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ABSTRACT 
  
A highly miniaturized limb sounder for the observation of faint emissions in the atmosphere is presented. The selected 
technology is a Spatial Heterodyne Spectrometer (SHS). The throughput of a SHS is orders of magnitude larger than 
of a conventional grating spectrometer of the same size. Its monolithic design makes it extremely robust against 
vibrations and shocks. It can be designed to deliver spectra at very high spectral resolution to resolve individual 
emission or absorption lines, or even Doppler shifts to derive winds. The small mass and low energy consumption 
makes SHS instruments particularly suitable for the deployment on nano-satellites or as secondary payloads on satellite 
constellations. In this presentation we introduce an instrument for the measurement of temperature in the mesosphere 
and lower thermosphere by observing the ro- vibrational structure of the O2 atmospheric band at 762 nm in limb 
viewing geometry is presented. This instrument is suited to fly on a 3-6 unit CubeSat or as a secondary payload on a 
larger satellite. 

 

INTRODUCTION 
For the study of faint signals, Fourier Transform 
Spectrometers (FTS) have significant advantages over 
conventional grating spectrometers. Their performance 
(throughput or etendue) is typically more than two orders 
of magnitude larger than grating spectrometers of the 
same size. A Spatial Heterodyne Spectrometer (SHS) is 
a special type of a FTS. It has no moving parts and can 
be build monolithic. Combined with 2-dimensional 
imaging detectors, it records the interferogram of the 
scene in one dimension and spatial information in the 
second dimension.  

A group of German and Canadian research institutes and 
universities started an initiative to develop SHS 

instruments for remote sounding of the Earth 
atmosphere. Several instruments measuring in the 
ultraviolet, visible, or shortwave infrared are currently 
under development. This manuscript presents the basic 
design of an instrument to measure temperature in the 
mesosphere and lower thermosphere.  

The most common technique to obtain temperatures in 
this region is to measure the emission of CO2 in the mid 
infrared or to measure the absorption of sunlight by CO2.  
Although the modeling of CO2 emissions has its own 
problems regarding the determination of the non-local 
thermodynamic equilibrium state of the molecule, this 
method is well accepted and gives temperatures over a 
broad altitude range at a good signal to noise ratio.  
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Instruments measuring at infrared or longer wavelengths 
are quite large or high energy consuming, so that 
measurements in the ultraviolet/ visible/ near-infrared 
spectral regime are more appropriate for a nano- or 
microsat- platform. In this wavelength regime, 
mesospheric temperature measurements can be 
performed by the evaluation of the rotational distribution 
of molecular emission bands. The emitting states should 
be sufficiently long-lived, and the rotational distribution 
should be thermalized, such that it can be described by 
the kinetic temperature. It is best, if this emission is 
visible during day- and nighttime, such that temperatures 
can be obtained at all local times. The O2 atmospheric 
band system fulfills all of these requirements. The 
strongest band within this system is the O2 (0,0) 
atmospheric A-band at 762 nm, which was investigated 
in several studies[1, 2, 3, 4, 5]. Another advantage is that this 
temperature measurement technique builds upon relative 
intensity measurements. The requirements to monitor the 
radiometric performance of such kind of instrument are 
much more relaxed than for measurement strategies 
which rely on absolute intensities. It is also advantageous 
that the A-band emits at wavelengths below 1 μm, so that 
silicon-based detectors operating at ambient or 
moderately cooled conditions can be used for detection. 
This reduces the power consumption, mass, and costs of 
such an instrument significantly. 

The main results presented in this paper are taken from 
the work of Kaufmann et al.[6] supplemented by some 
latest findings and general remarks about SHS.  

BASIC THEORY OF SPATIAL HETERODYNE 
SPECTROMETERS 
In principle a SHS is a FTS, where the mirrors in each 
arm are replaced by diffraction gratings (Figure 1). 

The incoming wavefront is separated at the beamsplitter 
and diffracted at the gratings, with a wavelength-
dependent angle. The superposition of the two 
wavefronts then produces straight, parallel, and 
equidistant fringes with a spatial frequency depending on 
the wavelength of the light.   

 The zero frequency of the fringe pattern is at the Littrow 
wavelength and small wavenumber changes result in 
fringes with discernable, low spatial frequency, which 
can be observed with available imaging detectors. 

The concept was originally proposed by Pierre Connes 
in a configuration called “Spectromètre interférential à 
selection par l’amplitude de modulation (SISAM)”[7]. 
With the advent of imaging detectors, this idea was taken 
up by, e.g., [8, 9, 10, 11, 12, 13, 14, 15, 16, 17]. 

 

Figure 1. Principle design of the SHS with front and 
detector optics 

 

The design of a SHS for a particular wavelength and 
spectral resolution follows a few simple relations, which 
are shortly summarized to illustrate the main 
characteristics of this device. For a derivation of the 
mathematical expressions see, e.g., [18, 19, 10], and 
references cited therein. The tilt angle of the gratings 
with respect to the optical axis is called Littrow angle ϴL. 
Light at the Littrow wavenumber σL is returned in the 
same direction as the incoming path, as described by the 
grating equation (for diffraction order one and grating 
groove density1/d: 

 

Combining the intensity equation of a conventional FTS 
and the grating equation for small incident angles at the 
grating gives the SHS equation for ideal conditions, 
relating the incoming radiation at wavenumber σ to the 
spectral density at position x parallel to the dispersion 
plane. The heterodyned fringe frequency κ is: 

 

The maximum resolving power of a SHS is nearly 
proportional to the number of grating grooves 
illuminated by the incoming beam. The bandpass of a 
SHS is limited by the detector resolution due to the 
Nyquist theorem.  
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As for conventional FTS or Fabry-Perot instruments, the 
acceptance angle of light for a conventional SHS is 
inversely proportional to its resolving power[18]. The 
acceptance angle of a SHS can be increased significantly, 
if prisms are inserted into the two interferometer arms.  
The prisms rotate the image of the gratings so that they 
appear to be located in a common virtual plane which is 
oriented perpendicular to the optical axis for a wide 
range of incident angles.  At the end, the acceptance 
angle of the SHS including field widening prisms is only 
limited by spherical aberration for systems with small 
Littrow angles and astigmatism for large Littrow 
angles[20]. Depending on the actual design, the prisms 
increase the etendue or throughput of a SHS by 1-2 
orders of magnitude.  

A general advantage of SHS are the relaxed alignment 
tolerances, because in most optical setups the gratings 
are imaged onto a focal plane array. As a result, each 
detector pixel sees only a small area of the optical 
elements, so that moderate misalignments or 
inaccuracies in the surface quality affect limited spatial 
regions on the detector, only. This means that the 
interferogram is distorted locally rather than reduced in 
contrast.  SHS can be realized using transmitting or all-
reflecting elements. SHS using dispersive elements can 
be built monolithically, making them very robust for 
harsh environments, e.g. during rocket launches.  

BACKGROUND ON TEMPERATURE 
MEASUREMENTS BY MEANS OF O2 A-BAND 
OBSERVATIONS 
Here, atmospheric temperature is derived from the 
measurement of the rotational structure of the O2 
atmospheric band system. Light emitted in this system 
stems from emissions of the O2(b1Σg

+)  electronically 
excited state. An overview of the chemistry and 
molecular dynamics of excited O2 is given by, e.g., [5] 
and references cited therein. All excitation processes of 
O2(b1Σg

+) except one require sunlight. The only 
nighttime excitation process is chemiluminescence 
called the 2-step Barth process[21, 22]. There are three 
absorption bands in this system (A, B, and γ bands). All 
of these bands end up in a vibrational ground state. None 
of these bands can be observed from the ground, because 
of the high abundance of ground state molecular oxygen 
molecules in the atmosphere.  The radiative lifetime of 
the O2(b1Σg

+) is about 12 seconds. This long lifetime 
assures that the molecule is in rotational equilibrium with 
the ambient atmosphere, such that rotational and ambient 
temperature are identical.  

The spectral shape of the A-band around 762 nm for two 
different temperatures (for 200 K and 210 K) is 
illustrated in Figure 2. The spectra in the upper panel 
have been normalized to show identical band intensities. 

The light gray area shows their intensities (multiplied by 
a factor of 10) as seen from an instrument with a spectral 
resolution of 0.1 nm. The dashed line is the filter 
transmission curve of the instrument presented later. The 
dotted vertical line is drawn at the Littrow wavelength.  
The percentage difference of the line intensities are 
shown in the lower panel; the symbol size scales with the 
absolute intensity of the lines. It is clearly visible from 
the figure that higher temperatures give a flatter 
spectrum. A 10 K change in temperature affects the 
rotational distribution of strong emission lines at 760-
765 nm between ±6%. This means that the band structure 
must be measured better than 1% to derive temperatures 
with a precision of 1.5 K. 

 

Figure 2. O2 A-band limb emission line calculations 
assuming a global temperature of 200 K and 210 K 
(upper panel). The percentage difference of the line 

intensities at 200 K and 210 K are shown in the 
lower panel 

 
DESIGN PARAMETERS OF THE SHS LIMB 
SOUNDER FOR THE OBSERVATION OF O2 A-
BAND EMISSSIONS IN THE MESOPAUSE 
REGION 
The goal was to design a SHS limb sounder to measure 
(part of) the O2 A-Band spectrum at 762 nm. The 
requirements on the spectral resolution and the spectral 
bandpass were determined by simulation studies 
optimizing the retrieved atmospheric temperature 
accuracy and precision. Boundary conditions are the size 
of the instrument (shall fit into a volume of 1-2 litres 
excluding a straylight baffle), the usage of as many 
commercial off the shelf (COTS) components as 
possible, the detector size and pixel number (full HD, 5 
μm pitch), and a field of view of 1.3o.  
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An integral part of a SHS design is the optical filter 
located between the SHS and the scene to be observed. 
For this instrument, a six cavity design bandpass filter 
with a center wavelength of 763.6 nm and a bandwidth 
of 3.3 nm was chosen. Since a SHS instrument maps the 
spectrum on both sides of the Littrow wavelength 
symmetrically into Fourier space, the filter must be 
adapted in such a way that there is no overlap of lines 
from different sides of the Littrow wavelength in the 
interferogram. In our design, the Littrow wavelength is 
at 761.8 nm, e.g. the filter blocks most of the radiance 
from the shorter wavelength side of the Littrow 
wavelength. The purpose of the front optics is to image 
a scene at the Earth’s limb onto the gratings. The detector 
optics images the gratings onto the focal plane of the 2-
dimensional detector. The image at the detector contains 
spatial information about the scene in both dimensions. 
An interferogram is superimposed on this scene in the 
direction perpendicular to the grating grooves. For the 
instrument presented in this work, the gratings are 
oriented in such a way that the interferogram spans over 
the horizontal direction, assuming that intensity 
fluctuations in the horizontal direction are small or 
smeared out during the exposure of the image compared 
to the modulation depth of the interferogram, which is 
valid in atmospheric limb sounding. 

The front-optics (Figure 3) consists of four lenses, which 
image an object at infinity of an angular extent of 1.3o 
onto a circle of a diameter of 7 mm on the virtual image 
of the gratings. This corresponds to a theoretical spectral 
resolution of about 16,800. The clear aperture diameter 
of the front lens is 66 mm and the distance between the 
first lens and the SHS is 104 mm. The etendue of this 
configuration is 0.014 cm2 sr. The detector optics images 
the active area of the gratings onto the detector and 
consists of lenses as well. The magnification is 0.55, i.e. 
the illuminated area at the   detector has a diameter of 
about 3.8 mm. This value was chosen as a trade-off 
between the form factor required and the desired spectral 
and spatial resolution. The distance between the beam 
splitter and the detector focal plane is 46 mm. 

The detector chosen for this instrument is a low noise 
silicon-based CMOS image sensor. The optical format is 
2/3 (9.7 mm x 5.4 mm) and the pixel size is 5 μm x 5 μm, 
resulting in 1920 x 1080 pixels in total, from those 840 x 
840 pixels are used here. The quantum efficiency of this 
detector is about 0.4 at 760 nm. 

Like the SHS, the entire optical system was optimized 
using optical raytracing software. The wave front peak-
to-valley extension of the optical system is less than a 
half wavelength for center rays and one wavelength at 
maximum for the edge region of the field. 

 

 

Figure 3. Optical components of the instrument, 
including the interference filter, the front optics, the 

SHS, the detector optics and the detector. 
 

The extension of the point spread function is 5 μm for 
inner and 10 μm for outer pixels, which does not 
deteriorate the determination of the different waves in 
the interferogram, because the highest spatial frequency 
to be observed corresponds to a wavelength of about 45 
μm. For the designed temperature range (20oC), the 
modular transfer function (MTF) is always larger than 
85% and drops down to 50% at -10oC in the worst case 
(for highest spatial frequencies and marginal rays). The 
three core components (SHS, front- and camera optics) 
are illustrated in Figure 4. The SHS as well as the optical 
structure were built in-house.  

 

Figure 4. SHS, front- and detector optics 
 

The optical instrument is complemented by a readout 
electronics developed at Central Institute for 
Engineering, Electronics and Analytics, Electronic 
Systems (ZEA-2) of Research Centre Jülich. It consists 
of two boards, the PXE (proximity electronics) for 
directly interfacing to different detectors and the FEE 
(frontend electronics). Its tasks are to acquire the detector 
data, provide data preprocessing (data binning), process 
housekeeping data, and provide an interface to the 
satellite bus. The FEE is based on a System on a Chip 
(SoC) with ARM cores and FPGA fabric. The current 
version of the FEE communicates via CAN- and a binary 
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LVDS bus. The data rates of the instrument depend on 
integration time and pixel binning and range from 
3kByte/s to 100 kByte/s. Most of the components are 
COTS. Therefore the electronics as well as the detector 
were tested with a Co-60 radiation source up to 100 
krad(Si). Without any shielding, the ZYNQ SoC module 
failed at a total ionizing dose (TID) of 12 krad and first 
failures of the bus drivers appeared at 25-30 krad. The 
COTS CMOS detector survived up to 85 krad. This 
means that this system should work for a 3-year low-
Earth satellite mission, if a 3mm Al shielding is applied.  

 

 

Figure 5.  Proximity- and frontend electronics 
An engineering model of the entire instrument including 
a straylight baffle (filling about 50% of the entire 
volume) and a passive cold radiator on top of the 
instrument is shown in Figure 6. In a concept study[23] an 
extendable baffle was designed such that the total length 
of the entire instrument is about 15 cm, only.  

 

 

Figure 6. Engineering model of the O2 A-Band limb 
sounder including a straylight baffle 

 

EXPECTED INSTRUMENT PERFORMANCE  
In theory, SHS spectral resolution is diffraction limited 
by the grating. The designed resolving power of our O2 
A-Band SHS is about 16.800. Variations of the phase and 

the contrast of the interferogram across the focal plane as 
well as windowing associated to Fourier transformation 
reduce this value by some ten percent. Therefore, further 
performance assessment assumes that the effective 
spectral resolution of this instrument is 10,000.  

To assess the radiometric performance, nighttime 
conditions are assumed, because the atmospheric signal 
is at least one order of magnitude larger for daytime 
conditions.  A calculated nighttime interferogram as seen 
from this instrument is illustrated in Figure 7. Highest 
intensities are seen around 90 km altitude in the O2 A-
Band nighttime layer maximum.  

 

 

Figure 7. Calculated nighttime limb sounding 
interferogram 

 

To determine the expected signal-to-noise ratio of the 
instrument for a given integration time, we estimate the 
amount of incoming light, which is available in the 
modulated part of the interferogram and the noise of the 
detector. In a SHS, 50% of the incoming radiation are 
lost at the beam splitter. The holographic gratings used 
have an efficiency of about 2/3 at 762 nm, so that another 
1/3 of the radiation is not available in the modulated part 
of the radiance. Misalignments and aberrations of optical 
components are estimated to reduce the contrast of the 
interferogram, so that we expect to detect about 20% of 
the incoming radiation in the modulated part of the 
interferogram.  

The noise of the signal is, by far, limited by shot noise, 
which scales with the square root of the (electrical) 
signal. The latter consists of the electrons excited by the 
signal of interest and the dark current caused by thermal 
processes. The detector selected for an instrument 
demonstrator has a dark current corresponding to 5-10 
photons/pixel at 20oC, which is a factor of 10-20 lower 
than the atmospheric signal at the nighttime O2 A-Band 
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mesospheric emission layer maximum and therefore it 
not a dominant source of random noise at these altitudes. 
Further study shows[6] that to obtain temperatures with a 
precision of 2~K at a vertical resolution of 2-3 km, 
typical integration times will be in the order of one 
minute, which is similar to the performance of earlier but 
significantly larger instruments[6].  

PRO AND CONS OF THE SHS TECHNOLOGY 
The application of an SHS for the observation of O2 A-
Band emissions takes full advantage of this spectrometer 
concept. The main one is to obtain a monolithic highly 
miniaturized device with outstanding light gathering 
power and high spectral resolution. The use of dispersive 
elements makes it relatively inexpensive and easy to 
assemble, if appropriate alignment tools are available. 
For the selected and many other applications, the 
interferometer nature of SHS has inherent advantages 
due to multiplexing by increasing the signal-to-noise 
ratio of a shot-noise limited detector, which is increasing 
with the square-root of the total signal. However, 
multiplexing becomes a disadvantage, if the signal of 
interest is low compared to other signals within the 
bandpass of the instrument, as it is the case, for example, 
for the detection of absorption lines – at least for shot-
noise limited systems. This can possibly be compensated 
by the extraordinary throughput of SHS due to field 
widening, but this depends on the actual application. 

SUMMARY 
We presented a design for a highly miniaturized 
instrument to obtain mesospheric temperatures. A spatial 
heterodyne spectrometer is used to measure the 
rotational structure of the O2 A-band, which is 
complemented by fore- and detector optics. The size of 
the entire instrument including a straylight baffle is 
around 3.5 litres, the mass is less than 5 kilograms, and 
the power consumption is about 6 W. The instrument can 
deliver temperatures at a 2 K precision for an integration 
time of about one minute for nighttime and a few seconds 
for daytime conditions.  

A prototype version of this instrument was tested in 
March 2017 on a sounding rocket by a student team[24]. 
The instrument survived the rocket launch and worked 
nominally.  Unfortunately, it was not possible to record 
limb spectra with a stable attitude due to a failure of the 
detumbling mechanism of the rocket. 

The next step in this project is the advancement of this 
instrument for an in-orbit verification on a satellite. The 
main requirements on a satellite platform are a stable 
line-of-sight attitude, which should be a few arc minutes 
for the time of an image acquisition[25]. The control of 
that angle could be an order of magnitude less precise, 

since it can be compensated to some degree by an 
extended vertical field of view of the instrument.  

From a technological perspective, advancement of the 
SHS assembly procedure with the aim of a small scale 
production of SHS for satellite constellations or other 
applications is highly desirable. The current SHS is glued 
together with optical cement and a high degree of manual 
work, which includes the construction of an individual 
alignment device. Atomic bonding is a very promising 
technology to obtain SHS with higher tolerances, 
minimum spread between samples and lower costs per 
item. 
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