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ABSTRACT
APEX (Airborne Prism EXperiment) is a project of the European Space Agency ESA focusing on high accuracy
simulation, calibration and validation for spaceborne remote sensing instruments. The instrumentation comprises a
hyperspectral imager for various standard airborne platforms, a fixed installed calibration home base and a complete
facility for data processing and archiving. The pushbroom-type instrument accommodates two spectrometer channels
covering a spectral range from 0.38 up to 2.5 micron. The spatial/spectral resolution amounts to 1000 samples at 28degree field of view with 312 spectral bands. The overall instrument design and its built-in characterization unit will
allow excellent performance stability under various flight conditions. The presentation will focus on the design,
development and realization phases of the instrument and discuss various highlights of technical achievements, as there
are the infrared HgCdTe detector with extended array format for the short wave infrared channel, the
thermal/mechanical stabilization of the spectrometer and the realization of the infrastructure for high accuracy
characterization and calibration of the instrument.

1. INTRODUCTION
APEX is an airborne high resolution imaging spectrometer operating in the solar reflective spectral range between 0.38
and 2.5 micron. The primary mission goals of APEX are to provide precursor and support activities for future Earth
imaging spectrometers dedicated to the understanding of land processes and interactions. APEX is designed and will be
built to resist to worse case mission scenarios in operational and non-operational conditions, to allow most flexibility in
terms of environmental conditions as defined by the characteristics of possible airborne platforms. The flight altitude
range extends from 3.5 up to 10 km and will be covered by standard surveillance aircraft and pressurized jets. A
dedicated instrument design and an internal characterization unit for monitoring the instrument performance will
achieve the high measuring accuracy. For detailed instrument checks and re-calibration on ground, a calibration home
base is under development. The data processing will be performed in a dedicated processing and archiving facility
developed at RSL/University Zurich in Switzerland. The APEX operational centre is located in Belgium and operated
by VITO in Mol. The instrument’s detailed design is almost finished, breadboarding activities showed good results and
the manufacturing and assembly phase will start soon.

2. APEX INSTRUMENT OVERVIEW AND GOALS
APEX is a self-standing hyperspectral imaging system to be used on various airborne platforms. The overall system
comprises the APEX instrument, a Processing and Archiving Facility (PAF) and a Calibration Home Base (CHB) as
ground based unit for regular checks and recalibration of the instrument. The instrument accommodated in the airplane
includes the spectrometer with an on-board/In-flight Characterization Facility (IFC), a STabilizing Platform (STP), a
Command and data Storage Unit (CSU) and the required infrastructure and interfaces to be implemented and operated in
an aircraft, as there are the flight management and navigational systems and an operator cockpit pilot interface.
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The core of the system is the hyperspectral imaging spectrometer using dispersive refractive optical elements. The
pushbroom instrument is operating in a spectral region from 380 up to 2500 nm that is divided in two channels, a
visible-near infrared (VNIR) and a short-wave infrared (SWIR). The separation of the spectral regions is achieved by a
dual prism system with a dichroic beam splitter. The complete spectrum can be simultaneously read out within a total
field-of-view of 28 degrees.
The key instrument requirements are summarized in the following table and reflect a trade-off of user requirements1 and
a subsequently derived performance model2.
Table 1: APEX instrument – Key Requirements
Parameter

Value

Field of View (FOV) – pushbroom technique

Swath: ± 14deg with 1000 across-track pixel

Instantaneous Field of View (IFOV)

0.028 deg

Flight altitude range

3,500 – 10,000 m.a.s.l.

Standard aircraft interface

for Dornier Do-228 on stabilizing platform PAV-30

Spectral range

VNIR: 380 – 1000 nm, SWIR: 940 – 2500 nm

Spectral channels

VNIR: 312 (prior binning), SWIR: 199

Spectral sampling interval

380 – 1050 nm: < 5 nm, 1050 – 2500 nm: < 10 nm

Center wavelength accuracy

< 0.2 nm

PSF (Point Spread Function)

 1.75 Sampling interval

Spectral / Spatial Misregistration

< 0.1 pixel

Polarization sensitivity

Less 0.03 in VNIR, Less 0.05 in SWIR (goal)

Spatial co-registration between VNIR and SWIR channel

Goal: 0.16 pixel

Instrument temporal radiometric uncertainty within a
flight section
Interval for instrument re-calibration
Radiometric performance accuracy

Better 0.02
After a complete flight season
Instrument shall allow absolute calibration accuracy up to 0.03 (goal)

The realization of an instrument fulfilling these key requirements turned out as quite challenging, particularly in view of
the instrument temporal stability, not only during image acquisition but also within the recalibration intervals on ground
between flight seasons. Furthermore, the demanding flexibility of operational conditions in different aircraft requires a
pushbroom type spectrometer detectors, with high read-out speed of the image frames, which were not available at the
beginning of the project.
In the following details on specific and challenging developments issues will be given. Among others the thermal
stabilization of the spectrometer, the development of the SWIR detector, the aircraft interface and the establishment of
the calibration home base will be addressed.

3. SPECTROMETER DESIGN APPROACH
The APEX Optical/Mechanical spectrometer Unit (OMU) with detectors and proximity electronics is located in a sealed
compartment, which is covered by an environmental control box (ETC) operated by the thermal control unit (TCU). The
interface to the aircraft is realized by a stabilizing platform that is mounted via an aircraft interface (A/C-I/F) on the seat
rails.

The spectrometer is built in a classical design with refractive and dispersive optical elements. Figure 2 shows the optical
set-up.

Figure 1: Environmental thermal control equipment for APEX spectrometer (OMU)
The scene is imaged, via a path-folding mirror (not shown), by the ground imager onto the spectrometer slit with 40
micron slit width. To minimize the polarization sensitivity a ‘scrambler’ is attached in front to randomize the
polarization of the incoming light. Filters will be available for radiance level adaptation and calibration purposes.

Figure 2: Optical set-up

A collimator optic directs the light to the prisms. For compensation of the distortion introduced by the prisms, a small
spherical mirror is located in the collimator image field. For separating the SWIR and VNIR channel, the first dispersion
prism carries on its second surface a dichroic beamsplitter coating, with high reflectivity in the VNIR region. For both
channels, individual detector lenses image the spectra, for the VNIR through a second prism, onto the detector arrays.
For the VNIR region a commercial CCD from E2V Technologies (GB), type CCD 55-30, back illuminated, operating in
frame transfer mode, is selected. However in the SWIR channel a specific detector development was necessary, because

of the required array size of 1000 by 250 pixel. The two spectrometers will be aligned to minimize the coregistration
error. Nevertheless the spatial co-registration error versus the field angle could not be reduced up to the envisaged goal
of 0.16 pixel. Figure 3 shows the predicted values. Furthermore instabilities during instrument operation introduced by
mechanical stress under varying operational conditions have to be taken into account.

Figure 3: Spatial co-registration between VNIR and SWIR channel
For achieving high temporal instrument stability the optical base plate is isolated from the housing and equipped with a
separate closed loop liquid cooling system. The temperature within the optical compartment will be kept within 16 +/- 1
o
Celsius during flight operation. This temperature is selected to reduce reduce noise in the SWIR channel. This base
plate is thermal isolated and mounted on a mechanical plate, which carries the cover and the cooler of the SWIR
detector. This allows to remove a major heat source from the optics path and to minimize mechanical stress. An optical
entrance window with a dedicated coating and a mechanical shutter is located at the bottom of the spectrometer to
protect the optics and to allow dark current measurements.
Figure 4 gives an overview of the complete unit. In the lower compartment the electronic boards, power supplies, the
lamp for the IFC and the optical baffle are located and thermally isolated from the spectrometer optics. The cover tube
of the baffle is not shown. For straylight minimization an integrated baffle with low reflective coating and specifically
designed vanes is implemented. The indicated numbers show the heat dissipation of the individual elements. The top
part is completely sealed and filled with dry Nitrogen.

Figure 4: Spectrometer unit with electronics compartment and baffle
Taken into account that the spectrometer will be flown under sometimes harsh environmental conditions (temperature
variations from –15 up to 25oC) the instrument will be operated in the environmental thermal control box (ETC), driven
by the thermal control unit with air-conditioning systems and liquid coolers.
Detailed structural analysis showed, that the mechanical stress introduced by temperature variations have a strong
impact on the optical base plate and result in distortions within the optical system. Also the expected air pressure
variations during flight operation were analyzed in detailed. The results showed that one of the most critical elements

are the connections between the optical base plate and the mechanical plate, carrying the instrument cover and the
SWIR detector cooler. Further design modifications of the optical base plate and introduction of stiffeners led to results
with maximal plate deformations about 1.6 microns. This will result in a spatial coregistration error between the VNIR
and SWIR channel of about 0.7 pixel in total.
The in-flight characterization unit (IFC) will be used to check the instrument’s radiometric and spectral performance
before and after flight observation. The highly stabilized QTH lamp is located in the bottom part and the light is guided
via an optical fiber into the spectrometer. An additional sliding mirror reflects the light into the ground imager.
An optical system with filters and diffuser guarantee an equal illumination of the total field of view and a proper
adaptation of the radiance levels. The spectral characterization can be performed by means of a rare-earth-filter.
Furthermore by determination of the position of the spectral lines an instrument check in the spatial domain is feasible.

4. SWIR DETECTOR
The SWIR detector array was specifically developed for hyperspectral application in space missions. The detector array
is constituted of an Infrared-sensitive HgCdTe detecting module hybridized on a CMOS multiplexer. The monolithic
HgCdTe module is hybridized on two identical multiplexers precisely aligned with each other. The 2-D detector module
has 1000 x 256 pixels, on a 30-micron pitch, with its spatial direction parallel to the detector rows and the spectral
direction parallel to the detector columns.
The detector array operates in full staring mode with simultaneous integration of charges during read-out of a previous
frame. The read-out is flexible to allow addressing and reading out any sequence of rows (i.e. rows can be skipped at
read-out). The output registers are reconfigurable to provide 4 or 8 outputs at a maximum frequency of 3.5 MHz,
allowing complete read-out of one frame in 15 ms.
The HgCdTe photodiodes are optimized to provide low dark current at reasonable operating temperatures. The detector
array is implemented in a dewar with a sapphire window, provided with an antireflection coating (min. transmission
better 0.96). By means of a Sterling cycle cooler the detector and will be operated in APEX at 130 K detector
temperature.

Figure 5: 1000x 256 hybridized HgCdTe-CMOS retina and SWIR detector assembly Engineering Model. The dewar is
in front and the yellow part builds the housing for the cold shield and the Sapphire entrance window.
The pixel layout features a Capacitive Feedback Transimpedance Amplifier (CTIA) input stage, for low noise detector
operation at low input currents without frame-to-frame image lag, optimum linearity and frequency response
performances. Two selectable integration capacitors of different capacitance values are implemented, to better
accommodate the dynamic range of the input radiance, decreasing rapidly between 1.0 and 2.5 micron. A sample-andhold stage allows simultaneous integration and storage. Column amplifiers, located at the output of each pixel are
connected to the output registers via “ping-pong” amplifiers (alternate writing from column and reading to register).

The selected detector arrays for APEX flight models show an excellent performance with only few defect pixels and no
defect clusters within the used detector area.
To abduct the heat from the cooler of about 10 W the mount within the spectrometer is liquid cooled. The introduced
vibrations from the cooler via the transfer line to the cold finger and detector array amount to less than 1 micron in all
directions.

5. CALIBRATION HOME BASE
The APEX instrument performance will be tested and verified and the regular calibration of the spectrometer performed
by means of the so-called Calibration Home Base (CHB). The CHB is developed by DLR and will be operated at their
site in Oberpfaffenhofen, close to Munich in Germany. DLR has a long-standing experience in operating Earth
Observation instruments, in particular for hyperspectral imagers (ROSIS, DAIS) for which they have developed and are
operating specific calibration facilities. As a result, they have a unique expertise in specifying, manufacturing and
operating calibration facilities with performance requirements similar to those of APEX CHB.
The objective of the CHB is to measure the functional relationship between the incident flux and the instrument output.
In APEX, data calibration means the conversion of raw image data into geometrically and spectrally characterized
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spectral radiance values (in unit: W / m  sr  nm ) at the entrance aperture of the instrument.
To this effect, characterization and calibration data, obtained by the CHB, will be used to correct the instrument raw
data. For calibration, a functional set of data concerning the spectral, spatial and radiometric characteristics of the
instrument is required. Before obtaining calibration information relative to these major parameters, it is necessary to
investigate the linearity, pixel response non-uniformity, polarization sensitivity, stray light and noise level in the
instrument itself.
The final data processing will be performed in the Processing and Archiving Facility (PAF). For all data for processing,
saving and data storage suitable hard- and software tools are developed.

Figure 6: DLR test hall and CHB bench assembly without stimulus (APEX indicated on top)
The design driver for the CHB is the APEX instrument assembly. In view of the high measurement accuracy envisaged,
it was decided to use the instrument almost under conditions expected during flight operation. This means, that the

spectrometer will be measured with its own cooling and air-conditioning systems. Taken into account the overall system
mass with counterweights of about 240 kg it was decided to keep the instrument during tests in a fixed position.
Elements within the CHB that will provide the spectral, spatial and radiometric stimulus within the overall field of view
are mounted on stages and can be highly accurate positioned with respect to APEX instrument. For the radiometric
calibration it was intended to make use of an Ulbricht’s radiometric sphere with a diameter of about 1.6 m. It is foreseen
to use QTH lamps for illumination, however it turned out that the provided radiance levels in the spectral region below
500 nm are quite low at a source temperature of about 3000K. Breadboarding activities are planned with alternative
light sources (Xenon, LED’s) to enhance the radiance levels in the blue and also concepts for sequential measurements
over the field of view are under investigation.
The overall CHB configuration will be installed in a test hall available on DLR site with a perfect isolated floor (seismic
block). The base is a rigid granite table that carries the stand for the instrument and the optical bench providing the
stimulus. Parts to be moved are sitting on air bearings and will allow positioning in the range of micron and arc seconds
accuracy. The Figure shows the test hall and the design of the CHB assembly.

6. STATUS AND CONCLUSION
APEX instrument developments are on the way to close the breadboarding and detailed design activities before end of
year with the goal to perform the first acceptance flight in the year 2006. The CHB will be available during the
instrument-manufacturing phase and for executing the verification, characterization and calibration tests of the
instrument. The SWIR detector flight models are under preparation and will be delivered by Sofradir (France) end of
2004 for integration.
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