on to describe

the physical layout and concept of operation of the baseline instrument as explained

by Murgia et al. as well as a laboratory specimen in use at the Air Force Institute

of Technology (AFIT). The third chapter will comprise the majority of the design

study. At this point objectives, constraints and restraints for this project will be

noted. There will be no assumptions made that any particular launch vehicle will

be used to place the instrument into orbit, but that the instrument will be launched

to low earth orbit (LEO). The assumption is that the instrument will be placed on

the Japanese Experiment Module (JEM) Exposed Facility (EF) on the International

Space Station (ISS) and will be constrained by the size, mass and other restrictions
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of that facility. This is to be a proof-of-concept experiment and therefore is not

expected to be extremely long lived (about one year) and should be designed with

budget constraints in mind (< $1,000,000). Where possible, commercial off-the-shelf

(COTS) components should be used to reduce technology risks and lower costs.

Playing “follow the photon” a walk through of the optical and digital path of the

instrument from light gathering aperture to data storage/offload will be conducted.

This thesis will address the issues, problems and tradeoffs presented at each stage,

discuss the merits of each and endeavor to make realistic recommendations for the

instrument design.

The fourth chapter will propose a concept-of-operations for the instrument and

walk through a hypothetical data collection event. The final chapter will summa-

rize the thesis, pointing out areas that may not be adequately covered and make

recommendations for areas of additional study or attention.
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II. Hyperspectral Imaging Background Review

In order to ultimately design the instrument under consideration, the basic operation

it is intended to perform and how this is accomplished must first be understood. CTEx

is to be based on the Chromotomographic Hyperspectral Imaging System (CTHIS)

which uses the spectral dispersion characteristics of a prism as a foundation for hyper-

spectral imaging. CTHIS or similar hyperspectral imaging systems have been studied

and written on by several authors since at least 1998 [1]. Indeed, at the time of this

writing there is an on-going study of various aspects of the basic system [1]. However,

the instrument has never really been examined from an engineering perspective. As

this study is aimed at taking a first step towards that end, a sampling of existing

space-based multi-and hyperspectral imaging instruments and their operating prin-

ciples will be discussed. The most recent studies and academic papers focused on

CTHIS or similar theoretical or existing hyperspectral instruments will serve as a ba-

sis for studying design trade-offs for CTEx. A walk through of the major components

of the prism-based CTHIS design will follow to provide more specific explanations of

how this instrument is intended to function. This process along with user require-

ments will provide a baseline of requirements for CTEx. In other words, examining

the existing experimental and prototype instruments along with recent academic stud-

ies on hyperspectral imagers will help establish a context within which CTEx design

trade-space options can be developed.

2.1 Collection Techniques

The first topic to discuss is the general design and operating options for hyper-

spectral imagers at the present time. There are three general data collection tech-

niques for imaging systems, the whiskbroom method, the pushbroom method and the

step stare technique. The whiskbroom method in which the scanner or a mirror as-

sembly scans the scene from side-to-side, perpendicular to the direction of instrument

flight, is used by the AVIRIS instrument (Figure 2.1). There are no recent Hyper-
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spectral Imager (HSI) designs that use whiskbroom scanning. The preferred method

at this time is the pushbroom technique.

The pushbroom scanning technique is by far the most common. Space and

airborne systems normally use a two-dimensional focal plane array. In the pushbroom

technique light passes through a narrow slit and is focused onto the FPA, matching

the field-of-view width. Here the spatial dimension is collected along the direction of

the motion of the platform while the spectral dimension is simultaneously collected

along the second dimension of the FPA (see Figure 2.1).

A third method of collecting HSI is the step stare technique. In this case the

sensor is fixed on a specific ground scene for a period of time before being “stepped”

to the next scene. This technique allows for much better signal-to-noise ratio (SNR)

since the scene is kept in view for a longer period of time. Some form of this technique

is necessary if the objective is to collect on a rapidly changing scene or scene feature as

CTEx is designed to do. This method normally requires either a gimballed platform

or a moveable mirror to keep a particular FOV under scrutiny while the platform

moves along its track [29].

Any HSI system must have some method for separating out the collected light

spectrum into the required bands. For this purpose there are three general classes

of device: Dispersive spectrometers, Fourier transform interferometers, and narrow

band adaptive filters. Dispersive devices use either a diffraction grating or a prism to

separate collected light into a continuous spectrum. Fourier transform interferometers

split incoming radiation into two beams and then introduce a controlled phase shift

before recombining the beams. The combined beam is focused on a detector where the

intensity of the light has been modulated by the phase difference between the beams.

Since EM waves obey the law of superposition, the result is an additive combination

of the two. The amplitude of the recombined beam is sampled at an appropriate

rate and a Fourier transform is used to convert the amplitude modulated signal into
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(a) Whiskbroom (b) Pushbroom

Figure 2.1: Whiskbroom and Pushbroom collection techniques [39]
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a frequency spectrum [45]. This is simply an adaptation of the familiar Michelson

interferometer.

There are several different types of spectral filters. The key idea is that EM

radiation passes through a filtering material which can be adjusted to allow specific

wavelengths through while blocking others. They all operate on some principle of

altering a material’s diffraction coefficient properties through either stress applied to

the material, movement along a wedge, or application of a current or acoustic wave

to rapidly change the spectral band of light allowed to pass through that material.

Control of these properties allows spectral separation of desired EM bandwidths [40,

45].

Any of these techniques, or combinations of them, can be used for a spectro-

graphic instrument. In practice however, prism or diffraction grating instruments are

the most prevalent since these are the simplest, most mature and most reliable tech-

niques. (See table of available devices in Appendix A) Less often seen are filter-based

HSIs, although they are not uncommon. It is not unusual to see a combination of

spectral filter with a prism or grating. Fourier transform interferometer-based in-

struments provide good performance, but are rarely used in space-borne applications.

This is due to the fact that they have generally been very heavy compared with prism

or grating-based HSIs and mass is a serious concern for space flight. One exception

to this generalization is the Geostationary Imaging Fourier Transform Spectrome-

ter (GIFTS) on-board NASA’s Earth Observer (EO)-3 mission. GIFTS, as the name

implies, uses Fourier interferometer techniques for HSI but mass issues have been con-

trolled through the use of cutting edge, lightweight materials such as silicon carbide

for the mirrors and other composites in the telescope structure [34].

2.2 Literature Review

An important background study to consider is the paper written by Fisher et

al. in 1998, “Comparison of Low-cost Hyperspectral Sensors” [21]. The authors
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provide an analysis of the relative merits of an all-reflective spectrograph using a

convex grating in an Offner (the Offner spectrometer is discussed in detail below)

configuration as well as two off-the-shelf transmission grating spectrographs using

volume holograms. The authors conclude that the Offner spectrograph’s advantages

in lower smile (change of dispersion angle with field position, a type of abberation),

larger aperture, fewer components, larger field and broader spectral range outweigh

the disadvantages. Disadvantages include the immaturity of the technology for blazing

on convex substrates while retaining low polarization and scatter (curved grating

production). Fisher proves to be a good judge of developing technology as the Offner

configuration is adopted in several proposed and actual instrument designs during the

2000s. As will also be seen, the issue of curved grating production has advanced as

well, so the technical maturity disadvantage, as seen by Fisher et al., has diminished

over time [21].

The Offner spectrograph, also called the Offner Interferometer, is a compact

method of using a diffraction grating to disperse light onto an FPA. Although there

are many variations, in general light is introduced through a slit opening and uses a

primary mirror to divert the light onto a reflecting, curved grating. The grating is

the diffracting element in the optical system. It is configured as a convex reflector to

direct the light to the next optical element and to broaden the diffraction pattern. This

allows for greater spectral resolution. The diffracted light is then reflected off another,

secondary, mirror and sent, usually via some type of collimator, to a focusing lens and

hence to the FPA. Besides the curved diffraction grating, an important feature of the

Offner design is that the mirrors are spherical mirrors. Spherical mirrors, as opposed

to parabolic or hyperbolic mirrors, are much easier to design and manufacture. The

wave equations detailing the optical system is far simpler with spherical mirrors. In

addition, spherical mirrors generally have shorter focal length and thus the system

as a whole is much more compact. Figure 2.2 is a simple schematic of the Offner

configuration. The most challenging aspect of this configuration is the manufacture

of the convex grating as noted by Fisher in 1998. By 2007 these difficulties were being
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overcome, “. . . progress in electron-beam technology has permitted fabrication of

the required high performance convex gratings for the relatively difficult design of the

Offner spectrometer.” [45] The advantages of using a grating in a small volume design

make the Offner configuration an attractive option for hyperspectral instrumentation.

Beyond this, using an all reflective Offner design (actually any all reflective design)

eliminates chromatic aberration [32]. This is an important consideration.

Figure 2.2: Offner interferometer [45]

In surveying the currently proposed or fully designed space-based hyperspectral

imaging instruments there are several design characteristics that most of these instru-

ments share. The first is that most incorporate a pushbroom scan technique to gather
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spatial and spectral data using a 2-D FPA and gather spatial data in the crosstrack

dimension and spectral in the direction of motion [17, 21, 26, 30, 33, 40]. Pushbroom

scanning is favored because it is more efficient than whiskbroom and less complicated

than low orbit step stare methods. It should be mentioned that there is a subset

of the step stare method, simple staring. When an instrument is at geosynchronous

orbit and is concerned with continuing surveillance of a fixed piece of terrain it stares

at its field-of-view without moving. In this case the instrument would not need to

“step” obviously and so would be less complicated since no slewing is involved. Of

course at approximately 36,000 km distance from the earth’s surface the optics must

be considerably more powerful or grossly poorer resolution must be accepted. As

mentioned above, one hyperspectral imager that is planned for geosynchronous orbit

at this time is the GIFTS instrument on NASA’s EO-3 mission. There is no set date

for the launch of this satellite.

Advances in optical manufacture have made the Offner type of assembly a very

attractive option. Of the proposed constructs since about 2003, use of a convex

diffraction grating of some type is by far the most common as documented in studies

by Fisher, Murguia, Johnson, and Yiqun et al [21, 30, 32, 36]. These constructs have

the advantages of using a reflective optical assembly in a configuration that minimizes

the instruments mass and volume, offers good performance and is less complex than

a traditional reflecting telescope optic.

This is not to say that the Offner-convex grating is the only type of hyperspectral

design being proposed. For example, Chowdhury and Murali’s 2006 proposal for a

selectable band compact hyperspectral imager uses a very complex combination of lens

optics for light gathering and collimation. A two dimensional Linear Variable Filter

for spectral separation and selection and an Active Pixel Sensor area array are also

employed (Figure 2.3). The authors argue that this design will result in an instrument

of less than 4 Kg mass and ≤ 10W power requirement with a spectral resolution

capability of approximately 6nm in 512 contiguous bands from .4 − .9µm [17].
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Figure 2.3: The Chowdhury lens-based, compact HSI design [17].

Several other recent papers bring up other intriguing possibilities for space-

based hyperspectral remote sensing. Two of these are the 2004 Johnson et al. paper

and the very recent (2008) work by Kaiser et al [31, 33]. The Kaiser work discusses

the design for the Environmental Mapping and Analysis Program (EnMAP) HSI.

EnMAP is a German hyperspectral space mission for environmental monitoring and

data collection. It is currently scheduled for launch in 2012.

EnMAP uses an Offner design derivative, but employs a curved prism with a

reflective backside rather than a grating as the dispersive element (Figure 2.4). The

authors argue that while the Offner design offers very compact dimensions, excellent

linearity and low distortion, diffraction gratings are plagued by low optical throughput

due to limited diffraction efficiency. Gratings also suffer from high sensitivity to

polarization and ghosting due to higher order aberration effects. Prism spectrometers

by contrast offer high throughput over a wide spectral range and lower sensitivity

to polarization. If used in a double-pass configuration, they also offer high angular

dispersion, and therefore greater spectral resolution in a given image space. For this

particular instrument the light is split into two bands, VNIR from 400 - 900nm, and

SWIR covering 900 - 2450nm. It is designed for a high spectral resolution of about

6.5nm in the VNIR. The use of the Offner design allows the EnMAP spectrometer to

be so compact that there is no need for separate collimator and prisms placed in the

collimated light beam. Rather, “the prisms are arranged in the diverging and in the
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converging beam. This requires the prisms to have curved surfaces as the angles of

incidence must be kept constant for single field points and wavelengths.” [33]

Figure 2.4: Offner spectrograph with curved prisms as the diffractive element [33].

The overall EnMAP system configuration can be seen in Figure 2.5. The front

end telescope provides the object radiance to the rest of the instrument. The light

is then split, with part going to the VNIR spectrometer and part going to the SWIR

spectrometer. Each spectrometer uses two curved prisms and three mirrors as shown.

The Kaiser work is highlighted here to illustrate the rapid and innovative de-

velopments that are taking place in the optics field in general, and in hyperspectral

imager design specifically. High capability, compact, low power and lightweight in-

struments are becoming more and more of the norm. These developments must be

closely tracked due to their potential to impact design choices for the CTEx and

especially any possible follow-on instruments.

The other paper of particular significance is the work of Johnson et al. “An All-

Reflective Computed Tomography Imaging Spectrometer,” published in 2004. The

authors describe the design and laboratory results of an instrument they call the
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Figure 2.5: EnMAP optical system design [33]

“computed tomographic imaging spectrometer (CTIS),” [32]. They go on to charac-

terize CTIS as an instrument which simultaneously captures spectral and 2-D spatial

content. Noting that this implies a temporal capability for the instrument, the au-

thors write, “CTIS accomplishes this by feeding incident scene radiation through a

computer generated hologram (CGH) in Fourier space.” [32, 88] The paper describes

the “standard” CTIS as an objective assembly that images a scene and collimates the

light from that scene onto a CGH. A CGH is a type of diffraction grating designed so

that light of a particular wavelength band is reflected while another is passed through.

Using materials of differing index of refraction, part of the light is split onto paths

of varying optical path distance - enabling the use of Fourier techniques as described

earlier in this chapter. Figure 2.6 shows an example of the “generalized CTIS” as

presented by Johnson et al.
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Figure 2.6: Generalized CTIS layout [32, 89]

The Johnson paper goes on to explain how the authors have taken this general-

ized CTIS layout and adapted it to an Offner spectrometer design (Figure 2.7). This

design and its laboratory output appears to provide similar data to CTHIS. However,

it is difficult to make direct comparisons between the instruments (see section 2.4 for

a full description of the CTHIS laboratory instrument.) The system evaluation pro-

vided in the Johnson paper does not provide enough information to form an objective

judgment. The evidence suggests there is merit to this form of chromotomographic

imaging. Figure 2.8 demonstrates laboratory results of the CTIS laboratory instru-

ment. The image displayed illustrates angular/spectral dispersion of three sources

imaged simultaneously: a Mercury Argon source, a red light emitting diode, and a

white light source. This result proves the capability of this instrument to perform to-

mographic projections, the same spectral reconstruction technique used by the CTHIS

instrument. Therefore, the Computed Tomography Imaging Spectrometer may be a

viable option for gathering rapidly changing spectral data for a dynamic event. How-

ever, the fact that the laboratory CTIS instrument uses a Coupled Charge Device
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(CCD) for the focal plane array, as noted in the figure, means data throughput is

probably limited to relatively slow speed. This would bound its utility for capturing

very fast transient events such as explosions. At this time though, there is not enough

data to fully evaluate CTIS in comparison with the CTHIS instrument.

Figure 2.7: Laboratory model of the CTIS spectrometer. Note that the camera is
CCD-based [32, 93].

2.3 Operational Instrument Review

The operations of the LandSat Thematic Mapper multispectral and the AVIRIS

hyperspectral satellite/instruments were introduced in Chapter I to demonstrate some

basic concepts in spectral imaging. Both of these instruments use the “whisk broom”

side-to-side sweep for collection and spectral filters with diffraction gratings to sep-
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Figure 2.8: Lab result of Offner CTIS showing a Mercury Argon source, red LED, and
white light background imaged simultaneously. This image demonstrates
high quality tomographic projection [32, 94].
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arate spectral bands. While the TM is a multispectral instrument and AVIRIS is

hyperspectral, both of these instruments cover a very broad total spectral band, from

visible to short or mid wave IR. This being the case, a fairly complicated physical

arrangement is necessary since multiple focal plane arrays based on different materi-

als are required. Focal plane array materials are selected depending on the area of

the EM spectrum that must be observed. This is due to the fact that photodiode

materials have finite areas of the EM spectrum in which they are sensitive.

Silicon-based FPAs, for example, are sensitive from about 300 - 1000 nm, al-

though that range can be extended slightly with the application of particular reflective

coatings or through customized physical arrangements. Other common infrared pho-

todiode materials include Indium Antiminide (InSb), Germanium (Ge) and Mercury

Cadmium Telluride (HgCdTe). Figure 2.9 shows the spectral ranges of several detec-

tors based on some of these materials. The y-axis of the graph is essentially a scale

of signal-to-noise sensitivity. There are multiple HgCdTe detectors shown since the

spectral range of this photodiode material can be varied depending on the relative

percentages of the three elements making up the material.

There are numerous multi and hyperspectral imagers in use today (Appendix

A). To provide a baseline representation for operational instruments and a context for

the CTEx instrument, two specific, representative operational hyperspectral imagers

will be introduced. One is the Hyperion imager and the other the Mars Observer

spectrometer.

The Hyperion hyperspectral instrument was specifically chosen for closer scrutiny

in the background section of this thesis because of its clear analogous connections with

CTEx. Built by TRW corporation for NASA, Hyperion was designed and operated as

an important demonstration and flight-validation instrument for hyperspectral Earth

observation. Launched in 2000, it was the first imaging spectrometer to routinely

collect science-grade hyperspectral data from orbit [38]. Its mission was to demon-

strate and evaluate the capabilities of space-based imaging spectrometry for earth
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Figure 2.9: Example IR photodiode ranges [39].

observation, to include geological, agricultural, environmental and other earth science

fields.

Hyperion is a diffraction-grating based, pushbroom collection type of imager.

Its total spectral coverage is from .4 - 2.5 µm broken into VNIR and SWIR bands.

The VNIR coverage is from 400 - 1000 nm while the SWIR runs from 900 - 2500 nm.

The 100 nm overlap was intentional to allow cross calibration. Each spectral band,

VNIR and SWIR, has its own grating spectrometer and focal plane array. There

is a common fore-optic telescope that serves both spectrometers. This telescope is

a three-mirror anastigmat design. The mirrors, as well as all optical structure, are

constructed from the same material, aluminum, to minimize the possibility of induced

internal structural stress from variations in material coefficients of thermal expansion.

This point will figure prominently in discussions of CTEx issues in Chapter III.

Both of Hyperion’s spectrometers use an Offner optical configuration with a

convex grating on the secondary element [38]. The SWIR detector is a HgCdTe array
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Table 2.1: Hyperion design parameters and on-orbit performance

Parameter Hyperion Characteristic On-Orbit
Volume(L x W x H,cm) 39 x 75 x 66 GSD(m) 30.38
Mass(kg) 49 Swath(km) 7.6
Avg Power(W) 51 VNIR MTF@630nm 0.23-0.27
Aperture(cm) 12 SWIR MTF@1650nm 0.28
IFOV(mrad) 0.043 Spatial Co-Reg:VNIR .18@Pix # 126
Crosstrack FOV(deg) 0.63 Abs. Radiometry(1 Sigma) 3.40%
Wavelength Range(nm) 400-2500 VNIR SNR (550-700m) 140-190
Spectral Resolution(nm) 10 No. of Spectral Channels 198 Processed
Spectral Bands 220 VNIR (bands 8-57) 427-925nm
Digitization 12 VNIR Bandwidth(nm) 10.19-10.21
Frame Rate(Hz) 223.4 VNIR X-trk Spec. error 2.2nm

cooled to 115 K with a cryocooler during data collection. The significance of this is

that detectors in the IR range require cooling for good performance and the addition

of cooling increases complexity, power requirements and risk. This will be taken into

account in recommended choices for CTEx operating parameters.

The Hyperion’s EO-1 host satellite is in a polar, circular, sun-synchronous or-

bit at 98.7 inclination. The orbit follows that of Landsat-7 by one minute. This

orbital configuration was chosen to provide validation and comparison between the

two instruments. The close proximity allows Hyperion to image the same scenes as

the Landsat TM under essentially the same conditions, providing valid, comparable

samples.

Hyperion was designed for a one-year lifetime, although it served for over two

before the “Hyperion Validation Report,” by Pearlman was written [38]. The design

characteristics and on-orbit performance of Hyperion are listed in Table 2.1. One of

the most relevant aspects of the Hyperion instrument in relation to the planned de-

sign and operation of CTEx is that of calibration. Extensive pre-launch spectral and

optical radiometric calibration using National Institute of Standards (NIST) trace-

able sources/detectors were completed in a thermal vacuum chamber. Additionally,

four techniques for on-orbit radiometric calibrations were including in the Hyperion
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design/planning. These techniques were solar, lunar, on-board lamps, and vicarious

Earth observations. The spacecraft, EO-1, was able to slew to point the Hyperion

instrument at the sun or moon which provided known baselines for comparison and

biasing of the raw spectral image data being output by the instrument. Internal cal-

ibration lamps were included in the system design as well, although many of these

failed early in the flight. Vicarious calibration was a technique whereby the instru-

ment would image a characterized test area on the earth’s surface. These calibrations

were performed using ground instruments to provide on-site surface measurement

and atmospheric characterization [38, 6-29]. The author refers to this type of calibra-

tion as “vicarious” because the earth imaging calibration was only a substitute and

supplement for the other, more precise, methods.

One of the most important lessons to be taken from the Hyperion instrument is

that for a technology demonstration, such as with Hyperion or CTEx, it is crucial that

some means for precise calibrations are including in the planning. Comparison of the

instrument’s design capabilities with actual performance against a reliable yardstick

is necessary if the experimental results are to be interpreted in a valid, quantifiable

way.

One other instrument that is currently in use and is also very relevant to the

CTEx design trade-space study is the Compact Reconnaissance Imaging Spectrometer

for Mars (CRISM). CRISM is a hyperspectral imager on board the Mars Reconnais-

sance Orbiter (MRO), launched in August 2005. The MRO entered its science orbit

around Mars 13 months after launch. The orbit is a near circular (apogee of 320 km,

perigee of 255 km), near polar, sun-synchronous orbit. The expected lifetime of the

MRO is about five and a half years on orbit.

CRISM’s primary mission is detection and characterization of geological mineral

deposits on Mars’ surface. It uses a 441-mm focal length Ritchey-Chretien telescope

with a 10-cm instrument aperture that brings light to a focus along a slit for its front-

end optic. It is designed to use a pushbroom collection technique, where the slit, as
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normal, separates the scene into spectral (along flight path) and spatial (crosstrack)

elements to create a hyperspectral cube as the instrument operates in orbit. The

spectral range is from 383 to 3960nm. Collected light is split by a dichroic into VNIR

and SWIR bands (383 - 1071nm and 988 - 3960nm). The instrument uses a mod-

ified Offner spectrometer design to spectrally disperse each beam onto its own 2-D

FPA. The VNIR FPA is a 640 X 480 pixel silicon photodiode detector array, indium-

bump-bonded to a readout integrated circuit (ROIC). The IR FPA is a 640 X 480

pixel HgCdTe detector, also indium-bump-bonded to a ROIC. These CMOS (Compli-

mentary Metal Oxide Semiconductor) FPAs were both designed and produced by the

Rockwell Science Center (now part of Teledyne Scientific and Imaging, LLC). Spectral

resolution is better than 7 nm per channel with spatial resolution averaging about

17 m (61.5 µrad IFOV) depending on altitude [43]. A schematic of the instrument

layout is presented in Figure 2.10.

Figure 2.10: CRISM optical design [1]

As for Hyperion, the focus of attention will mainly be directed at the VNIR

application. The IR requirement for CRISM makes the instrument much more com-

plicated since it demands active cooling with the inherent supporting structure and
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control electronics. One of the aspects of CRISM that is particularly interesting is its

optional collection regime. CRISM is designed so that it can perform basic surface

mapping with limited resolution through pixel binning (5:1 or 10:1). Pixel binning

is an electronic technique whereby groups of pixels in the focal plane array are read

as one. This lowers the data throughput requirement (i.e. the reset speed needed

for the FPA) at a cost in spatial resolution. In this way CRISM can conduct large

scale mapping in a timely manner at a reasonable resolution. When a particular area

elicits greater interest, the instrument can be switched to a targeted mode where

the full resolution capability, using all pixels separately, is used. In targeted mode,

CRISM also has a 60◦ along track slewing capability. The slewing allows the optics

to maintain a particular IFOV and uses a staring collection technique. Staring allows

for much better integration and signal-to-noise (SNR) for the area of interest. It also

eliminates along-track motion in the field-of-view and so reduces aberration due to

smearing. CRISM uses a rotating gimbal to perform slewing maneuvers.

CRISM consists of three main components, the Optical Sensor Unit (OSU), the

Gimbal Motor Electronics (GME), and the Data Processing Unit (DPU) Figure 2.12.

The optical assembly uses all-aluminum mirrors and structure like Hyperion, to min-

imize thermal expansion induced-optical misalignment. Even though this material

design feature was incorporated into the instrument, thermal vacuum testing was still

conducted on the optical subassembly. This testing consisted of six cycles between

30 and −90◦C for the telescope and 30 to −115◦C for the spectrometers, with dwell

time of one hour at each extreme. Results of thermal testing were that focal plane

position repeatability was < 0.1mrad in roll and < 0.18mrad in tilt, both of which

were better than required. “Decenter repeatability was within 20 microns, and focus

repeatability was within 30 microns, both also meeting requirements.” [43, 101-102]

The authors of the Silverglate et al. study on CRISM characterization results con-

cluded that, “The excellent performance of the OMS (Opto-Mechanical Subsystem)

at temperature may be attributed to the use of an all aluminum structure and all

aluminum mirrors.” [43, 102]
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Figure 2.11: CRISM slewing strategy [35]

Other pre-flight testing included vibration testing at 28 g’s rms in the lateral

axes and 30.5 g’s in the thrust axis for one minute [43, 102]. These tests were designed

to assess system survivability under the stresses of launch, to include both lift-off as-

sociated acceleration and acoustics induced vibration. Ground calibration occurred

in a series of stages where the detector arrays were characterized, optical distortion

and other biases catalogued, subsystems and the system as a whole were tested at

temperature, and system collimation was tested. Several on-orbit calibration capa-

bilities are also incorporated into CRISM. These include shutter-closed “black body”

measurements of IR noise, spectral measurements using an internal integrating sphere

and internal lamps, as well as the capability to conduct calibration using star mea-

surements.
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Figure 2.12: CRISM subassemblies [43]

A full schematic of the CRISM design is provided in Figure 2.13. Note how the

cooling requirement adds size and complexity to this design.

Even with cooling, the entire instrument has a total mass of only 32.92 kg and

power draw during operation of 44.4 - 47.3 W [1]. A view of the optical assembly

and a blow up drawing of the entire instrument is provided in Figure 2.14. The light

weight and compact size of CRISM are important considerations for design of any

space-based hyperspectral imager.

To summarize, Hyperion and CRISM are two examples of space-based hyper-

spectral imagers which provide excellent baseline trade-space analysis that can be

applied to CTEx. The Hyperion an CRISM HSIs both use a polar, near circular, low
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Figure 2.13: Block diagram of CRISM key components [42]

Figure 2.14: CRISM optical assembly and component blow up [43]
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orbit, although CRISM is orbiting Mars rather than Earth. The spectral and spa-

tial resolution requirements for these imagers are comparable with CTEx as well. In

addition Hyperion and CRISM are designed to produce science-grade hyperspectral

data.

The most important aspects of Hyperion and CRISM of which to take note are

the compact optical designs, the careful attention paid to structural materials used

to mitigate thermal cycling problems, the extensive on-ground testing and calibra-

tion performed pre-flight, and the on-orbit calibration capabilities. All of these are

directly applicable to design considerations for CTEx and will be discussed in depth

in Chapters III and IV of this thesis.

2.4 CTHIS prototype

The CTHIS is in large part a system of optical devices (Figure 2.15). Light is

collected and collimated through a front-end optic consisting of two converging lenses

with an intervening field stop. That light column then passes through a direct vision

prism where it is dispersed according to its wavelength, with one wavelength passing

through undeviated. The dispersed light then passes through a converging lens, which

focuses the light onto a focal plane array. The FPA is an array of photovoltaic

elements which react to the intensity and location of the light, converting the EM

energy into electrical signals which are ultimately transferred and stored as digital

readout information. The amount of deviation from the central point, the undeviated

wavelength, on the array provides information on the wavelength of the light, since

the deviation is a function of the wavelength and the prism characteristics.

As the prism rotates, the FPA collects the scene information as described above

for each prism rotation angle depending on the reset, or frame rate, of the FPA. One

complete revolution of the prism will then constitute a complete hyperspectral cube.

Mathematical reconstruction of the multiplexed imaged scene is then possible in any
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Figure 2.15: CTHIS laboratory design

or all of the spectral bands for which the instrument is designed, that is, according to

the spectral resolution. This process is demonstrated in Figure 2.16.

One important aspect that differentiates CTHIS from other hyperspectral im-

agers is the action of the prism. In this device the prism is rotated at some specified

rate over time. This rotation provides a tomographic imaging capability which is

important in reconstructing an entire scene. Assuming the device is staring at a par-

ticular scene, there are many objects present in that scene and many of them will be

reflecting light in the same spectral bands. For example, for simplicities sake assume

the scene being imaged consists of a tree, some grass, and a shed. Clearly there will

be more than one source of EM energy over the “green” portion of the spectrum. In

a single image the light reflected from the scene reaches the prism and is dispersed

into its spectrum, which is then focused on the FPA. The spectrum is spread around
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Figure 2.16: Chromotomographic reconstruction of number figures. The original im-
age is all numbers laid on top of one another. Each is in a different
spectral band. The demultiplexing of the gathered image data allows
reconstruction of each number as a separate image according to its spec-
tra [15].

the undeviated wavelength of the direct vision prism, the angle of diffraction being a

function of wavelength and the prism characteristics. Since there are multiple wave-

lengths at, say 550 nm, how can the image scene be reconstructed? This is where

the tomographic aspects of the instrument come into play. As the prism rotates

wavelength dependent circles are imaged around the central wavelength point. The

process is analogous to medical tomography where, for example, x-rays are passed

through the body along varying angles; the images taken along varying planes are

multiplexed on top of one another. Through Fourier analysis, the scene in our case,

or a particular slice of the body in the medical case, can be reconstructed - pulled

out of the multiplexed data. Whereas in the medical case this is accomplished for

numerous spatial planes in the body, chromotomography uses the same principles to

process data spectrally, reconstructing the scene in any bandwidth of interest.
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Depending on the rate of rotation of the prism and the matching camera frame

rate, rapidly evolving spatial and spectral events such as explosions or a rocket motor

firing can be characterized. As an example, hypothesize that the imager is tracking a

plot of ground where there is an explosion. As the fireball expands it changes in both

size, the spatial dimension, and in its spectral signature. Both the spatial and spectral

changes can now be tracked over time, which provides much more information on

which analysis can be done. Aspects of these changing parameters can be analyzed

to determine characteristics such as the type, amount, and placement (i.e. above

ground, underground etc.) of the explosive. In other words, this instrument adds a

temporal dimension to the two spatial and one spectral dimension already present in

a “typical” hyperspectral cube. Instead of just a cube, the fourth dimension, time,

converts the cube into a segmented, three dimensional rectangle. Rather than a single

image, the collected data is more like a movie, where changes in one, several or all

spectral bands can be tracked and plotted over time.

Each rotation of the prism provides one complete hyperspectral cube. Therefore

the temporal resolution that can be achieved by the instrument is a function of prism

rotation rate. If the prism is rotating at 10Hz the temporal segmentation will be

.1 second chunks. At 100Hz rotation rate .01 second time steps will be discernable.

It is important to understand this time dependent relationship since various events

will present different demands for temporal clarity. An explosion may require .01 or

smaller time segments to allow for data analysis of such a rapid event. A test rocket

motor firing may only require .1 second steps since the rocket plume maintains a more

steady state over time than the explosion fireball.

As can be seen in Figure 2.15 after dispersal into its spectrum the light is focused

onto the 2-D focal plane array of a fast framing camera. This is the point at which the

image data is taken into digital form and recorded for processing. One of the limiting

factors for the instrument will be the refresh rate of the FPA. The speed at which

optical information can be transformed from photonic to an electric potential and

then to analog or digital information is the throughput rate of the FPA. The angular
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image capture rate then is equal to the camera frame rate. This defines the amount

of image data taken for each hyperspectral cube. To illustrate, if the rotation rate of

the prism is 1Hz and the camera frame rate is 4Hz, then each hyperspectral cube will

be constructed from image data taken at 90, 180, 270 and 360 degrees of rotation,

or four images. The greater the frame rate for a given prism rotation rate, the more

images available for convolution and tomographic processing. Thus, the faster the

FPA throughput capability, the better the fidelity of the resulting data cube.

Besides data throughput, the size, pixel center-to-center distance, material and

type of processing of the FPA are crucially important for defining maximum spectral

and spatial resolution, bandwidth sensitivity, and cost for the instrument as a whole.

The raw data from CTHIS is stored on a normal hard disk. At the time of this writing

there is no commercially available software for conducting the image reconstruction

and spectral analysis. However, several researchers have written or outlined algo-

rithms for doing so [19, 23]. Hyperspectral imagery tends to generate large amounts

of data very rapidly so another important aspect to performing these operations is

having a data bus capable of transferring data off the imaging system to storage, and

of course adequate storage capability for reasonable amounts of imaging time before

processing or data compression.

2.4.1 Geometric Optics. The system being used as the basis for the instru-

ment design, as seen in Figure 2.17, begins with a converging lens, followed by a stop

then another converging lens.

The essential principles for the use and placement of this lens configuration become

clearer upon briefly examining some basic geometric optics. The essential relationship

for thin lenses is noted in Equation 2.1

1

so
+

1

si
=

1

f
(2.1)
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Figure 2.17: CTHIS lab instrument front-end optics

where so is the object distance from the lens, si is the image distance and f is the

focal length. If an object is placed a great distance away from a converging lens

in comparison with the lens’ focal length, the image distance will converge to that

focal length. Similarly if an object is placed at the focal length, its image distance

approaches infinity - meaning that the light from the object will be collimated after

passing through the lens. So using two thin converging lenses, if the image from the

first lens serves as the object for the second (that is their focal points are coincident)

the light passing through the optical system will be collimated. The stop between the

two lenses serves to isolate the desired object/image from stray light. These principles

are demonstrated in Figure 2.18
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Figure 2.18: Thin lens optics for light collimation

As can be seen in Figure 2.17, the actual optics in the CTHIS are rather more com-

plicated.

The primary and secondary lenses are not, in fact, thin lenses. Instead they are

achromatic doublets. Because the index of refraction of any given material is based

on the wavelength of light passing through it, light of different wavelengths will be

refracted by different amounts in the same material. Thus the focal length of a lens

changes slightly with the wavelength of the light passing through it. As shown by the

Lens Maker’s Equation below (2.2) the focal length of a lens depends on the difference

in index of refraction between two media where light is passing from one to the other.

As index of refraction is dependent on wavelength, light of differing wavelengths will

be refracted by different amounts passing through the same lens; therefore the focal

plane will also be different for different wavelengths.

1

so1
+

1

si2
= (

1

R1

−
1

R2

)(
n2

n1

− 1) =
1

f
(2.2)

44



Figure 2.19 demonstrates this phenomena graphically. As shown, when white

light passes through the lens, the focal length for the blue wavelength (FB) is shorter

than that for the red (FR).

Figure 2.19: Chromatic Aberration [28]

As a result, optical systems using lenses often use an achromatic doublet lens design.

Here material of two different indices of refraction are mated together in order to

produce a coincident focal point for both red and blue wavelengths. Obviously this

is still not a perfect solution since wavelengths of light between red and blue will still

not have the same focal point. The yellow focal point in Figure 2.20 below illustrates

this problem. The lens in the figure is a compound mating of two materials, labeled

H1 and H2. In fact more than two materials can be used to further reduce chromatic

aberration, however it can never be completely eliminated and the bonding surfaces

between materials introduce their own aberrations as well.

Figure 2.20: Achromatic Doublet [28]
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From the second lens, the collimated light passes into and through the direct

vision prism as in the schematic in Figure 2.15. A direct vision prism, like an achro-

matic doublet, is made from two different materials with different indices of refraction.

In this case though, the desired effect is to have one wavelength pass directly through

the prism with no deviation from the optical axis. All other wavelengths will be re-

fracted according to their wavelength by the angle of refraction of the prism. Prism

characteristics can be customized to provide a greater or lesser angular deviation. The

angular deviation - δ, as shown is Figure 2.21, is wavelength dependent. The unique

property of the direct vision prism is that for one specific wavelength the angular de-

viation is zero. This is the key operating principle that enables chromotomographic

reconstruction.

Figure 2.21: Dispersing prism

In the laboratory CTHIS instrument the direct vision prism is a custom-made piece

from Schott Optisches Glas of Germany. Prism characteristics are available in Ap-

pendix B.

From the direct vision prism the dispersed light is passed through a focusing

lens which directs the image onto the focal plane array of the instrument. In the

laboratory instrument the focusing lens and FPA are contained in a single fast-framing

video camera, seen in Figure 2.22 to the left of the prism instrument. The image is
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transferred as digital data from the camera to a desk top computer where it can

be demultiplexed and manipulated according with Fourier transform algorithms as

discussed by Dearinger, Gould and Bostick [16, 19, 23]

Figure 2.22: Direct vision prism in rotator

This prototype laboratory device then forms the basis upon which the CTEx instru-

ment will be designed. The first order engineering analysis is presented in Chapter

III.
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III. CTEx Design and Trade Space

The objective of this chapter is to take the principles for chromotomographic imaging

as described for the CTHIS laboratory model in the last chapter and translate them

into a proposed design for the space-based experiment, the CTEx. The requirements

for the CTEx instrument are rather straightforward and would seem to allow for a

great deal of design choice. Fundamentally, there a several requirements that will

tend to override most other considerations. These are discussed in the next section.

3.1 Requirements and Assumptions

The CTEx is required to demonstrate multispectral chromotomographic imag-

ing from orbit using a rotating prism as the dispersive element. It will operate in orbit,

taking imagery of selected ground-based targets to determine if the instrument can

gather useful hyperspectral data. It should also demonstrate unique capabilities, or

the potential for those capabilities, which will distinguish it from other hyperspectral

imagers already in operation. There are three goals defining success for CTEx:

1. Obtain hyperspectral imagery of a static scene.

2. Obtain hyperspectral imagery of a large-scale event that changes spectrally and

spatially in time, but at a relatively moderate rate.

3. Collect hyperspectral data on a very rapidly changing target.

Examples of each of these are:

a) A single hyperspectral image of a basically static scene such as a farm field.

b) Hyperspectral data that changes moderately over time on the scale of seconds,

such as with a forest fire.

c) Hyperspectral data that changes rapidly over time using a small scale event

such as an explosion.

Of these three goals the one that chiefly distinguishes CTEx from all predecessors is

the third, the ability to obtain hyperspectral data with a temporal dimension of very
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rapid, transient events. This will be the main area of focus for all following discussion

of CTEx design requirements and trade-space analysis.

While accomplishing these goals one of the major driving design parameters is

that CTEx must be a very simple design. In practical terms this means that the

instrument needs to be able to be assembled to a large degree in a university lab by

students, professors and lab technicians. Also, related to these requirements is that of

cost. Although it will not be possible to cite precise cost figure at this initial stage of

design, most components for the instrument should be either commercial off-the-shelf

(COTS) pieces, or already available through other U.S. governmental entities such as

the Air Force Research Laboratories. A nominal figure for design and construction of

the instrument (though not of launch) is less than $1,000,000.

Further, because this is already an experimental instrument, it is highly desir-

able that those instrument functions that are outside of the direct experimental aspect

(i.e. front-end optics or slewing mechanism) be proven, low technical risk items. This

strategy should help keep costs down and overall reliability high. It will also help

ensure that the basic experiment is the focus of experimental operations rather than

other aspects of instrument operation.

Defining requirements for spatial and spectral resolution are somewhat subjec-

tive. However, 10nm spectral resolution should provide enough fidelity to allow for

definitive experimental results demonstrating the utility of this form of hyperspectral

imaging. The choice of a spatial resolution goal of 10m, meaning two objects which

are 10 meters apart will be discernable as two separate objects, may be somewhat

overambitious. Given an instrument aperture of 10cm and an operating altitude of

400km, the diffraction limited ground resolution should be well under 10 meters, as

shown in Equation 3.1:

θ = 1.22(
λ

D
) (3.1)
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where λ is the specific wavelength and D is the aperture diameter. Using 550 nm as

a representative wavelength,

1.22(
550nm

10cm
) = 6.71µrad (3.2)

Multiplying by the altitude provides the diffraction limited ground resolution:

400km ∗ 6.71µrad ≈ 2.7m (3.3)

which would appear to be well within the spatial resolution goal of 10m. However,

as the actual spatial resolution figures for CRISM in Figure 3.1 shows, spatial res-

olution is not necessarily a simple function of diffraction, but of the projection of

the Instantaneous Field of View (IFOV) onto the focal plane array. There, the pixel

size and density as well as the overall focal plane array dimensions define the ground

resolution. The smallest piece of the projected ground area that can be resolved is

that corresponding to an individual pixel. This is what limits the ground resolution

of the CRISM instrument to approximately an order of magnitude greater than would

be the case purely with diffraction limits.

Using the CRISM requirements as a general model, preliminary CTEx require-

ments have been formulated. Overall top-level requirements for CTEx are listed in

Table 3.1. Among the assumptions being taken into account for this project are that

CTEx will be deployed on the International Space Station (ISS). There are several op-

tions for placement available on the ISS. The Japanese Experimental Module-Exposed

Facility (JEM-EF) on the ISS is used throughout the remainder of this thesis as the

representative deployed site for CTEx. There is no significant impact on CTEx be-

tween choice of one ISS experiment berth and another. Deploying CTEx on the

ISS itself, of course, imposes bounds on available power, communications links with

ground stations, heating or cooling, platform stability, vibration and orbit parame-

ters. It also has the overwhelming advantage of greatly simplifying questions of “care

and feeding” of the instrument since external support is provided. Since a specific
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Figure 3.1: Requirements for the CRISM Hyperspectral Instrument [35]

launch vehicle for the instrument cannot be projected at this time, generic standards

of survivability for launch will be applied. Service life for CTEx is set at one year

from placement on the ISS. The operating demands are not well defined at this point

beyond successfully taking data in the three regimes discussed at the beginning of

this section.

3.2 Front-end Optics

The front-end optics for this instrument amounts to some sort of telescope

and collimator which will provide the required collimated light sample to the prism

mechanism. There are essentially two choices here. Either use the design of the

CTHIS laboratory instrument with two converging lenses at the front end, or some

form of mirrored, reflecting telescope.
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Table 3.1: CTEx Driving Requirements

Requirement Requirement Value Comment/Justification
Spectral Range 400 - 900 nm VNIR coverage allows single

FPA
Spectral Sampling Better than 5 nm/channel Provides for useful discrim-

ination between chemical
salts

Ground Sample Distance <10 m Diffraction limited resolu-
tion = 1.9 m @ 400 km, 10
cm aperature

# Spectral Bands 100 Derived from spectral reso-
lution

Data Cube production 10 Hz 10Hz prism rotation and
1000 frames per second

Scan Jitter 5µrad (3σ) Testing needed
Lifetime ≥ 1yr On-orbit

Data Volume 1Tb Nominal on-instrument
data storage

Collection time/event ≥ 10sec One ground target
Max Mass ≤550 kg JEM-EF Standard site

Max Volume 1.5 m3 JEM-EF Standard site
Power ≤ 3kW JEM-EF Standard site

3.2.1 Reflection vs Refraction. There are many advantages to using a re-

flecting versus a refracting telescope. As discussed in Chapter II, refracting lenses,

even achromatics, will introduce chromatic aberration into the resulting image. Al-

though this may be small enough (and the degree of chromatic dispersion is a function

of lens index of refraction and focal length), experience shows that in this application

chromatic aberration is a real concern. Bostick, in his research on the function of the

CTHIS instrument, has noted that chromatic aberration is a problem in obtaining

high fidelity results [16]. Mirrored surfaces do not introduce any chromatic aberra-

tions since the angle of reflection is not dependent on wavelength and is therefore the

same for all λ (Equation 3.4) as shown in Figure 3.2.
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Law of Reflection

θi = θr (3.4)

Angle of incidence = Angle of Reflection

Figure 3.2: Incident angle equals reflected angle for all wavelengths [28]

Another advantage of using reflection is that the mirrored surface provides a

more stable structure than lenses. Since the light does not pass through a mirror,

a fully supporting structure on the mirror’s backside can be designed that provides

much greater stability. A lens must allow light to pass through with as little structural

impediment as possible. So a lens is normally only supported and attached to the

telescope structure along the lens’ outer edge. An important aspect of the space-based

instrument, and for any space-based optic, is that alignment along the optical axis

must be maintained as closely as possible since it is either impossible, or very difficult

and expensive, to align the optical elements (collimate them) once the instrument is

in orbit. The greatest stresses that will be applied to the instrument are at launch.

The better supported the optical elements are, the better chances of surviving launch

within collimation tolerances.

A third possible reason for selecting a reflecting telescope over refracting lenses

for our application is that the mirror(s) and the structural elements can be constructed

53



of the same or very similar materials. In this case the use of polished aluminum for

the mirrors and the tube structure allows maintenance of a low or zero differential

for coefficients of thermal expansion for the various telescope parts. In the space

regime where the instrument may experience a range of temperature from -40 to

+80 C or even greater, any significant differences in materials’ thermal expansion

properties may result in asymmetric expansion or contraction resulting in internal

stresses that can distort the optical system. This has clearly been identified as a

significant issue in currently employed space-based instruments as exemplified in the

CRISM hyperspectral instrument orbiting Mars. Though noted in Chapter II, it bears

repeating that in CRISM the opto-mechanical subsystem was tested for consistency

over six thermal cycles between 30C and -90C with a dwell time of one hour at each

extreme per cycle. There was no measurable change in instrument interferograms

taken before and after the cycling. This was attributed to the use of an all aluminum

structure and all aluminum mirrors [42,43]. In a design using lenses, the lenses must be

made with an optical material like crown glass while the structure is constructed with

something else. Differences in thermal expansion properties between these elements

are unavoidable.

Finally, mirrored elements do not increase in weight with size at nearly the

rate of refracting lenses. With mirrors, the reflecting surface only needs to be a thin

film applied over a base substrate. Even if the material required for the reflection

is relatively dense, it can be kept quite thin and still provide the needed optical

properties. Lenses must allow light to pass through and quickly begin to distort under

their own weight as size grows. Physical sagging then results in optical distortion.

This would not likely be a problem for the proposed CTEx instrument, given its

expected modest size. However it is still a factor to take into consideration since

CTEx is a proof-of-concept that may lead to a similar, larger operational instrument

sometime in the future.

Mirrors have been used extensively in space for many years. Reflective optics

for space is a mature technology and its use in CTEx provides good advantages at no
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increased risk. Although design of the CTEx instrument, as in the current lab models

with refracting lenses, could certainly be accomplished, the advantages of changing

over to reflection for the telescope front-end outweigh the very minor disadvantage of

making this change. In fact, there may be no disadvantage at all since the instrument

would have to be resized in any case to take into account the instrument’s operating

altitude over the ground.

The one advantage refractive lenses might hold over using a reflecting design

is that the current laboratory instrument uses refracting lenses and is a straightfor-

ward design where all elements are centered along a single optical axis. A specific

disadvantage of this design involves problems with achromatic lenses in a space en-

vironment. Achromats, as discussed in the previous chapter, partially compensate

for chromatic abberation by bonding two or more materials with differing indices of

refraction. The inherent problem with this is that the same properties which are used

to reduce chromatic aberration in achromatic lenses, that is different materials with

different indices of refraction, also means the materials have different coefficients of

thermal expansion. Thermal cycling, which is a condition expected to occur with the

CTEx instrument as it orbits the Earth on the ISS, will then produce expansion and

contraction stress along the bonding plane between the two materials. This results in

an unacceptable risk of lens separation, which would mean mission failure. This issue

will surface again in the next section on the prism. The overwhelming advantages of

reflecting over refracting telescopes for space operations clearly leads to the conclusion

that a reflecting telescope in the CTEx design is the better design choice.

3.2.2 Telescope Design. There are many options available for reflecting

telescopes. So many in fact that it is beyond the scope of this thesis to provide a

detailed analysis of the universe of possibilities. Some general characteristics of any

telescope used for CTEx will include a compact design, yet as simple as possible. The

light must be brought to a focus at a point where a field stop can be incorporated.

Light will also need to be collimated prior to passing through the direct vision prism.
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Some preliminary optical design study has been accomplished and a viable and

practical choice which incorporates the characteristics above has been made. An off-

axis Mersenne telescope design provides the desirable characteristics of using an all-

reflective optic to bring light to the rotating prism, to include collimation of that light.

It is relatively compact, yet provides a space for the field stop, which is absolutely

necessary to limit the bounds of the image. A graphic of the proposed design is

provided here in Figure 3.3 for illustration [25].

Figure 3.3: Proposed Mersenne Telescope Design.

3.3 Prism

The rotating prism is a key element of the CTEx instrument. It goes to the heart

of the operating principles for hyperspectral chromotomography. For the application

in CTEx, a nominal rotation rate of 10 Hz for the prism is specified. The prism

rotation rate defines the number of hyperspectral cubes produced in a given time

frame - 1 cube per full rotation. At 10 Hz the instrument is producing 10 data cubes

a second. This means transient changes can be tracked over .1 second increments. The

trade-space issues this brings up are considerations of rotating speed versus transient

event capture. In other words, while .1 sec time capture increments may be perfectly
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satisfactory for some events, such as a rocket engine test, it may not be nearly fast

enough for others, like an explosion due to the much quicker rate of change in both

the spatial and spectral dimensions for an expanding fireball over an engine plume.

A controllable variable rotation rate would be very useful then. However this

would also increase the complexity of the instrument versus a single set speed. A

good compromise would be to have a small number of set rotation rates that could

be selected depending on the users requirements for a particular collection event. A

reasonable base line would be an exponential scale of 0 - 2 corresponding to rotation

rates of 1, 10 and 100 Hz. This will provide flexibility to adapt the instrument

operation to varying test events while maintaining enough simplicity to keep costs

down and reliability high.

The prism itself, as used in the laboratory CT instrument, is quite small - only

38 mm in diameter. The small mass of the prism means that rapid spin up and

slow down is possible and should allow for precise rotation rate control. This is very

important since the rate of prism rotation along with the camera frame rate will be

needed for solving the tomographic Fourier transform used to ultimately extract the

desired spectral data. Knowledge of the exact prism position at any time is also

important in matching the prism angle with each frame during operation. It will be

highly desirable to have some form of feedback either to provide on-orbit calibration

capability or simply to have the true rotation rate and position for input into the

algorithm as mentioned.

There is another inherent problem however, with the laboratory CT prism. As

described in Chapter II, this is a direct vision prism. So, just as with the achromatic

lenses, it consists of two different materials bonded together, as shown in Appendix

B which provides the optical properties of both parts of the prism. The direct vision

prism uses two bonded materials of differing indices of refraction to allow one wave-

length of light to pass through the prism undeviated. The undeviated wavelength

then passes through the focusing lens onto the focal plane array. The result is illus-
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trated in Figure 3.4, where the undeviated green wavelength is in the image center.

Other wavelengths of light form a circle around the undeviated wavelength and the

angle of dispersion (θ) and distance from center (x,y) provide spectral and spatial

information.

Figure 3.4: Spectral dispersion around undeviated green wavelength [15]

It is apparent then that having an undeviated light wavelength to provide a

reference frame is essential to the operation of the instrument. Therefore the direct

vision prism is an absolutely essential optical component in the instrument. There is

a problem of differing coefficients of thermal expansion between the materials making

up the prism, as with achromatic lenses, which may be fatal to CTEx operation if

not addressed. The specific problem is that the materials used in the prism expand

or contract with changes in their temperature at different rates. The orbit of the ISS

around the Earth will take CTEx in and out of sunlight repeatedly every day. Not

knowing precisely where the instrument will be positioned on the space station it isn’t

possible to determine the exact time periods of sunlight/shadow. There is bound to

be some measure of thermal cycling in any case. As temperature changes, the prism

materials (SFL6 and LaSF 30; properties listed in Appendix B) differences in size
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will create stresses on the materials but particularly along the bonding plane between

the two. This stress will cycle periodically with the thermal fluctuations related to

the orbit. Even if a single application of this stress presents no significant danger of

prism failure, the repeated cycling of that stress may result in a high probability of

failure. If the prism were to separate along the bonding plane, the functionality of

CTEx would be severely degraded.

Equations leading to the total force along the bonding plane in the prism are

presented below. Coefficients of thermal expansion and Young’s Modulus are taken

from the cited references. The dimensions of the CTHIS instrument prism are used

for these calculations. Assumptions were made on the temperature differences as

follows: It was assumed that baseline temperature of the prism, the temperature

at which bonding was applied and stress between materials was zero, was about

25◦C. Extensive NASA reporting on the Hubble Space Telescope indicates that Teflon

thermal shielding on direct sunlight exposed surfaces reach temperatures of 130◦C on-

orbit [24, 1]. Using this as a “worst case” figure that temperature was modified and

a maximum temperature of 85◦C was used in the stress calculations. This was done

because the prism itself will probably not be exposed to direct sunlight. Cooling

below 25◦C was also not taken into account. A temperature cycle of 60◦C is used as

a compromise figure in these calculations.

Given the coefficients of thermal expansion for the materials making up the

direct vision prism, the level of stress that may be applied to the bonded interface

can be determined. This is demonstrated mathematically here and graphically in

Figure 3.5.

αSF6 = 9E−6 - Coefficient of Thermal Expansion for SF6 (◦C)−1 [3]

αLaSF30 = 6.2E−6 - Coefficient of Thermal Expansion for LaSF30 (◦C)−1 [46]

YSF6 = 531 - Young’s Modulus for SF6 (108N/m2) [3]

Li = 38mm - Initial prism diameter (length)
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∆T = 25◦C − 85◦C =− 60◦C - Temperature change assuming initial temp on

Earth of 25◦C

∆L = αLi∆T - Formula for determining material change in length with tem-

perature

∆LSF6 = (9E−6)(38mm)(60) = .02052mm - Length change for SF6 material

∆LLaSF30 = (6.2E−6)(38mm)(60) = .0014136mm - Length change for LaSF30

material

∆LT = ∆LSF6−∆LLaSF30 = .006348mm - Difference in length change between

SF6 and LaSF30

Tensile Stress

Y (
∆LT

Li
) = 531E8(N/m2)(

6.35E−6m

38E−3m
) = 8.873E6(N/m2) (3.5)

Cross Sectional Area of Prism

≈ πr2 = π(19E−3m)2 ≈ 1.134E−3m2

Shear Force Along the Bonding Plane

1.134E−3m2
· 8.873E6(N/m2) = 10,061N (3.6)

Although there is no empirical data specifying the strength of the bonded layer

between the two prism materials it seems clear that at this level of stress it would be

prudent to assume there is a significant danger of shear failure at some point during

the instrument lifetime. The ISS orbit altitude is between 350 - 400 km. Using the

higher altitude to calculate a conservative orbital period:

P = 2π/
√

µ
a3

where a ≈ r ≈ 6350 + 400km
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Figure 3.5: Differing coefficients of thermal expansion cause the two materials making
up the prism to expand at different rates. This results in large stresses
across the bonding plane even for small differences in expansion.

then P ≈ 92mins meaning the instrument would orbit the earth approximately 15

times/day. If it’s assumed this is the rate of thermal cycling for the instrument there

appears to be a need to take measures to ensure that the prism has a high probability

of surviving these conditions.

In addition to the stresses of thermal cycling, any imperfections in the bonding

surface between the materials may also introduce further stresses due to trapped air

pressure in the near vacuum environment of low-earth orbit. Microbubbles within the

bonded material interface will add to the thermal stress. The first action that should

be taken is to conduct thorough vacuum and thermal cycling of the prism to obtain

empirical data on the likelihood of failure. Testing will be specifically addressed in a

later section of this chapter.

Making the assumption that the prism, as constructed in the laboratory in-

strument, would present a significant risk of failure through the mechanism discussed

above, options for mitigating that risk must be explored. One option is to control
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for instrument temperature through heating/cooling devices. A passive approach

using insulation around the entire instrument may significantly limit the range of

temperatures across which the prism would cycle, although Groh’s study on insu-

lation degradation on Hubble indicates a substantial reduction in effectiveness over

time [24]. More active devices such as on-board cryo-coolers or radiative heaters is a

further possibility. This option would greatly increase the cost and complexity of the

instrument which in itself increases the risk of overall failure.

Addressing the problem with the prism directly, the prism can be designed as

a two-piece element with space gap between the elements. This gap would eliminate

the possibility of bonding failure completely. The prism design would increase in

complexity and therefore probably in cost too, but the final product would not be

more complex and reliability would be enhanced. Another essential feature of the

prism portion of the CTEx instrument is the rotation of that prism. Since the prism

is held in a rotating assembly in any case, using a two-piece element the assembly will

serve to rigidly hold each piece, ensuring that alignment is maintained. The difficulty

of the gapped materials prism is that the prism halves will need to be installed in

the rotation ring extremely precisely. Not only will each piece have to be positioned

accurately such that the vertical plane of the prisms are aligned to that of the rotation

stage, the prisms must be accurately aligned with one another.

The spin rate requirement for the rotation mechanism was addressed above. One

other aspect of this rotation is the precision requirement. Examples of high-accuracy

rotation stages with direct reading encoder and better than 0.00001◦ resolution are

available from Newport Corporation. Unfortunately, while these rotation stages of-

fer outstanding precision, they are not designed for continuous rotation nor for the

angular velocities required for the CTEx instrument. Maximum rotation rates are

720◦/sec, 2 Hz, which is nowhere near the rates of 10 - 100 Hz required. Specifica-

tions for a high precision Rotation Table manufactured by Newport are available in

Appendix F. Computer Optical Products does produce a rotation stage and optical

encoder (position readout) that appears to meet requirements. Their CM-5000 series
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is a high performance brushless DC motor with integral optical encoder. It offers a

maximum rotation speed of 1500 rpm, well above our maximum requirement of 1000

rpm. Specification for this product are available in Appendix G. However, as with

many of the COTS components the CM-5000 is not space-rated. This issue will be

discussed further in the concluding chapter of the thesis.

3.4 Focal Plane Array and Camera

The focal plane array (FPA) lies at the heart of any electro-optical imaging

instrument. All imagers require some form of optic to bring the light that has passed

through the front-end instrumentation into focus on a two-dimensional array of pho-

tosensitive elements (pixels). There are two major classes of FPAs in use today. These

are charge-coupled devices (CCDs) and complementary metal oxide semiconductors

(CMOS).

CCDs fundamentally work like a bucket brigade. Rain falls on an array of

buckets in a given time frame. By passing the bucket contents horizontally until it

reaches the end of each line, and then vertically down the array, the overall content

is then measured. Figure 3.6. In a similar fashion, photosensitive pixels making up a

CCD array are bombarded with photons, which they convert to a charge as depicted

in Figure 3.7.

CCD focal plane arrays offer many good characteristics for imaging. Among

these are: good spatial resolution; very high quantum efficiency (often 90% or bet-

ter); a large spectral window; low noise; high dynamic range (ability to handle

large variations in signal strength); high photometric precision; and very good lin-

earity [13,14,20]. CCDs were developed in the 1960s and have been used extensively

for over three decades. This maturity is also an attractive factor for limiting technical

risk.

CMOS imaging arrays are a more recent development. However, technological

improvements in this array type have been proceeding at a very rapid pace over the last
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Figure 3.6: As rain fills the buckets the water is passed horizontally, then vertically
at the end of each line. [20]

five or six years. Issues that were once serious disadvantages, such as low quantum

efficiency, have largely been addressed and the capability contrast between CMOS

and CCD arrays has been substantially reduced. An example is the comparison in

quantum efficiency between commercially available CCDs and CMOS arrays. The

CMOS silicon array with visible antireflectance coating is quite competitive with the

backside illuminated CCD (Figure 3.8).

The major difference in operation between a CMOS array and a CCD is that

in a CMOS array the photoelectric elements are connected directly with a Read Out

Integrated Circuit (ROIC). What this means is that each pixel in the array is read

independently of the others, directly into output. There are two major types of CMOS

arrays, monolithic and hybrid. Monolithic arrays have the integrated circuit on the

same chip as the pixel array. The hybrid design uses a 3-D scheme where the pixels

are bonded to the integrated circuit in a sandwich arrangement (Figure 3.9).

As can be seen in Figure 3.10 the differences between CCD and CMOS arrays

are founded at the most fundamental level. The pixel readout technique defines the
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Figure 3.7: (a) For the charge collection process during an exposure the central elec-
trode of each pixel is maintained at a higher potential (yellow) than the
others (green). (b) At the end of the exposure, the electrodes potentials
are changed and the charges transferred from one electrode to the other.
(c) By changing the potential of the electrodes in a synchronized way,
electrons are transferred from pixel to pixel. Charges on the right are
guided to the output register. (d) The horizontal transfer of charges is
then stopped and each charge package at the output register is trans-
ferred vertically to an output amplifier and then read one by one. The
cycle starts again until all the charges have been read. The reading time
amounts to about one minute for a large CCD. [20, 5-6]
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Figure 3.8: CCD vs CMOS quantum efficiency [9, 27].
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Figure 3.9: Monolithic CMOS chip (left) and hybrid (right). [27, 130]

operating principles of these two array types and characterizes the advantages and

disadvantages of each relative to a given application.

For designing the CTEx FPA, there are some significant advantages of the

CMOS array over the CCD. Because the photodiode and integrated circuit are on

the same chip, various processes such as amplification, timing and analog-to-digital

conversion (ADC) can be accomplished right on the chip (Figure 3.11). On-chip in-

tegration results in low power requirements, smaller system dimensions and higher

speeds. In addition, because of the individual pixel readout capabilities of the CMOS

architecture, it is easy to implement various scanning strategies to isolate or enhance

particular aspects of the scene under consideration. Examples of these include win-

dowing, subsampling, random access and pixel binning (Figure 3.12). Windowing in

particular will provide options for data collection that will be discussed further later

in this chapter.

One of the major difficulties in developing an operational CT instrument is the

demand for high data throughput. The nominal requirement is for 1000 frames per

second (fps). This speed far exceeds that of any hyperspectral imager ever launched.

This alone virtually requires the use of a CMOS-based FPA due to the reset speeds

involved. In addition, the low power requirement, resistance to radiation, including

Single Event Upset (SEUs), and compact size strongly recommend a CMOS versus
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Figure 3.10: Comparison between CCD and CMOS at the pixel level. [27, 112]

Figure 3.11: Generic Monolithic CMOS chip. [27, 113]
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Figure 3.12: In window mode a particular scene feature can be isolated and tracked
as it passes under an overhead imager. Subsampling allows a scene to
be roughly imaged using only a percentage of the total array. Random
access allows multiple, particular features to be imaged while background
is ignored. Pixel binning convolves groups of pixels which may be used
to improve signal-to-noise for poorly illuminated scenes. [27, 114-115]

CCD FPA for CTEx. One final determining factor is the commercial availability of

appropriate, high-speed cameras. While there are two major companies that pro-

duce very high-speed, CMOS-based cameras no CCD-based equipment can produce

anywhere near the required FPA reset rate.

For the best spectral and spatial resolution it is desirable to have as large a

physical array as possible with the smallest pixel size. However, it is also the case

that larger pixels are more sensitive to light since they provide a larger surface area for

photon detection (larger total photon flux). For CTEx the image on the focal plane

should be oversampled, that is the image size is smaller than the array dimensions.

Although at first glance this appears to be wastefully inefficient, it is necessary for

several reasons. The first is that perfect sampling, where the image size exactly

matches the FPA, at the zero prism angle will mean lost data (undersampling) on the

edges as the prism and thus the image rotates. Secondly, if electronic windowing is

used to collect event data as illustrated in Figure 3.12, large numbers of pixels within

the array is essential. A hypothetic may better illustrate this idea.

Assume the total IFOV is 50 km2. CTEx is taking data on a rocket engine

test in a known location at a know time. In order to capture the imagery data from
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the engine plume, the actual target of interest is the 10 m2 area encompassing the

engine test. As the instrument passes directly over the target area, the 10 m2 area of

interest enters the far left side of the IFOV. The IFOV will be translating to the left

at the ground speed of the instrument. As the instrument passes over, the target area

of interest will enter the IFOV, essentially “move” through it, and then exit at the

far right. Through windowing and precise knowledge of the instrument and target

locations and the instrument orbit the target engine test can be tracked across the

FPA (Figure 3.13).

Using representative numbers it is possible to analyze the practicality of using

the windowing method for data collection. Starting with the ground sample distance

(GSD) of 10 m, which is driven by the instrument ground resolution requirement, the

total IFOV can be determined. By definition of the GSD, each pixel will correspond

to 10 m on the ground. The minimum number of pixels required for determining a

two-color source spectral separation is two pixels. So for purposes of hypothetical

demonstration, assume a 2X2 pixel block for the window of interest. The total block

size doesn’t matter for the following calculation though, as long there are enough

“windows” across the array to amount to a useable data collection event.

10m
pixel

×
2048pixels

array
= 20.5km

The velocity of the ISS at an altitude of 357 km is determined by:

v =
√

µ
r

where

µ = Earth gravitional constant × Earthmass

r = circular orbit radius (although the ISS orbit is not perfectly circular, it is

a reasonable approximation since its eccentricity is only .0008)

v =
√

398600km3/s2

6735km
= 7.69km/sec

At that velocity the instrument will move from one end of any particular IFOV to

the other in about 2.5 seconds.

20.5km ÷ 7.69km/s = 2.666sec
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(a) Position1 (b) Position2

(c) Position3 (d) Position4

(e) Position5

Figure 3.13: Hypothetical Windowing concept. The image of the rocket test moves
across the focal plane as the instrument passes overhead.
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The problem with windowing, as illustrated, is the desired data event time of 10

seconds cannot be met. The most direct option is to reduce the data take time to 2.5

seconds. The next option is a trade-off between data take time and spatial resolution.

As GSD increases to, for example 20 m, the IFOV grows and there is a doubling

of the time the test event will be in view. This trade-off though, is not dynamic.

Because the GSD is a function of the focal length of the instrument’s focusing lens,

once designed into the instrument and launched it cannot be changed.

The discussion above begs the question of other methods for taking event data.

The obvious solution is designing a slewing ability into the instrument so staring at a

field-of-view as the ISS passes over is possible. For this option either the instrument

itself or just the FOV must be able to slew at the angular rate of the ISS passing over

a spot on the Earth. Assuming an altitude of 350 km and ignoring the curvature and

rotation of the Earth since these will be very small for a five second data pass, the

angular slewing speed will be:

ω = ν
r

where

ν = velocity in direction of motion = 7.69km/sec

r = distance to earth surface = 350km

then

ω = 7.69km/sec
350km

= .0022rad/sec or about 1.22 degrees/sec

To slew the entire instrument will require CTEx to be mounted on a slewing

table with precision control for rate and position and total along-axis motion of ±6◦

for the capability to collect for roughly 10 seconds at a time. The Navy Research

Laboratory’s Hyperspectral Imager for the Coastal Ocean (HICO) uses this type of

slewing table, but for cross-track collection opportunities, not along track staring [18].

The HICO design with slew table emphasized is shown here in Figure 3.14. It is

scheduled to be launched in June, 2009.

72



Figure 3.14: HICO instrument design [18]

The more elegant mechanical slewing option is to use a rotating mirror assembly

at the optic aperture to accomplish the same along-track scene staring function. This

is the design option exercised on the Landsat Thematic Mapper. As shown here in

Figure 3.15 in two views, this application is used for cross-track collection. There

are serious issues involved with use of a scanning mirror that also must be taken into

account. Referring back to the CRISM Mars Orbiter instrument, a single scanning

flat mirror was considered for this very application in its design. This option was

rejected:

It was found that the required field of regard ..., coupled with an aperture
diameter of 10 cm, and the required FOV of > 1.75◦, resulted in scan
mirrors with diameters in excess of 60 cm, with little hope of adequate
stray light baffling. Size and mass constraints would also not be met. [43,
284]

It is noteworthy that although the optical engineering for CTEx has not been

completed at this point, preliminary estimates are that its optical aperture will be in

the range of twice the diameter of CRISM. This may mean a scanning mirror solution

to the slewing question will result in a prohibitively large mirror.
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Figure 3.15: Thematic Mapper Scan Mirror Design [41]

Either of the two mechanical slewing options provide CTEx with the capability

of meeting the desired collection time per test event of 10 seconds. Against this

advantage though, there are considerable disadvantages to be considered. First, both

options increase the complexity of the instrument enormously. Mechanical slewing

rates must match the angular velocity of the ISS with extremely high precision or

smearing of the image will occur. The slewing must take place during data collection.

This means vibration and resulting jitter on the focal plane. Both mechanisms, the

mirror and the rotation table, require some form of drive motor, leading to more power

required, greater mass and greater risk of mechanical failure. Both mechanisms will

also increase control, position sensor, and calibration requirements. The mirror option

will introduce additional aberration into the optical system and will lower the SNR

since no mirror has 100% reflectance efficiency. There are no cost figures available

for these options, but it is reasonable to expect adding either to the design will

significantly increase the instrument costs monetarily, in design-time, and in build-

time.

Overall it would be preferable to rely on the software-driven collection, win-

dowing, over either of the mechanical slewing options. The cost of reduced collection
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time per event and/or reduced spatial resolution are outweighed by the numerous

disadvantages of slewing listed above.

3.4.1 Cameras. The next issue with the FPA involves the readout speed. As

noted, there are several commercially available high speed cameras that easily provide

the required number of frames per second (see Appendix 3 for camera specifications).

One tradeoff that must be considered here is the signal-to-noise function. At this

time the optical engineering for the instrument has not been completed so there are

no specific figures. Even when the design is finished, actual hardware testing will be

needed to accurately characterize instrument SNR. Nonetheless it is certain that as

the fps rate increases the same total signal per unit time is divided into smaller and

smaller increments. This means that the SNR will drop as frame rate increases. In

fact this may not even be a linear function since electronic shutter produced noise may

increase with frame rate as well, resulting in an even greater drop in SNR as a function

of frame rate. Factors involved in determining the minimum acceptable SNR include:

pixel sensitivity (quantum efficiency), pixel size, minimum acceptable frame rate, total

signal produced at the source, total signal transmitted through the atmosphere, and

signal loss along the instrument optical path length due to inefficiencies in the optical

elements.

Although the requirement for CTEx is set at 1000 fps, since the principle differ-

entiating factor between this instrument and other hyperspectral imagers is speed, it

may be that higher frame rates will be a desirable option. Higher frame rate options

is actually a no-cost result of the high-speed camera requirement. As is clear from

the camera specifications detailed in Appendix C, all of these cameras are capable of

frame rates much higher than 1000 fps. The trade-off for going to higher rates, in

addition to lower SNR, is poorer resolution. The specifications show that as frame

rates are increased, active pixel use goes down. Between the two main choices of

camera, the Phantom V12.1 and the Fastcam SA2, both have reduced resolution at

higher frame rates. There are some interesting differences between the two which
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will require trade-space choices by the end user. The Fastcam model has better pixel

pitch, 10µm versus 20µm for the Phantom. This results in the Fastcam having 2048

X 2048 pixels on virtually the same size CMOS versus a maximum of 1280 X 800

for the Phantom. At maximum resolution the Fastcam SA2 can operate at 1080 fps.

This is an excellent match for the CTEx requirements. However, as frame rate is

increased, the Fastcam resolution drops precipitously, from 2048 X 2048 at 1080 fps

to 1024 X 512 at 6250 fps to 384 X 512 at 10800. The Phantom V12.1 offers reso-

lutions of 800 X 1280 at 6242 fps and 512 X 1024 at 11,854. So the Phantom offers

better resolution at higher frame rates, but at the required frame rate, 1000 fps, the

Fastcam SA2 performs better. If higher rates are considered better for the purposes

of the CTEx demonstration, the higher resolution at high frame rates of the Phantom

are more advantageous. If this is indeed the case though, then the Fastcam SA5 must

be considered. It has the same pixel pitch as the Phantom, but better resolution at

higher frame rates: 1024 X 1024 at 7000 fps and 760 X 760 at 12,500 fps.

Other factors that must be considered in the COTS camera choice include

ruggedness, and thermal operating regime. All of the cameras are ruggedized to

an ability to survive over 30 G in non-operating mode. The Fastcam cameras are

rated by their manufacturer at a bit better temperature range than the Phantom,

0 - 40◦C versus 10 - 40◦C. Neither of these meet the requirements for space use at

the low end though. So although the Fastcam cameras are marginally better in this

arena, it may not matter if any camera chosen will require substantial customization

to meet temperature range operating requirements.

Beyond this, there is little to differentiate the choices for high-speed cameras.

They all offer remote control that should be adaptable to a hands-off environment,

they use silicon-based hybrid CMOS FPAs, solid-state DRAM memory with options

up to 32GB, and 12 bit data conversion as a standard. One area that needs to

be carefully examined, and may provide a quantifiable measure of merit, is quantum

efficiency. Specific test results under strict conditions for specific wavelengths over the

instrument spectral range would be invaluable in comparing one camera to another.
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This would also help by providing data which could be used to get some idea of the

SNR required to acquire usable data.

3.5 Data Handling

The collection of data through hyperspectral imaging is only one step in a

process. That data must be stored, downlinked to a ground station and processed

for the imagery to have any utility. While CTEx data handling will be similar to

other space-borne imagers in some respects, there are aspects to high frame rate

chromotomographic imagery that present unique challenges in getting the information

to the end users.

3.5.1 Data Generation. One of the problematic characteristics of the CT

scanner is its prodigious rate of data production. Data rate is a function of the camera

frame rate, focal plane array size (number of pixels) and digital data encoding. Data

rate is calculated by:

Frame rate × total number of pixels × pixel encoding per pixel ÷ 8bits per byte =

bytes per second

If the Photron Fastcam SA2 at full resolution and 1000 fps is used to exemplify, the

figures take an alarming turn:

1000fps × 20482pixels × 12bit
pixel

÷
1byte
8bits

= 6.292GB/sec

or roughly 63GB for a 10 second data event.

The maximum solid state memory offered for this camera is 32GB. The data pro-

duction rate calculated above would quickly swamp this amount of memory. There-

fore, trade-space analysis of the available options is in order. First, and simplest, the

required time of data take can be reduced. The 32GB of available memory would

provide a maximum of 5 seconds of operating time. This option has the great ad-

vantage of requiring no changes to the instrument at all. The next option is to take

data at a reduced resolution. At the same frame rate, 1000 fps, but using 1024X1024
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pixels the data rate drops to 1.57GB/sec. Using these parameters the available time

delta jumps to over 20 seconds. A third option is to order a custom design adding

additional solid state memory to the camera to allow for 10 seconds of data at the full

resolution rate. This option is the most costly in terms of design and manufacture

time, monetary cost, and added complexity and technical risk.

The first two options offer the tremendous advantage of being implementable on-

orbit through software-based control. Frame rate and resolution are both controllable

through the camera’s standard control selection capability. Therefore, if a particular

collection event requires the highest resolution, this can be chosen if the end users are

willing to trade-off collection time. Likewise, a test event demanding greater lengths

of data collection can be accomplished at the cost of lower resolution. This trade-

space then is a dynamic variable that can be adjusted after CTEx is operational to

changing customer requirements for different events.

There is no way to move data off the camera fast enough to add storage capacity

while it is in operation. Nevertheless, additional on-board storage capacity is desirable

in order to: a) provide longer term data storage and redundancy; b) provide the

opportunity to clear the camera’s intrinsic memory cache so that it is ready to collect

again as quickly as possible; and c) serve as a data buffer between the collecting

instrument and the downlink communications - that is, the additional storage holds

the data and reads it out to communications downlink so the camera memory doesn’t

have to do that itself. This is an important point since the dedicated downlink channel

is only 1Mbps (refer to Appendix H, ISS External Research Capabilities). Assuming

an average data collection of only 15GB, it will take over 33 hours to downlink the

data from one collection event. Clearly it will be important to be able to hold and

downlink data from a secondary storage unit rather than directly from the camera’s

cache itself. The data hold requirement of 100 - 400 GB can be met fairly easily

and given the data assumptions developed here, provide more than adequate storage

capacity even in a worst case scenario where data cannot be downloaded for some

period of time.
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3.5.2 Data Storage. There are a few options to consider with regard to the

additional, off-camera, or secondary, data storage. These options resolve to either

hard disk drive, flash-based solid state drive, or DRAM (Dynamic Random Access

Memory)-based solid state drive. Hard disk drives (HDD) use a magnetic disk and

reader which must physically spin and move to operate. Solid state disks (SSD) on

the other hand have no moving parts and are inherently more robust for aerospace

applications. For reference, open hard disk and solid state drives are pictured in

Figure 3.16.

Figure 3.16: Open HDD (left) and SSD (right).

Figure 3.17 provides the results of benchmark average performance capabilities

for the three types of data storage devices mentioned. The DRAM-based solid state

drive clearly enjoys an immense performance advantage over the other two in all

categories of data read and write.

Of these data storage types the SSD offers many advantages, particularly for

our application, over traditional HDD.
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(a) HDD

(b) Flash-based SSD

(c) DRAM-based SSD

Figure 3.17: Memory performance comparison [44]
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• Faster start up since there is no spin up time

• Faster random access

• Very fast read times

• Much lower noise and vibration since there are no moving parts

• High mechanical reliability with ability to endure extreme shock, vibration and

temperature extremes

Disadvantages are as follows:

• Considerably higher cost per GB of storage, especially with DRAM

• Lower capacity than that offered by HDD

• Limited write cycles for flash-based SSD, although this doesn’t apply to DRAM-

based

• Slower write speeds for flash-based, but again not for DRAM-based

• Lower storage density

• DRAM-based requires more power and must be supplied with power continu-

ously, even when not operating

For a space-based application it is clear that the reliability and robustness of

solid state drive is the option of choice. Furthermore, although cost is an important

factor, the additional speed and capability of DRAM-based SSD recommends it over

flash-based SSD.

3.5.3 CPU. CTEx will naturally require on-board computing capability

for control of the instrument component functions such as prism rotation and cam-

era operation. The computer must be compact, radiation hardened and capable of

withstanding the stresses of launch and thermal cycling. In contrast with most of the

other instrument components discussed to this point there are commercially available

computers which meet all these criteria and have a track record of performance in

space.
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As a representative sample, BAE Systems of Manassas, Virginia makes sev-

eral space-rated computers that appear to be well suited for use on CTEx. The full

company reported specifications are available in Appendix I. Some of the more sig-

nificant information on these products is that versions of them are currently in use

on the Mars rovers, Spirit and Opportunity, the Mars Reconnaissance Orbiter, and

almost 500 other space applications [11]. The small size, low power requirement and

high performance of the BAE RAD750 6U single-board computer make this an excel-

lent choice for CTEx. In addition the computer offers 1553 interfaces which make it

compatible with the ISS.

Besides the actual on-board strengths of the RAD750, BAE also produces a

software package called Virtutech Simics that can simulate the actual computer. This

virtual platform allows software to be developed and tested for the on-board computer

to ensure proper functioning before operations [11].

3.6 On-orbit Calibration

The capability to calibrate the CTEx instrument remotely in its operating en-

vironment is crucial for evaluation of whatever data is taken during the experimental

tests. Calibration means taking sample data readings from a well-defined, well known

control sample. This allows the development of a baseline against which can be mea-

sured the instrument’s performance. In this way, any biases or anomalies introduced

by the instrument in the produced data can be identified and taken into account

when actual test data is analyzed. Calibration from a sample of known size, radiance,

position and distance provides surety for the instrument’s optical path, prism spin

rate, focus on the focal plane array, FPA positioning, number and location of dead

pixels in the FPA, data read-out and transfer, and data processing on-instrument

or on-ground. It also provides a benchmark against which the instrument controls

can be measured, i.e. if a command is uplinked for the prism to spin at 10 Hz, is it

actually spinning at that rate and if not, does the issue lie with the rotation stage or

the control electronics? A well designed calibration capability is essential to confident
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operation of the instrument and confidence in the data returned to the ground. Given

that this is an experimental proof-of-concept, calibration is even more crucial to the

integrity of the data.

Ground or air-breathing based hyperspectral instruments offer the convenience

of hands-on testing. Not so for our space-based application. Since the CTEx instru-

ment will be based on the ISS our calibration control sampling options are going to

be limited. With other space-based hyperspectral (or really any imaging) instruments

a common method for performing calibration is to rotate the satellite so the imager

can take readings off of the sun, specific stars, or less commonly the moon. These

methods cannot be used since the space station cannot be turned and the instrument

is limited to pointing at the Earth.

There are two general methods that can be considered for calibration specimens.

One is to use a particular swath of earth or earth-based targets of will known spectral

and illumination signature. Possibilities in this arena include polar regions of flat

ice, homogenous desert regions, or placid water regions. This option has the advan-

tage of requiring no additional capabilities for the instrument and thus less cost and

complexity. This advantage probably does not outweigh the disadvantages which are

that the spectral signature is probably not going to be know to the resolution wanted

for instrument calibration. Optimally, the calibration test bed would provide known

spectral signature within the bounds of the desired spectral resolution expected in the

experiment. This hasn’t been completely defined at this time, but a good measure

would be no more than two times the FPA’s pixel pitch, or approximately 20 µm.

The second method to consider is an on-instrument test bed. This would entail

incorporating a light emitting array with elements emitting at well-defined wave-

lengths over the FPA’s designed spectral range onto the instrument. This test array

will need to be designed in such a way that when the instrument is being calibrated

it is looking only at the test array, with no other noise (stray light) passing through

the optical path. Some existing instruments perform this function by using a design
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that allows the imposition of a mirror into the normal optical path, changing the

source from the normal aperture to the control elements. For the CTEx instrument,

a better way to do this might be to incorporate an array of light emitting diodes

(LEDs) onto the inner surface (facing into the instrument) of a mechanical aperture

shutter. Although this will increase the complexity of the instrument, it also provides

the required calibration capability and allows selection of very specific wavelength pa-

rameters to test against. The shutter, being closed when calibrating the instrument,

eliminates stray light contamination thereby providing a clean sample. Further, since

the exact positions of the LEDs relative to the instrument optical axis will be known,

this arrangement will also serve to ensure the optical elements in the instrument have

maintained correct position (optical collimation is maintained).

LEDs provide the advantages of low power requirements (several miliwatts per

LED), small size (3mm or smaller), and the ability to be engineered to specific wave-

lengths across our spectral band. They also have excellent mean time before failure

rates and operate well across a broad temperature range. Figure 3.18 provides a set of

performance data for one particular commercial LED series to illustrate these points.

Beyond this, a single LED can be engineered to emit in one of several bands at a time

if desired.

3.7 Overall Design Space

CTEx design trade-space analysis up to this point has been a component-by-

component exercise. In the end, these separate parts will have to work together as

a unit and will have to be oriented in a way that allows the instrument to fit into

the available space on the ISS JEM-EF platform. Specific component selection has

not yet taken place, nor has optical design been completed, much less finalized. That

being the case, it is not yet possible to produce an instrument model with any kind

of spatial fidelity. Regardless, the analysis performed leads to some conclusions on

components that must be included in the instrument. A notional graphic of these

components and placement is included in Figure 3.19.

84



Figure 3.18: Forge Europa LED product data sheet.
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Figure 3.19: Instrument Configuration Space

Referring to the support capabilities on the JEM-EF, or any of the exposed

facilities on the ISS (Appendix H), it appears that CTEx will be well within support

parameters in power requirements and mass. Size, length in particular, may prove to

be a more problematic. This depends a great deal on the final telescope design. A

mechanical slewing mechanism, if chosen, will complicate the matter.

3.7.1 Materials and Structure. An issue that has appeared in discussions of

several component trade-spaces is that of thermal effects. These effects were particu-

larly troublesome with regard to the direct vision prism and achromatic focusing lens

due to asymmetric material expansion rates. Thermal issues must also be considered

in design choices for the CTEx instrument as a whole. CTEx on the ISS will be
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passing into and out of Earth’s shadow about 15 times per sidereal day. It is difficult

to estimate the effects this may have on the instrument until the final configuration

and positioning are known. Still, it is prudent to take thermal effects into account in

a precautionary sense. In the case of the CTEx instrument as a whole, differential

heating could pose significant problems with optical collimation and joint tolerances

if a slewing mechanism is involved.

When the Hubble Space Telescope (HST) was initially released into orbit in

April 1990 a large, unexpected pointing disturbance quickly became apparent. This

disturbance was far greater than the tolerances required for the pointing control sys-

tem and coincided with HST moving into or out of shadow. This coincidence is readily

apparent in Figure 3.20.

Investigation by NASA revealed the disturbances were caused primarily by dif-

ferential heating of the front and back sides of the solar array frames. A temperature

gradient of 20◦C was established after only 30 seconds of exposure to the Sun. The

temperature gradient induced a slip/stick condition in joints related to solar array

slewing. As it turned out resulting vibrations overwhelmed the pointing control sys-

tems ability to compensate [22, 15-21]. The solar arrays were redesigned and replaced

during the servicing mission which corrected the HST mirror aberration.

This cautionary tale was related here to emphasize the catastrophic effects that

can result from failure to take into account space environment effects. Choice of

materials and component placement are essential elements for dealing with rapid

heating and cooling effects in space.

87



Figure 3.20: The HST experienced significant pointing disturbances in all three axes
coinciding with the instrument moving into or out of sunlight [22]

.
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IV. Concept of Operations

4.1 Platform and Orbit

The basic operational assumptions for this experiment are that CTEx will be

operated from the ISS Japanese Experimental Module (JEM) Exposed Facility (EF),

although there are other options on the ISS as pointed out in Chapter III. This

places the CTEx in a low-Earth orbit of about 350 km altitude. Figure H provides

a description and graphics of the JEM. Figure 4.2 provides resource data available

for operations on the JEM-EF. The maximum mass budget of 550kg should be more

than enough to handle CTEx. The same is true for available power, which at 3kW is

probably at least six times CTEx demand. The size constraint of 1.5m3 is, by far, the

biggest concern, but should be manageable. The entire set of ISS orbital ephemeris

data can be found in Appendix D.

Since the CTEx is tied to the ISS there is no real trade-space to speak of. The

orbit is fixed, as is the space station itself. One of the advantages of having an imager

that is the payload of its own satellite bus is the ability to adjust orientation or even

orbit to some extent if desired. In the case of CTEx those options are not available.

On the other hand, the support functions offered on the ISS are reasonable trade offs

for the freedom of movement with a dedicated satellite bus. Power, stability, attitude

control, and communications are all essentially free for the CTEx instrument.

As discussed in the previous chapter, the ISS is orbiting at an altitude of ap-

proximately 350km, with a velocity of 7.69km/s and an orbital period of about 90

minutes. Using these and the ephemeris data for the ISS, once the CTEx instrument is

in place on the JEM-EF and system checks are completed operations can commence.

4.2 System Check

Upon placement onto the JEM-EF there are a series of checkouts that will have

to be conducted to ensure it is ready to operate. The assumption being made here

is that the control network for the instrument will be designed to include sensors to

provide instrument health and status information which can be read and interpreted
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Japanese Experiment 
Module (JEM)/Kibo (Hope)
Japan Aerospace Exploration Agency (JAXA)/ 
Mitsubishi Heavy Industries, Ltd.

www.nasa.gov INTERNATIONAL SPACE STATION (ISS) INTERACTIVE REFERENCE GUIDE

National Aeronautics and Space Administration

Figure 4.1: The Japanese Experimental Module provides an excellent platform for an
experimental space-based instrument [2].
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Figure 4.2: The JEM exposed platform provides plenty of power, space, capability to
handle mass, and enough communications to accommodate CTEx. [2]

at a ground control station. These checkout actions are listed in Table 4.1. This is

not an all inclusive list; there are likely to be additional actions needed during this

period.

As noted above, the systems check out table is not exhaustive, and each checkout

event listed will require checklists of specific subsets of actions needed to accomplish

those checks. If the CTEx instrument follows the average historical path it will

probably take between one and two months for full system checkout to be completed

and the instrument ready for actual test event collection.

4.3 Collection Event

The orbit of the ISS provides a short orbital period and therefore good oppor-

tunities to arrange test events at almost any location between 63◦North and South.

Running simulations in Satellite Tool Kit provides confidence that data collection

opportunities will be available. Selecting Wright Patterson AFB as a hypothetical
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Table 4.1: On-orbit Systems Check Items

Check-out Item Purpose/Justification
Data uplink Ensure ground-to-

CTEx communications;
command-and-control

Data downlink Ensure CTEx-to-ground
communications; command
receipt; proper feedback

Data in-out with ISS Ensure proper communica-
tions between instrument
and ISS support/GPS posi-
tioning data/timing

Sensors Read Check health and welfare -
power, temperature, timing,
position(s)

Command & Control boot up Start computer processor
Software check Ensure processes are

functioning/responding
correctly

Calibration LEDs Ensure proper functioning,
on/off

FPA Use LEDs to check photons
in/voltage out; check pixel
health

Secondary Memory Check on/off; read/write
functions

Data routing and storage Ensure proper data routing
to camera memory and to
secondary solid-state stor-
age; check camera memory
clear capability

Prism rotation table and optical encoder Check functioning; posi-
tioning; control

Camera Electronic Aperture Test ability to vary frame
rate; check read rate

Prism Rotation Table and Camera Electronic Aperture Check synchronization;
data/feedback merge;
control

Telescope Aperture Ensure open/close
Telescope Check control; component

alignment; optical path
throughput; nadir pointing

Integrated System Check ability to capture
ground reflected scene in-
formation on command and
downlink data
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test site, and using baseline requirements for the CTEx instrument and a focal length

for the primary mirror of 625mm, these simulations indicate acceptable instrument

coverage and good probability of a collectable time period (Figure 4.3) during any

representative month.

Figure 4.3: CTEx coverage times and coverage probability for Wright-Patterson over
one month.

4.3.1 Test Plan. A collection event for CTEx will begin with choice of

location and target. Knowing the orbital elements for the ISS, the test site can be

set many months in advance with good confidence of exactly when the instrument

will pass overhead. For each experimental event a detailed test plan will need to be

developed. As a first step, an overall test director must be appointed who has the

knowledge and authority to deal with all the disparate elements that will be involved.

In conjunction with the location and test event choices, particular considera-

tions must be taken into account. These include the ability of the site to host the

desired event and the amount of time needed to apply for authorizations, gather and
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arrange logistics, and arrange for needed personnel to include any training (safety,

certifications, etc) they may require. If testing is taking place at an actual Air Force

or other Service test range, many of these things will be provided as a matter of

course. Nevertheless, they will have to be accounted for in planning. Keeping in

mind that the purpose of CTEx is to demonstrate the utility and uniqueness of par-

ticular Chromotomographic imaging principles, arrangements must also be made to

take ground-truth data at the test. Equipment and personnel must be present at

the test site to provide baseline measurements of the spectral and spatial information

against which the CTEx data can be compared.

4.3.2 CTEx Data Collection. Once a test plan has been implemented and

the test site prepared, the data collection event can commence. Prior to the actual

test event calibration needs to take place for the reasons set forth in Section 3.6.

A specific time period for calibration is hard to estimate at this point. The actual

calibration actions on the instrument should be able to be accomplished fairly rapidly.

The greater time demand will be in downlinking and analyzing the calibration data.

This could be approached in one of two ways. The data from calibration could be

downlinked and analyzed prior to the actual test event collection. Due to the limited

downlink speed this may take considerable time depending on the data cube size

taken for calibration. The other option would be take and hold calibration data in

secondary storage and examine it after the test event. Since the closer in time the

calibration is taken to the test event the more validity it will have, the second option

is probably the better.

After calibration, the telescope aperture doors will be opened and the prism

spun up to the desired setting for that particular event. Software driven collection

(windowing) will be initiated to coincide with the instrument FOV as the test event

enters the scene. Timing is obviously crucial for a successful collection. Fortunately a

readily available source of precise timing is GPS. GPS timing is available on the ISS

so it can be used for a t0 common timing mark to synchronize camera operation and
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test event. Timing synchronization is more of an issue in a very fast transient event

like an explosion rather than a relatively long combustion source such as a rocket

engine or flare. Even for these less demanding events though, timing markers will be

important since the data taken from the event on the ground will need to match up

with the data taken from CTEx to make valid comparisons. The criticality of timing

between the event, the ground truth instrumentation and the CTEx raises another

issue. Because the data generation rates are so high the CTEx cannot be run for long

periods of time. This means that the timing of the command to begin data collection

will be very important. This being the case there is a communication latency issue

which must also be taken into account. The time it takes between issuing a command,

its uplink to the ISS, transfer to the CTEx command computer, and actually executed

must be well established and accounted for in the event time line. Again, this is less

of an issue for a long duration event like a fire, but it still must be budgeted for to

ensure the instrument hasn’t partially or fully overflown the test position before data

collection actually begins. But if the command is issued too early, the instrument

may run low on available memory before the area of interest enters the FOV. Pre-

loading a sequence of commands to be executed at set times will help to mitigate

these latency issues. Nevertheless, even under those circumstances the relative times

of execution between the CTEx instrument and instrumentation on the ground is

necessary. Understanding and management of the sequence of event timing then is

imperative to experimental succuss.

To establish good spectral, radiometric and spatial data for each test event there

are several pieces of equipment that should be prepared to take data on the ground in

conjunction with the CTEx space-borne instrument. Among those already used for

these types of events are several spectral-radiometers and imagers. A list of these is

provided in Figure 4.4, all of which have been used for fast transient explosive tests

as shown in Figure 4.5. At least three instruments should be taking ground-level data

during each test to include an FTS (Fourier Transform Spectrometer) with at least one

silicon-based FPA to collect data in the visible wavelength band, a terrestrial version of
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the CTEx instrument, and a high speed imaging camera. The FTS will provide base-

line spectral and radiometric data which will be important for establishing a control

for the experiment. The ground-based CT instrument provides a direct comparison

data base against which to measure CTEx. This comparison will be important in

helping to determine whether anomalous data from CTEx is a factor of the instrument

itself or transmission through the atmosphere/space environment effects. The third

instrument, the high speed camera, will help by giving a well defined time versus

spatial dimension information for the test event. This will ensure reconstruction of

the event in time with high precision. Doing this will allow data reconstruction with

high confidence that any particular data block is in the right sequence with others.

That is an important check since our downlinked data may not arrive in the correct

time order. Beyond this, having a precise time-spatial profile of the explosion fireball,

for example, is a good control for the spatial data coming from CTEx.

Once the test event has taken place, the CTEx camera and prism rotation will

be turned off. The telescope aperture doors will be closed and data transferred from

the camera on-board memory to secondary storage. When that has been completed,

instrument health sensors will be checked to ensure the CTEx is back in its nominal

configuration with camera off, aperture doors shut, and prism in initial position (0◦

angle or “straight up”). Then a post-event calibration should also be conducted us-

ing the on-board calibration set up. All data will need to be partitioned in secondary

storage and then downlinked in chunks to the ground station(s) where it will eventu-

ally be analyzed. The data taken from the ground instruments will also need to be

exported to the analysis site.

Chapter III (Section 3.5.1) makes clear that data downlink is likely to be a

lengthy affair, over 30 hours for 15GB of data. Although it will be possible to take

data from another test event before the first data set is fully off-loaded, it would be

better to do at least a preliminary analysis before starting another run. In the event

that there are problems with the first data set, these can be identified and addressed
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Figure 4.4: Characteristics of equipment that has been used in characterizing fast
transient events in the past [39].
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Figure 4.5: Clockwise: (a) Artillery shell on site for a ground explosion test event.
Note the measurement equipment on the plateau above.(b) Explosion
event from artillery shell test. (c) A longer event is this rocket engine
test. [39]
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so they are not repeated. Otherwise time and effort may be wasted executing another

collection that has the same problems as the first.

Once all data is collected and examined for validity the test director should

convene some sort of after action panel to go over the test event, identify problems

and issues, and make recommendations for improvement. These then should be im-

plemented for the next round of testing through an upgraded test plan. Testing then

continues in an iterative fashion.

4.4 Space Environment Considerations

The ISS orbit is a low-earth orbit. It is well within the Earth’s magnetosphere

and is even within the ionosphere by most definitions. Therefore there is not a great

deal of threat to the CTEx instrument from high energy particles carried by the solar

wind, under most circumstances. The orbit is well out of the Van Allen radiation

belts, which range from roughly 2.5 to 6 earth radii in altitude. CTEx will still

be subject, as all electronics in space are, to the possibility of Single Event Upsets

(SEUs). SEUs result in a bit flip caused by an energetic charged particle interacting

with processors or other electronic components at the bit level. There is little that

can be done to protect against these events, but CMOS based devices are inherently

more resistant to them than CCDs. The ISS orbit does not pass through the polar

cap areas, where high energy particle flow into lower altitudes is most prevalent, but

it does regularly pass through the South Atlantic Anomaly. This region, located

off the coast of Argentina, is another region where Earth’s magnetic field is weak

(see Figures 4.6and 4.7). This weaker geomagnetic field strength results in charged

particles flowing down magnetic field lines in that area. Spacecraft passing through

the South Atlantic Anomaly have a higher probability of SEUs, some of which may

cause electronic malfunctions or data corruption. The bottom graphic in Figure 4.6

dramatically demonstrates the high rate of SEUs in the area. The positioning of

more susceptible components, such as the CPU or FPA, can be taken into account

to provide some level of shielding, but the risk cannot be totally alleviated. It will
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be prudent to limit CTEx active operations as much as possible during periods when

the instrument is passing through this area in its orbit.

Another threat from the space environment is the possibility of differential

charging between components or areas of the instrument as it orbits. Different mate-

rials and/or positioning as the instrument moves from sunlight to shadow can result

in the buildup of positive charge on some surface areas and negative on others due

to photoelectric effects. If a great enough charge differential is allowed, an arcing

discharge may be initiated. This tends to have very deleterious effects on electronics

nearby. These electrostatic discharge effects can be minimized through instrument

cover design. Another possibility is the addition of a Faraday cage to redistribute

surface charge and negate electrostatic buildup. This option will add weight and cost

to the instrument.

To summarize, the biggest issues facing CTEx operations once on orbit are pri-

marily organizational and timing. Careful planning and precise coordination between

instrument operations and ground-based test events will be critical to producing good

data. This is particularly the case for test events, such as explosions, where rapidly

changing spatial and spectral signatures are to be captured. The predictability of

the ISS orbit and use of GPS-based timing synchronization should help to ameliorate

these challenges.

100



Figure 4.6: (Top) The South Atlantic Anomaly is an area of weak geomagnetic field
that allows charged particles to concentrate and penetrate to lower alti-
tudes resulting in higher incidents of SEU. (Bottom) Data from two LEO
satellites illustrates the high rate of SEU over the Anomaly. [12, 37]
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Figure 4.7: The ISS regularly passes through the South Atlantic Anomaly in its orbit.
A higher chance of SEUs results. [12]
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V. Conclusions

5.1 Thesis Summary

There are a great many considerations that must be taken into account in trans-

lating a lab-based device into a transportable, operating instrument. This is true in

just designing a terrestrial instrument much less one that must be operated in space.

In producing this thesis the design and key operating principles of the rotating prism

chromotomography scanner were examined. The principles and background of spec-

troscopy in general and hyperspectral imaging in particular were studied. Examples

of early and more recent hyperspectral designs were used to both illustrate some of

the concepts involved and to provide models from which the CTEx instrument could

borrow. Concentrating on space-based instruments helped to frame a lot of issues that

had to be addressed in trade space analysis for CTEx. These areas were discussed in

Chapters I and II.

Chapter III was dedicated to the trade-space analysis for the planned space-

borne instrument. Areas that were specifically studied were the front-end system

optics, the prism itself and its rotation component, the focal plane array and issues

associated with rapid data capture and reset, data generation and handling to include

storage, data downlink and general communications, and system calibration. Beyond

straight forward trade-space analysis, instances of possible design problems were also

identified.

Chapter IV walked through requirements for actual CTEx data collection. A

general time-line of sequences of events was used to introduce and discuss the major

considerations for conducting the actual experimental tests. Although the primary

focus of this thesis is the instrument itself, the interactions between the space in-

strument and the ground were explored. Those interactions illustrated the very close

dependence of events taking place in space and on the ground which must be coordi-

nated for successful testing. There are three basic criteria defining success for CTEx.

These are collecting usable data from test events that include: a single hyperspec-

tral image with no time component (a snapshot), a large, relatively slow changing
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transient event, and a rapidly changing transient event. Of these, the fast transient

event will demonstrate the capability of CTEx that differentiates it from all other

space-borne hyperspectral imagers operating through 2009.

5.2 Issues

This thesis has brought to light several trade-space issues that will need to be

decided upon for the design to move forward. Some of these can only be resolved

through testing while others will require choices to be made by the end-users of the

expected data. One of the most comprehensive issues is that of operating the various

components in a space environment. Options for existing hardware for the front-end

optics, prism and prism rotation table, camera and FPA, and data storage devices

have been presented. The one common factor to all of these components is that none

of them have been used in space nor have any been tested for ability to operate in

space where near vacuum and thermal considerations must be taken into account.

COTS hardware was specifically considered for this project to limit cost and risk, the

fact is that some of these components will require significant customization because of

the space environment. Customization will partly negate the advantages of choosing

COTS components in the first place.

Specific components that will need customization are the telescope, the prism

and its associated rotation mechanism, the camera, and possibly the secondary mem-

ory. Beyond the capacity to operate in space, all of these components, in their off-the-

shelf forms, assume an ability for the operator to access and adjust them by hand if

needed. The requirement to be able to remotely operate this instrument and address

problems without hands-on intervention is not a trivial one. Just one example is the

front-end telescope. It appears at this point that these optics will be engineered and

produced by RC Optical Systems. A brief visit to the company’s web pages provides

a strong indication of the requirements for optical collimation. Technical articles on

how to accomplish this collimation with their existing products illustrate the absolute
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necessity of collimation and also assume hands-on capability to do so. The article on

collimation procedures for Ritchey-Chretien telescopes is included in Appendix E.

Another possible problem that presented itself during the course of this study is

that of thermal stresses on the direct vision prism. This also applies to the achromatic

focusing lens. Thermal cycling testing will need to be done to determine if there is

a real risk of the prism or lens separating due to differences in thermal expansion

and contraction between the materials used in these components. The possibility of

thermal gradient differences between structural members must also be considered to

avoid issues such as that which affected Hubble as related in Section 3.7.1.

A trade-space decision that must be addressed by the data customer is the

method used to stare at a test event for data collection. The windowing method

described in Chapter III is less costly, probably more precise, and presents less risk of

hardware failure. It also only allows for very limited data collection time per event.

Mechanical slewing, whether using a rotation bench or a slewing mirror greatly in-

creases the mechanical complexity of the instrument, adds mass, and presents greater

risk. It also will allow the instrument to achieve the full 10 second data collection

requirement. The end user will have to make an assessment as to whether the short

data collection (on the order of 2-3 seconds) is sufficient or it is worth the additional

costs of mechanical slewing.

Although there are a number of issues that will need to be resolved in the design

and construction of CTEx, this is not unexpected. One of the primary purposes of

this thesis was to identify these issues so they can be addressed early in the design

process. Proper design study and testing should successfully settle the problems that

have been noted.

5.3 Further Study Needed

This thesis is the first study undertaken to identify the major engineering issues

and tradeoffs involved with designing the CTEx and using it. However, this is by no
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means an exhaustive nor comprehensive analysis. There are a number of areas that

have yet to be examined before this instrument can be built, much less launched and

operated in space.

Among these areas still to be worked are instrument control, structural design

and fit of specific components, and testing and certification for space operations.

Control is a very complicated problem. The controls mechanism for CTEx will have

to include synchronization between the prism rotation table and optical encoder and

the camera. It will require some sort of position feedback data loop for the prism

position. It must be able to operate the telescope, the camera, the front-end aperture

doors, the calibration LEDs, and, if mechanical slewing is employed, be able to control

those movements with extreme precision. Software will have to be written to execute

these functions as well as to move data from the camera to secondary storage, perform

any pre-downlink processing such as data compression, downlink large masses of data

with reliability and some form of data packet encoding to ensure all packets are

sent and arrive and are able to be reconstructed in the proper sequence. Electrical

power will have to be distributed to various components such as the camera, rotation

table and LEDs at the proper voltages, cycles and wattage. There will need to be

system health and status sensors that, at a minimum, will report on temperature,

power, and instrument component position. Timing will be essential to coordinate

operations between CTEx and the ground, and for proper operation of the CMOS

FPA, particularly if the windowing data capture method is used since rapid pixel

readout and electronic control of specific pixel activation will be paramount. All of

this must be taken into account under the heading of “control”.

Analysis of major issues trade-offs for various major components for the CTEx

instrument has been completed. What has not, and cannot be done until specific

components are actually selected is modeling and fitment for the instrument as a

whole. As a reminder, as much COTS equipment as possible is being used to hold

down costs and lower risk by buying more mature technology. The downside, or trade-

space, of this strategy is that the various components, i.e. telescope and prism rotation
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table, have never been incorporated into a single design to work together as a whole.

This being the case, work will need to be done on exactly how to fabricate CTEx

with all the parts working in conjunction with each other. The overall packaging to

fit onto the JEM-EM, or other ISS platform, and correctly connect with the supplied

power and communications links will also have to be modeled. Part of this design

work will need to consider the materials used for structure and housing. As discussed

in Sections 3.3 and 3.7.1, care must be taken to account for differences in material

properties that could result in problems due to thermal cycling or even differential

charging between parts as the ISS orbits and passes through high particle energy

portions of the ionosphere.

This trade-space analysis is only an initial step in the design and construction

of CTEx. Engineering design and analysis of each of the instrument components,

followed by overall instrument design and construction is a natural progression for

the project. It is inevitable that as these steps are taken further challenges will

present themselves and be resolved in turn.

5.4 Testing

A crucial area of further work on CTEx will be extensive testing. Not only will

the instrument need to be tested to ensure it works as designed and produces the data

needed, but very stringent requirements for operation in space must be met to satisfy

NASA and ESA (European Space Agency) space qualifications. This is the sin quo

non of this instrument. If it isn’t space rated, it doesn’t fly.

The actual regulations are too numerous and beyond the scope of this thesis to

go into in any detail. Suffice it to say that safety standards for strength, electrical

hazard, overheating, and others will have to be tested for. Each component must be

tested and the instrument as a whole must be tested, under all operating regimes.

Therefore, a well designed, planned, and executed test regime must be accom-

plished. The test program completion will naturally be one of the last steps prior
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to launch. This being the case, actual testing must wait not only until specific com-

ponents are selected and fitted, but produced and delivered. The test planning and

design can be accomplished earlier though. Some of the main components a compre-

hensive test program will have to include are: G-testing (mainly for launch survivabil-

ity), vibration, noise production by the instrument, thermal cycling effects, operation

in a vacuum, and software testing. It cannot be stressed enough that testing will be a

major undertaking and require significant time and resources in man hours, lab time,

logistics and analysis.

Finally, there is specific instrument information that will be needed that can

only be gathered through empirical testing. Besides the vibration and thus jitter data,

one of the most important data sets is that of system noise. This can be estimated

through modeling to some extent, but one never really knows what the system noise

will be until it is actually tested. Once system noise is known, and having data for

pixel sensitivity (quantum efficiency), floors for signal-to-noise ratio (SNR) can be

derived. Thus minimum signal strength for data capture can be established. One

must keep in mind that the faster the prism revolves and the faster the camera frame

rate, the less signal per unit time reaches the focal plane array, assuming radiance is

constant. Using radiometric data the required radiant power for an event to register

with CTEx under various operating conditions will be established. This is important

to avoid wasting time and resources trying to collect on a test event if there is no

hope of the pixels in the FPA being able to register the incoming photons because

there are too few of them.

Testing is going to be a major component in the overall production of CTEx.

The safety requirements and the ability of the instrument to perform as expected must

be thoroughly vetted to ensure success. This is true though of any space experiment.
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5.5 Conclusion

The CTEx instrument is a bold initiative that promises to introduce new ca-

pabilities in the field of hyperspectral imaging. There are significant challenges in

designing, constructing and operating this HSI. This thesis has investigated these

challenges and identified problem areas and design trade-spaces that must be resolved

as an initial step towards launching and operating CTEx in space. A summarization

of the major instrument component decision areas is presented in Table 5.1. The

successful resolution of these issues as CTEx is engineered will, in the end, lead to a

successful instrument and successful experiment. Hyperspectral analysis of fast tran-

sient events is in its infancy. The successful fielding of CTEx will open up numerous

areas of research in Physics, Earth Science, Meteorology and others, as well as proving

a technology with direct, immediate applications for the Department of Defense and

possibly Homeland Security.
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Table 5.1: Summary of Trade-Space Issues
Issue Choices Comments

Front-end Optics Refractive vs Reflective Reflective optics offer great ad-
vantages in less aberration, bet-
ter stability, less susceptibility
to thermal distortion and better
scalability

Telescope Design Complexity vs Available Space An off-axis Mersenne design pro-
vides a good compromise be-
tween compactness and the nec-
essary placement of a field stop
and light collimation leading into
the prism. A simple Ritchey-
Chretian may not fit the avail-
able space.

Direct Vision Prism Bonded materials vs customized,
gapped design

Thermal cycling may break
bonded layer. A space-gapped
DV prism would avoid this.
Testing is needed to determine
prism susceptibility to thermal
failure. The issue may be alle-
viated through passive thermal
protection.

Rotation Table Rate vs Accuracy Recommend prism rotation con-
trol in increments of 10N Hz; N
= 0, 1, 2, 3. This provides a
range of rotation rate while of-
fering precise set points for well
defined controllability.

Focal Plane CCD vs CMOS Requirements for focal plane
throughput strongly indicates in
favor of CMOS.

Camera Frame Rate vs Resolution User input required: 1000 frames
per second requirement favors
Photron Fastcam SA2; higher
rates favor Phantom v12.1.

Memory Hard Disk vs Flash-Solid State
vs DRAM-Solid State

DRAM-SSD is more expensive
but clearly has superior perfor-
mance and is more robust for
space environment.

CPU Capability BAE systems RAD750 family
of single-board computers is
space-rated off-the-shelf, mature,
proven and compatible with ISS
data architecture.

Scene Staring Technique Mechanical vs Electronic Slewing User input required: Mechani-
cal slewing adds complexity and
risk but meets time requirements
for data collection per test event.
Electronic slewing requires no
additional components but only
provides 25% of requested data
collection and may be difficult
to accomplish due to demanding
precision timing.

Calibration External vs Internal LED lights mounted on aperture
doors provide good spectral and
spatial calibration.
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Appendix B. Prism Specifications
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Appendix C. Fast Frame-Rate Camera Specifications
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Appendix D. ISS Orbital Data

ISS  TRAJECTORY DATA

Lift off time (UTC)  :  N/A

Area (sq ft)  :  9902.8

Drag Coefficient (Cd)  :   2.00

Monthly MSFC 50% solar flux (F10.7-jansky)  :   72.1

Monthly MSFC 50% earth geomagnetic index (Kp)  :   2.19

ET - UTC  (sec) :   66.18

UT1 - UTC (sec) :    0.00

Vector Time (GMT): 2009/019/12:30:00.000

Vector Time (MET): N/A

Weight (LBS)     : 639525.7

M50 Cartesian                         M50 Keplerian

----------------------------------- --------------------------------

X    = -859769.88                 A    =         6730277.74  meter

Y    = -4099237.52  meter          E    =           .0007386

Z    = -5274263.00                 I    =           51.54805

XDOT =       7514.656335 Wp   =           73.91166

YDOT = -1633.687561  meter/sec      RA   =          347.45781  deg

ZDOT =         46.809239                 TA   =          196.52163

MA   =          196.54571

Ha   =            194.186  n.mi

Hp   =            192.517

M50 Cartesian                         J2K Cartesian

----------------------------------- --------------------------------

X    = -2820767.31                 X    = -788246.44

Y    = -13448942.00  feet           Y    = -4108451.62  meter

Z    = -17304012.48                 Z    = -5278266.34

XDOT =      24654.384302                 XDOT =        7532.138605

YDOT = -5359.867325  feet/sec       YDOT = -1549.556570  meter/sec

ZDOT =        153.573620                 ZDOT =          83.357444

TDR Cartesian                         TDR Cartesian

----------------------------------- --------------------------------

X    =        9320903.81                 X    =         2841011.48

Y    = -10069934.11  feet           Y    = -3069315.92  meter

Z    = -17319838.23                 Z    = -5279086.69

XDOT =      18026.440118                 XDOT =        5494.458948

YDOT =      16188.538540  feet/sec       YDOT =        4934.266547  meter/sec

ZDOT =        295.751854                 ZDOT =          90.145165

The mean element set is posted at the UTC for which position is

just north of the next ascending node relative to the above

vector time

TWO LINE MEAN ELEMENT SET

ISS

1 25544U 98067A   09019.53659256  .00010596  00000-0  82463-4 0  9000

2 25544  51.6402 347.8788 0008205 285.4453  74.5802 15.70436401 22574

Satellite: ISS

Catalog Number: 25544

Epoch time:      09019.53659256   = yrday.fracday

Element set:     900

Inclination:       51.6402  deg

RA of node:       347.8788  deg

Eccentricity:     .0008205

Arg of perigee:   285.4453  deg

Mean anomaly:      74.5802  deg

Mean motion:   15.70436401  rev/day

Decay rate:    1.05960E-04  rev/day^2

Epoch rev:            2257
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Appendix E. RC Telescope Optical Collimation Procedures
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Appendix F. Newport Rotation Table
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Appendix G. Computer Optical Products CM-5000
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Appendix H. International Space Station
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Japanese Experiment 
Module (JEM)/Kibo (Hope)
Japan Aerospace Exploration Agency (JAXA)/ 
Mitsubishi Heavy Industries, Ltd.

www.nasa.gov INTERNATIONAL SPACE STATION (ISS) INTERACTIVE REFERENCE GUIDE

National Aeronautics and Space Administration
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Appendix I. BAE Systems [11]
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