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a b s t r a c t

The Thermal Hyperspectral Imager (THI) is a low cost, low mass, power efficient

instrument designed to acquire hyperspectral remote sensing data in the long-wave

infrared. The instrument has been designed to satisfy mass, volume, and power

constraints necessary to allow for its accommodation in a 95 kg micro-satellite bus,

designed by staff and students at the University of Hawai’i. THI acquires approximately

30 separate spectral bands in the 8–14 mm wavelength region, at 16 wavenumber

resolution. Rather than using filtering or dispersion to generate the spectral information,

THI uses an interferometric technique. Light from the scene is focused onto an uncooled

microbolometer detector array through a stationary interferometer, causing the light

incident at each detector at any instant in time to be phase shifted by an optical path

difference which varies linearly across the array in the along-track dimension. As

platform motion translates the detector array in the along-track direction at a rate of

approximately one pixel per frame (the camera acquires data at 30 Hz) the radiance from

each scene element can be sampled at each OPD, thus generating an interferogram.

Spectral radiance as a function of wavelength is subsequently obtained for each scene

element using standard Fourier transform techniques. Housed in a pressure vessel to

shield COTS parts from the space environment, the total instrument has a mass of 15 kg.

Peak power consumption, largely associated with the calibration procedure, is o90 W.

From a nominal altitude of 550 km the resulting data would have a spatial resolution of

approximately 300 m. Although an individual imaging event yields approximately 1 Gbit

of raw uncompressed data, onboard processing (to convert the interferograms into a

conventional spectral hypercube) can reduce this to tens of Mega bits per scene. In this

presentation we will describe (a) the rationale for the project, (b) the instrument design,

and (c) how the data are processed. Finally we will present data acquired by THI on a

laboratory microscope stage to demonstrate the spectro-radiometric quality of the data

that the instrument can provide.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Since the launch of ERTS-1 (Landsat 1) in 1972, scientists
have developed many techniques for using remote mea-
surements of spectral reflectance and emittance to quantify

and monitor the condition of Earth’s land, oceans, and
atmosphere. Field and laboratory studies have laboriously
cataloged the detailed characteristics of the spectral signa-
tures of rocks, minerals, vegetation, and water bodies.
However, full exploitation of these measurements at the
global scale from orbit has been limited by the limited
spectral resolution of the available multi-spectral imaging
sensors such as Landsat Multi Spectral Scanner (MSS),
Thematic Mapper (TM), Enhanced Thematic Mapper Plus
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(ETMþ) and Terra ASTER (Advanced Spaceborne Thermal
Emission and Reflection Radiometer). For example, Fig. 1
shows the laboratory-derived spectral reflectance of healthy
vegetation and the spectral emittance signature of basalt,
rhyolite and tonalite (a composition that approximates the
average composition of Earth’s continental crust).

Also shown are these spectra sub-sampled to the
spectral bandpasses of Landsat ETMþ and Terra ASTER.
The bandpasses of these multi-spectral sensors were
specified to record significant changes in the slopes of
these curves that were diagnostic of a particular cover
type (e.g. the vegetation ‘red edge’; the location of the
restrahlen band in rock/mineral spectra). Using multi-
band spectral indices these data can be used for first order
mapping of surface cover type (i.e. presence and absence
of vegetation; relative vegetation health; water turbidity;
presence of iron staining or ‘‘hydrated’’ minerals), but do
not resolve important spectral differences that could be
used, for example, to detect subtle changes in vegetation
health or the alteration assemblages characteristic of
epithermal ore deposits.

A significant advance in remote sensing lies in the
potential to perform spectrometry from orbit to provide a
uniform, synoptic view of the Earth. Making measure-
ments of reflectance and emittance in tens or hundreds of
narrow, contiguous wavebands, allows the derivation of
laboratory quality spectra from space. Spectral features
in these wavelength ranges are due to electronic (atomic)
and vibrational (molecular) transitions, and can be directly
related to target chemistry given adequate spectral resolu-
tion. Since the early 1980s NASA has developed airborne
imaging spectrometers (e.g. [3]), culminating in the NASA
Jet Propulsion Laboratory’s highly successful AVIRIS instru-
ment ([4]) soon to be succeeded by the next generation
AVIRIS, AVIRISng. The availability of such airborne data has

allowed scientists to develop and refine algorithms at well
characterized test sites for target detection and character-
ization that fully exploit the possibilities afforded by nm
scale spectral measurements.

The barriers to transitioning hyperspectral imaging
technologies into space are well documented. In the
400–2500 nm range the combination of high spatial and
spectral resolution and short times available for signal
integration makes the high signal to noise ratios (SNR)
required for the most sophisticated spectral analysis a
significant technical challenge requiring highly optimized
designs and state of the art detectors. Such instruments
for visible and near infrared measurements are just now
available and have been flown in space but not directed at
Earth ([17]). A proof of concept terrestrial mission was
flown in 2000, when NASA launched its first spaceborne
hyperspectral imaging system, the Earth Observing-1
Hyperion ([15]). Hyperion, however, only images between
�0.4 and 2.5 mm, with modest SNR (�80:1 to �40:1; cf.
�1000:1 to �500:1 for AVIRIS). An optimized imaging
spectrometer is envisioned for future flight via NASA’s
proposed HyspIRI mission, again imaging at visible and
shortwave infrared wavelengths.

In contrast, there are no NASA plans for the acquisition
of hyperspectral data in the thermal infrared. A technical
approach similar to HyspIRI is feasible and demonstrated in
a variety of airborne instruments (e.g. SEABASS, [5]; AHI,
[9]). However, these spectrographic approaches require
that the instruments themselves be cooled to 120 K or less
to drive instrumental self-emission below other noise
sources. The need to cool relatively massive optics greatly
increases the power consumption of the instrument, as well
as its complexity and thus cost. Furthermore, the tempera-
ture required of the detector itself is a function of the
maximum wavelength of interest. Obtaining data beyond

Fig. 1. Laboratory spectra of vegetation (left, spectral reflectance) and three rock types representative of Earth’s crust (right, spectral emittance). Bottom:

the same spectra resampled to the spectral resolution of Landsat TM (left) and ASTER (right).
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10 mm requires increasingly low temperatures (to well
below 77 K) also increasing the power consumption of the
instrument. These constraints are compounded by the
desire to acquire thermal infrared remote sensing data at
resolution of less than 100 m per pixel. However, if the
spatial resolution requirement is relaxed, other technical
approaches become feasible that enable the acquisition of
thermal IR hyperspectral at relatively low cost. Currently
NASA has no plans for a high to moderate resolution
thermal infrared imaging capability (multi or hyperspec-
tral) in the next ten years. The Landsat Data Continuity
Mission (LDCM), scheduled for launch in early 2013, will
acquire only two spectral bands in the longwave infrared
([6]); the multi-spectral ASTER sensor, launched in 1999, is
well beyond its nominal operating lifetime.

This paper describes a low cost, low mass, power
efficient instrument designed to acquire high signal to
noise hyperspectral remote sensing data in the long-wave
infrared at 250 m spatial resolution, sufficient for many
applications. The instrument has been designed to satisfy
mass, volume, and power constraints necessary to allow
for its accommodation in a 95 kg micro-satellite bus,
designed by staff and students at the University of
Hawai’i. The low cost mission opportunities provided by
the small satellite model constitute a pathway via which
innovative, imaging technologies and scientific experi-
ments can be launched to provide data to answer more
tightly focused science questions than is possible with
traditional missions. The results of the current mission
paradigm are usually sufficiently expensive that the
associated science goals must be broad enough to satisfy
a wide constituency of researchers. The small satellite
paradigm also provides a test-bed for technologies which
may be integrated into a traditional ‘‘large sat’’ Earth
observations mission at a later date. We will describe how
THI is an instrument that may satisfy some of these
criteria. First we will introduce the THI instrument and,
by means of example, show how the instrument can
provide the kind of data required to study the properties
of Earth’s surface and its atmosphere. Finally we will
describe some of the constraints under which THI was
designed, in order that it should be consistent with
integration into a small satellite platform.

2. The THI instrument concept

2.1. Overview

The ability of THI to collect high quality thermal
hyperspectral imagery is based on two technical
advances. Most importantly, large detector arrays of
infrared-sensitive microbolometers provide the sensitiv-
ity required for hyperspectral imaging. These detector
arrays do not require cooling, and while not as sensitive
as cryogenically cooled arrays, are sufficiently sensitive to
obtain high quality spectral data when used with an
interferometer. This capability has been demonstrated in
an extensive series of laboratory, field and airborne tests
[10,11]. The spatial resolution of the imager is imposed by
the readout rate of the detector array (30 Hz) which is

required to achieve the necessary sensitivity without
using image motion compensation.

The THI imager is an imaging interferometer. Render-
ings of the instrument are given in Fig. 2. Only the main
components (as discussed in the text) are highlighted. In
summary, the most important aspects of the instrument
concept are: (a) THI acquires calibrated spectral radiance
data in the 7.5–13.5 mm interval, using an uncooled
microbolometer array; (b) spectral decomposition is
achieved using a interferometer comprising three mirrors
and a beam-splitter in the Sagnac configuration; (c) to
reduce costs, COTS parts and components have been used;
(d) to facilitate this, any part or component that is not
designed to withstand the space environment (vacuum;
radiation) is housed in a pressure vessel within which the
pressure will be held at 1 atm; (e) the instrument has
been designed to meet requirements imposed (power,
mass, volume, data rate) for inclusion into a 95 kg small
satellite designed by staff and students at the University
of Hawai’i.

THI measures the spectral radiance from a target using
an uncooled microbolometer array of 320�256 pixels.
The focal plane (along with other parts and components
which will be briefly discussed later) is mounted on an
aluminum optical bench and housed in an aluminum
pressure vessel. Light from the scene is focused onto the
array using an IR transparent lens. Spectral decomposition
is achieved using a common path interferometer, which
consist of three circular mirrors and a beamsplitter,
arranged in the Sagnac configuration. Here, the interfe-
rometer is arranged in a box format with the three
mirrors aligned at 901 to each other. Although Sagnac
interferometers typically use a triangular path, this box
configuration has a shorter total path length, thus redu-
cing vignetting. This configuration has an aspect ratio
(path length to aperture) of approximately 5:1.

The interferometric method for collecting thermal
infrared spectroscopic remote sensing data that we
describe holds several advantages when compared to
more familiar filter or dispersive imaging spectrometers.
High signal to noise ratios (SNR) can be achieved as a
result of the throughput and multiplex advantages
afforded by the FTIR technique ([19]). FTIR spectrometers
do not employ slits which would otherwise restrict the
amount of light entering the system. When using a
cryogenic photon noise-limited detector the signal and
noise relationships offer no special advantage to the FTIR,
but in the case of read noise limited detectors including
microbolometers, the FTIR has an SNR advantage propor-
tional to the number of spectral channels measured. This
means that a spectrum of equivalent SNR can be obtained
in less time using the FTIR approach than using dispersive
spectroscopy when using these lower power detectors.

Crucially from the perspective of small-satellite applica-
tions, microbolometers do not need to be cooled for opera-
tion. Photon detectors convert a flux of incident photons
from the target (signal photons) into a photo-electric current
as electrons are excited from the valence band to the
conduction band of the semi-conductor material which
comprises the detector. As photons in the thermal infrared
have low energies, so the semiconductor band-gap must be
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narrow if a photo-electric current is to be generated in
response to an impulse at these wavelengths. Unfortunately,
the requirement of a narrow band-gap for the detection of
low energy photons means that there will always be a

current through the detector even in the absence of any
light, due to electrons generated by thermal excitation in the
detector material itself. Such dark current must be mini-
mized (by either active or passive cooling to temperatures as

Fig. 2. Renderings of the THI instrument. (a) and (b) from different vantage points; (c) with the interferometer cube omitted. Part d shows the optical and

mechanical layout. The red and blue lines are used to convey the fact that a phase shift between the reflected (blue) and transmitted (red) is induced by

the mirror/beamsplitter alignment before recombination at the beamsplitter and arrival at the imaging lens, after [11]. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)
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low as 40–60 K, depending on the detector material and the
wavelength range desired) if adequate SNRs are to be
realized. Such cryo-coolers add considerable mass, power
demands, complexity, and hence cost to TIR remote sensing
missions, making their use difficult on a small satellite
platform. Because microbolometers do not detect photons
in this way (rather, the energy of the photons striking the
bolometer is thermalized and the change in temperature
causes a change in the electrical resistance of the detector;
this change in resistance is measured) they do not need to be
cooled.

However, bolometers are not without limitations. Unlike
cryogenic instruments, the proposed approach has an impor-
tant limitation of a 30 Hz frame rate of the detector that
limits data collection to 30 lines (of 300 pixels) per second.
The resultant spatial resolution is more coarse with an
uncooled bolometer than can be achieved with a cooled
detector array. It is assumed that this difference in perfor-
mance trades with mission cost and complexity, and the
potential for realizing hyperspectral thermal infrared data
collection from orbit.

2.2. THI heritage

The design of THI is based on a sensor developed under
funding from the NASA Planetary Instrument Definition
and Development Program (PIDDP) and from the Hawai’i
Technology Research Venture. In fact, this imaging
approach has been under development at the University
of Hawai’i at since the early 1990s. The reader is pointed
to a series of papers, which provide a thorough overview
of both the physics of the technique and how the
engineering and implementation has evolved over this
period of time ([8,7,10,11].

Generally, Sagnac interferometers have been flown in
space on the Air Force Research Laboratory’s MightySat II
platform ([13]) launched in 2000, which was an earth
orbiting satellite, in addition to the first Chinese lunar
mission Chang’E-1, which was launched in 2007 ([14]).
These missions made measurements in the visible and
near infrared part of the spectrum, unlike the thermal
infrared implementation we describe here.

2.3. THI imaging concept

For a single frame of data, the orientation of the beam
splitter and mirrors is such that the optical path differ-
ence between the reflected and transmitted beams that
the interferometer imparts varies for each detector in the
array (and hence scene element), and does so linearly
across the sensor’s field of view (Fig. 3a). In the current
implementation OPD is set at 5 mm/pixel. A single frame
of data (e.g. t¼0 in Fig. 3a) provides no spectral informa-
tion. However, if the platform is translated across the
scene at a rate of approximately one pixel per frame then
targets within the scene are images at each successive
OPD (e.g. the quartz grain marked with the red arrow). If
such a sequence of frames is then spatially co-registered
(Fig. 3b), the modulated radiance from each scene ele-
ment as a function of OPD (i.e. an interferogram) can
be reconstructed (Fig. 3c). This can then be transformed

to a radiance spectrum using the Fast Fourier Transform
(Fig. 3d).

However, prior to the generation of a calibrated spectral
radiance spectrum, some processing of the raw data is
required. Specifically (a) a non-uniformity correction is
applied to account for non-uniformity in the array response;
(b) co-registration of the individual frames to reconstruct an
interferogram for each scene element, and (c) calibration of
arbitrary sensor units as a function of modulation frequency
to spectral radiance, in W m�2 sr�1 mm�1.

Two blackbodies (held at temperatures which bound
the scene temperature) are imaged 100 times each,
averaged to suppress noise, and filtered to suppress the
fringes using standard Fourier filtering (a triangular apo-
dization function is used to suppress side lobes). For each
detector in the array a two point DN-to-temperature
relationship is derived. This relationship is then applied
on a pixel-by-pixel basis to all frames of scene data to
correct for non-uniformity of the array and to calibrate
the data. The image frames are co-registered using stan-
dard spatial auto-correlation techniques. To aid the auto-
correlation (i.e. to calculate the required frame-to-frame
spatial offset required to achieve co-registration of com-
mon elements within the frames), each frame is first
Fourier filtered to suppress the fringes, which would
otherwise impede the autocorrelation algorithm (i.e. the
algorithm uses images such as the one shown on the right
hand side of Fig. 3a, but with the fringes removed). Once
the set of offsets is determined the scene data are co-
registered. The result is an image cube 256 pixels wide
and of n pixels in length (where n is equal to the number
of frames acquired). The pixels in the first 319 (and last
319) frames of the image sequence do not contain
complete interferograms. Thus, although an imaging
event of 1000 frames will produce an image cube of
spatial dimensions 256�1000, only 256�362 pixels will
have complete interferograms. A triangular apodization
function is applied to each, and the method of [12] is used
to convert each interferogram (temperature as a function
of OPD) to a spectrum (spectral radiance as a function of
modulation frequency; temperature is converted to spec-
tral radiance using slope and intercept information
derived from the blackbodies). Although the procedure
returns a nominal 320 spectral channels, the bolometer
(via the lens) is only sensitive to light in the 7.5–13.5 mm
interval, and as such THI provides approximately 50 valid
spectral radiance measurements (plot symbols in Fig. 3d).
The final step in the process is wavelength calibration (i.e.
to convert spectral radiance as a function of modulation
frequency to spectral radiance as a function of wave-
length). This is achieved using a pre-defined wavelength
calibration. Either of the blackbodies is imaged 100 times
through a narrow-band filter, and the result averaged.
A 10.5 mm filter is used, which is halfway between the
limits of the spectral range of interest. The center line of
the array in the y-dimension is taken and an FFT applied.
Given that only light of 10.5 mm is incident on the
detectors, the frequency bin showing the maximum
response must be the bin corresponding to a wavelength
of 10.5 mm. Wavelengths are then assigned to all fre-
quency bins adjacent to this peak modulation frequency.

R. Wright et al. / Acta Astronautica 87 (2013) 182–192186
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On orbit, atmospheric absorption features could be used
to perform the wavelength calibration (e.g. the 9.6 mm O3

feature). Line shape as a function of position in the
detector array is shown in Fig. 4, acquired viewing a
blackbody at 90 1C.

Fig. 3 shows some results obtained using this
approach. Here, quartz grains on a microscope slide were
imaged by translating the microscope stage across the
instrument field of view. By dividing the spectral radiance
of the target (obtained using the techniques described
in the previous section) by the spectral radiance of a
blackbody at the same temperature (Fig. 3e), an emissiv-
ity spectrum can be obtained (Fig. 3f). The emissivity

spectrum for the indicated quartz grain is illustrated in
Fig. 3f (red curve). For comparison the an emissivity
spectrum for a quartz sample is shown in gray, resampled
to the same spectral resolution as THI (in this case a fresh
fracture surface, obtained from the NASA Jet Propulsion
Laboratory’s ASTER Spectral Library; http://speclib.jpl.
nasa.gov/; [1]). The Restrahlen doublet is clearly visible,
as a shallow absorption trough at approximately 12.7 mm.
An airborne version of the THI instrument has recently
undergone a test flight. An image acquired is shown in
Fig. 5. Here, the spatial resolution is 50 cm, and the three
band color composite displays data acquired at 8.4, 9.0
and 9.5 mm in red, green, and blue.

Fig. 3. (a) Raw frames of data acquired by a THI prototype (target is quartz grains on a glass slide, visible as darker gray ‘‘blotches’’). Interference fringes

are apparent. Light from each element of the target is phase shifted in a manner that varies linearly across the array from left to right. ZPD is zero path

difference, the center burst of the interferogram. Frames shown were acquired 1.6 s apart, at a frame rate of 30 Hz. (b) and (c) illustrate how and

interferogram can be obtained for each scene element via spatial autocorrelation of a sequence of images frames. (d) calibrated spectral radiance data

after wavelength calibration of data shown in Fig. 3d. (e) calibrated spectral radiance retrieved for the same pixel via FFT of the interferogram, still in

frequency units. (f) Comparison of the emissivity spectrum of the quartz grain compared to a high resolution laboratory spectrum of quartz.

(For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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3. Scientific applications of THI

Although an instrument such as THI can be used
simply as an imaging radiometer (i.e. to measure tem-
perature), it is as an imaging spectro-radiometer where its
true potential lies. An overview of two scientific applica-
tions of the data is now provided.

3.1. Mineralogy and lithological discrimination

All materials have unique thermal emittance signatures,
which denote wavelengths at which the material

characteristically absorbs electromagnetic radiation. Absorp-
tion as a function of wavelength (which depletes the photon
flux available for a remote sensing instrument to measure at
those specific wavelengths) manifests itself as troughs in
these spectra. Rocks, and the minerals that make up rocks, are
primarily composed of oxygen, silicon, and aluminum, with
smaller amounts of iron, calcium, sodium, magnesium, and
potassium, and much smaller amount of other elements. In
the 0.4–2.5 mm region, oxygen, silicon and aluminum atoms
do not exhibit strong variations in absorption as a function of
wavelength: the electronic structure of these elements is such
that transitions do not produce strong absorption features in
the visible or short-wave infrared. The absorption features
that do occur in this wavelength region are largely due to the
presence of transition elements, particularly iron. Although
important for some applications, these absorption features
map the presence of minor constituents of the rocks, rather
than the main rock forming minerals themselves. In the TIR,
on the other hand, absorption features are apparent which
allow the main rock forming minerals to be distinguished. For
example, a systematic shift of the principal absorption feature
(the restrahlen band; the emittance trough visible in Fig. 6) to
longer wavelengths occurs as one moves from acidic through
intermediate and basic, to ultrabasic igneous rock composi-
tions (several chapters in [16] provide an excellent overview).
This mirrors the change in the length and strength of the
silicon–oxygen bonds as one moves from rocks such as
granite, which are dominated by framework silicate miner-
als such as quartz and feldspar, to peridotite, which is
dominated by silicate minerals which do not share oxygen
and silicon ions in a framework structure, such as olivine
and pyroxene. Non-silicates can be easily distinguished
from silicates in the thermal infrared. In addition to an
inability to distinguish rock composition, a significant
limitation of mineralogical and lithological remote sensing
in the 0.4–2.5 mm region is the fact that the reflected light
only interacts with the upper handful of microns of the
target material. As a result, remote discrimination of rock
types is confounded by weathering/chemical reaction pro-
ducts that naturally accumulate at rock surfaces as the
minerals react with water and atmospheric gases

In the thermal infrared, the measured photon flux (and
how it is affected by material chemistry) is integrated
over a greater depth of the target material, thus reducing

Fig. 4. Instrumental line shape of the THI instrument, for several

transects across the array, obtained after viewing a blackbody at 90 1C.

Fig. 5. THI image acquired over residential area on Oahu, Hawai’i.

R. Wright et al. / Acta Astronautica 87 (2013) 182–192188
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the potential for such coatings to hinder retrieval of bulk
rock composition. These properties of thermal infrared
spectroscopy have found widespread application in both
lithological identification and mapping and mineral
exploration

3.2. Monitoring volcanic emissions

Kilauea volcano is the largest point source of atmo-
spheric pollution in Hawai’i. During periods when the
north east tradewinds weaken (about 10% of the year) a
volcanic fog (vog) of sulfur dioxide aerosol drifts over the
island chain, promoting an increase in respiratory com-
plaints amongst the islands population. For many years
the SO2 flux had been steady at o2000 t per day (t/day).
However, since the opening of the Halemaumau summit
vent in March 2008, fluxes have doubled, increasing the
aforementioned human health problems. The sulfur diox-
ide molecule absorbs radiation in the LWIR, and remotely
sensed measurements of this absorption feature (Fig. 7)
can be used, along with a radiative transfer model of
the atmosphere (such as the widely used MODTRAN), to
compute the amount of SO2 into the atmosphere ([18]).
Broadband data are confused by the presence of volcanic
ash, which has absorption features in the LWIR (see [20]).
However, by providing a complete hyperspectral thermal
radiance spectrum in this wavelength region, the Sagnac
interferometer should allow us to compute SO2 pollution
from the volcano more accurately. An important orbital

application of this instrument would be mapping volcanic
ash for aviation safety. Broad band sensors currently used
for this purpose can confuse ordinary water vapor clouds
with diffuse ash clouds, and sulfate aerosol clouds. The
availability of a complete LWIR spectrum provided by an
instrument such as THI would increase the sensitivity and
accuracy with which volcanic ash hazards to aircraft
could be detected, by allowing better discrimination of
ash, aerosol, water vapor and SO2.

4. THI as a micro-satellite payload

The THI instrument, depicted in Fig. 2, has been
designed for integration into a micro-satellite platform
designed by students and staff at the university of Hawai’i
at Mānoa. Design of THI proceeded within constraints
imposed by the spacecraft design team. These included:

(1) The bus would provide 28 V DC power, unregulated
(voltage may vary between 21 and 32 V).

(2) THI should not exceed a mass of 15 kg.
(3) 20 W of power would be made available to THI for

up to 20 min per 24 h period (a total of 2.4 kJ), with
THI’s peak power consumption not to exceed 80 W.

(4) An aperture would be provided for viewing the
Earth’s surface which accommodates, unobstructed,
THI’s 101 field of view.

(5) Spacecraft pointing accuracy of 731.
(6) Platform stability such that jitter in pitch and roll

shall not exceed 30 Hz at an amplitude of 0.6 Mrad,
3 Hz at an amplitude of 6 Mrad, and 1 Hz at an
amplitude of 20 Mrad. The yaw rate shall not exceed
0.7 Mrad �1s.

(7) An Ethernet connection for transferring data and
commands.

(8) THI would be exposed to temperature differences
of between 21 and 51 (modeled over multiple orbits
using Thermal Desktop).

(9) 3 GB of storage to buffer data for later transmission.
(10) The ability to downlink up to 700 Mb of data

per seven day period (S-band).
(11) A nominal altitude of 550 km.

The instrument can be considered in three parts: (1) the
THI instrument—camera, optics and all electronics neces-
sary to acquire image data; (2) the calibration subsystem—

the hardware required to calibrate the data THI acquires;
and (3) the optical bench and pressure vessel which hosts
(1) and (2). These elements, which can be identified with
reference to Fig. 2, will now be briefly reviewed. A block
diagram is given in Fig. 8.

(1) The THI instrument: The focal plane array is a FLIR
Photon 320 uncooled microbolometer array of
320�256 pixels, which has a frame rate of 30 Hz.
Transfer of data from the camera core to the THI
computer is via GigE camera interface. Light from the
scene is focused onto the array using a Strix LWIR
thermal imaging lens (ZnSe, 50 mm focal length,
F]1.4, 93% transmissive). Spectral decomposition is

Fig. 6. Emissivity spectra of igneous rocks from ultrabasic to acidic end-

member compositions. Spectra are offset vertically for clarity. Adapted

from [2].
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achieved using a stationary interferometer, placed
before the lens. The aluminum interferometer cube
contains three 50 mm diameter gold coated, circular
mirrors (Zerodur substrate) and a ZnSe beamsplitter.
All electronics required for the autonomous operation
of THI are housed in the pressure vessel. THI’s internal
computer is a Versalogic Ocelot PC/104 single board
computer (1.3 GHz) running Microsoft XP with 2 GB
of RAM. Upon acquisition, image data frames (as well
as calibration frames) are stored on a 160 GB solid
state drive, for later transfer to the bus. Also within
the pressure vessel is a DC–DC convertor for power
conditioning, and a fan for stirring the atmosphere
within the pressure vessel, to aid heat transfer. It is
anticipated that some adjustments to the optical
elements will be required during operations to
account for displacements in the position of the
optical bench/pressure vessel walls and the beams-
plitter, resulting from thermal expansion and contrac-
tion. To this end, the camera is mounted on a slide
assembly within the pressure vessel which will allow
the camera to slide fore and aft to achieve focus.

To adjust the beamslitter, a vacuum rated micrometer
(powered by a picomotor) is included in the design,
mounted on the interferometer cube itself.

(2) The calibration subsystem: THI scene data must be
calibrated in order that quantitative information
about the target can be derived from them. To achieve
this, two calibration paddles, attached to the optical
bench, will be used. Before and after each imaging
event one paddle will be cooled below (and one
heated above) the expected scene temperature. Each
will then be inserted into the THI field of view and
imaged to provide the frames required to calibrate
and flat-field the scene data. For each paddle, four
thermoelectric heating/cooling modules (TECs) are
sandwiched between two aluminum paddles. The
temperature of the top aluminum paddle (the black-
body surface) is measured by a resistance tempera-
ture detector. An Athena 2C temperature controller
controls two driver boards (one for each black body)
using the measured temperature (temperature sen-
sors having a quoted accuracy of 0.25 1C). The THI
computer sets the temperature set point of the Athena

Fig. 7. Top: transmission spectra of volcanic SO2, sulfate aerosol, ash and H2O. Middle: ASTER image of volcanic ash (mapped as purple in this three band

composite) from the 2010 eruption of Eyjafjallajökull, Iceland. Bottom: SO2 plume from Suwanose-Jima, Japan. Absorption of light by SO2 is mapped as

yellow in this three band composite. Gray curves show the spectral response functions of the five pass-bands of the ASTER TIR subsystem; THI will

acquire 50 bands over the same spectral interval. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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2C via an RS232 connection. The top blackbody surface
is coated with a low-outgassing, spectrally flat black-
body paint (Krylon Ultra Flat Black ]1602; emissivity¼
0.9570.05). The two paddles are deployed into the
field of view two Maxon positioning DC motors. The
hypothetical bus provides THI with a peak power
constraint of o80 W. Bringing all four TECs up to
temperature as rapidly as possible, whilst simulta-
neously running one Maxon motor to hold a paddle
in the field of view, and the THI instrument, consumes
111 W. Bringing the blackbodies up to temperature
over a longer period of time appears to allow us to
meet the 80 W peak power requirement. The total
weight of the calibration subsystem is 1.4 kg.

(3) The pressure vessel: a principal aim of the project was
to keep the instrument cheap by using COTS parts. Of
course, such parts are not designed to withstand
vacuum or the radiation environment of low Earth
orbit. With this in mind, THI was designed in such a
way that any piece part or component which could not
be guaranteed to survive in space would be contained
within a pressure vessel (Fig. 2). The pressure vessel is
made of aluminum. Preliminary finite element analysis
indicates that an overpressure of 1 atm (Ar or N) can be
safely accommodated (i.e. factor of safety 1.55 with less

than 0.479 mm displacement) by using a pressure
vessel with walls 3.18 mm thick. Assuming an optical
bench 6.36 mm thick gives a mass for the pressure
vessel and bench of 8.24 kg. The vessel is designed to
maintain 40.6 atm for three years. The pressure vessel
provides additional protection for the COTS compo-
nents from the effects of radiation. Unless otherwise
proven, COTS parts must be assumed to be non rad
hard. The shielding thickness of all cumulative structures
in the bus had, a prioi, been specified to only expose
electronics to around 1.67 krads TID over the mission
duration. In order to save mass, the interferometer cube,
calibration subsystem, and all associated structures and
mechanisms are attached to the optical bench outside
the pressure vessel. The total mass of the entire THI
instrument is therefore 15.59 kg, with half of this attri-
butable to the pressure vessel. The mass of the pressure
vessel is largely a result of the desire to maintain a
pressure of 1 atm, while minimizing deflection of the
vessel walls (which could affect the placement of optical
elements) and maintaining an adequate safety factor. Of
course, the availability of COTS parts to withstand
vacuum would render the pressure vessel obsolete,
provided the parts were radiation hardened. This would
reduce the mass of the overall instrument substantially.

Fig. 8. Block diagram showing the relationship between THI and the spacecraft. Green boxes denote testing configuration. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)
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Given the constraints imposed by the hypothetical
micro-satellite bus, the spatial resolution of THI data (i.e.
the instantaneous field of view) would be 330 m from an
altitude of 550 km, with an along-track sample distance of
233 m at a sampling rate of 30 Hz (the data are therefore
slightly oversampled in the along-track direction). The
256 pixel array equates to an image swath of 84 km. The
along-track dimension of an image is variable. But, assum-
ing an imaging event consists of acquiring 200 frames of
calibration data followed by 800 frames of scene data, and
individual imaging event yields 1.1 Gbit of uncompressed
data (at 14 bit quantization) in a little under 30 s. Assuming
S-band downlink to one northern hemisphere ground
station, this would take three calendar days to downlink,
assuming three contacts per day with an average duration
of 8 min each. 3:1 lossless compression the data reduces
the volume somewhat, but downlink would still be a
bottleneck using the S-band system imposed. As such, we
have been developing on-board processing algorithms to
reduce the data volume. If the interferometric processing
can be performed autonomously onboard (and at the
moment we see no reason why it cannot), the 1.1 Gbits of
uncompressed raw data could be reduced to 17 Mbit image
cube. X-band downlink dramatically increases the amount
of data that can be acquired.

5. Summary

THI represents an innovative approach to the acquisition
of hyperspectral image data in the long-wave infrared
(Table 1). The continued development of this, and similar,
low-cost, small-satellite-friendly instrument packages is
essential if scientists are to continue to be afforded the
opportunity to make measurements of Earth from orbit.
This is particularly true given the limited opportunity for
the deployment of innovative imaging technologies and
measurement suites via traditional ‘‘large-sat’’ missions.
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Table 1
Summary of the THI sensor.

Thermal hyperspectral imager: summary

Spectrometer type Imaging Sagnac

Detector 320�256 pixel microbolometer

Spectral range 8–14 mm

Spectral resolution 16 cm�1

Spatial resolution

(from 550 km)

330 m

Ground sample distance 230 m

Swath width 84 km

Swath length (nominal) 230 km

Calibration 2 temperature, flat plate blackbodies

IFOV/FOV 1mrad/101

F-number f/1.4

Noise equivalent spectral

radiance (peak)

0.02 W m�2 sr�1 mm�1

Mass 15.6 kg

Power (peak/continuous) 80 W/20 W

Dimensions (contained

rectangular solid)

131�429�189 mm (instrument)

380�190�75 mm (calibration system)
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