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Abstract The Composite Infrared Spectrometer (CIRS) carried onboard the
Cassini spacecraft has now operated successfully for 17 years, following launch
in 1997. Following insertion into Saturnian orbit in July 2004, the instrument
has taken data nearly continuously, returning over 100 million interferograms
(spectra) to date. Although of generally high quality, and resulting in more
than 100 peer-reviewed scientific articles, the spectra are afflicted with sev-
eral types of instrumental electrical (non-random) noise artifacts. These noise
artifacts require either mitigation strategies (prevention), removal from the
observed data, or else awareness of the affected spectral areas which must
be excluded from scientific analysis. The sources and nature of these varied
noise types were not readily identified until after launch. The purpose of this
article is to inform users of the noise in the CIRS dataset and to serve as a
‘lesson-learned’ guide to pitfalls for designers of future instruments.

Keywords Fourier Transform Spectrometer - Electrical Noise - Engineering -
Spacecraft Instrumentation

1 Introduction

The Cassini-Huygens unmanned spacecraft is the first, flagship-class robotic
spacecraft sent into Saturn orbit to explore the planet, its rings and its moons.
The mission is managed by the Jet Propulsion Laboratory and it is a product of
the combined effort of NASA and the European Space Agency (ESA)(Matson
et al. 2002). Launched in October 1997 on a Titan IVB with a Centaur upper
stage, the Cassini-Huygens spacecraft arrived at Saturn in July 2004 and it is
expected to continue to work through the solstice mission until 2017 (Fig. 1).
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The mission is made of two spacecraft: the Cassini orbiter and Huygens lan-
der. The Huygens probe descended into Titan’s atmosphere in January 2005
and was the first spacecraft to successfully land on a celestial body in the
outer solar system (Lebreton et al. 2002). The orbiter, powered by three plu-
tonium thermoelectric generators, has been hugely successful and its mission
was extended several times after the primary mission ended in 2008.
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Fig. 1 Diagram of the flight trajectory timeline of Cassini space probe from launch until
orbital insertion with relevant dates of testing indicated. This diagram is a modified version
of one found in a paper describing the trajectory of the mission (Peralta et al. 1995)

One of the major science instruments on-board the Cassini orbiter is the
Composite Infrared Spectrometer (CIRS). Using the data from CIRS, three
dimensional maps of temperature, gas composition, and aerosols of the atmo-
spheres of Jupiter, Titan, and Saturn can be created(Flasar et al. 2004a;b;
2005a;b; Hesman et al. 2009; Howett et al. 2007; Kunde et al. 2004). This infor-
mation helps refine models of solar system formation and atmospheric dynam-
ics of the gas giant and Titan (Flasar et al. 2004a; Nixon et al. 2007; Teanby
et al. 2008; Vinatier et al. 2010). Some of the discoveries enabled by the
CIRS instrument include the study of the ‘tiger stripes’ on Enceladus’ south
polar surface and the detection of propylene in Titan’s atmosphere (Nixon et
al. 2013; Spencer et al. 2006).

Due to the long development cycles of instruments on deep space missions,
the changing media of the documentation, and flux of team members, the
lessons learned from the design and operation of the instrument are often lost.
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This paper is aimed towards preserving the lessons learned and the content
should be accessible to anyone participating in the development of a similar
future instrument. The organization of the paper is (i) a brief description of the
instrument; (ii) a description of the non-random, electrical noise encountered
during the mission; (iii) a discussion of the mechanical noise encountered dur-
ing the mission; and (iv) a summary on areas of improvement for engineering
future instruments to avoid these problems. Although rigorous ground-tests
were carried out where some of the noise was detected, this paper will explain
why its significance was not understood until CIRS measurements were taken
in space. The description of the interferometer will include a simplified expla-
nation of the basic operating principles of the instrument. The description of
the non-random noise sources includes an explanation of the impact on the
data, the underlying cause (where known), and the suppression strategy used
by the team. This paper builds upon previous works such as (Carlson et al.
2009; 2011; Nixon et al. 2012) and additionally summarizes knowledge that
was previously available only through internal documents.

2 CIRS Overview

The CIRS instrument is composed of two interferometers operating at a range
of 10-600 cm ™! in the far infrared and a range of 600-1400 cm ™! in the mid-
infrared using a single telescope and scan mechanism. It has a spectral res-
olution that can be set from 0.5 to 15.5 cm~!. The far-IR interferometer is
a Martin-Puplett design that uses two thermopile detectors in focal plane 1
(FP1). The mid-IR interferometer is a standard Michelson design that uses
an array of HgCdTe photoconductive detectors that are sensitive to the range
600-1100 cm ™! in focal plane 3 (FP3) and an array of HgCdTe photovoltaic
detectors that are sensitive to 1100-1400 cm~! in focal plane 4 (FP4) (Bra-
sunas et al. 2004; Flasar et al. 2004a; Kunde et al. 1996; Martin et al. 1969;
Maymon et al. 1993; Nixon et al. 2009). In operation, the telescope is pointed
toward the target of interest and the light collected is split between the two
interferometers.

For each interferometer, the basic working steps are to: 1) split the input
light into two paths (arms of the interferometer), 2) add a variable phase delay
to one of the paths by making one arm longer, and 3) recombine the light on a
detector. The amplitude of the light measured at the detector will be a function
of the phase delay since the recombined light from the two paths can interfere
(Griffiths et al. 2007). In the CIRS instrument, the phase delay is added via
extra travel path of the light reflecting off the scan mirror pictured in the
middle of (Fig. 2). The plot of the signal as a function of the delay distance is
called the interferogram. For example, the light of a pure monochromatic signal
would have an interferogram that looks approximately like a cosine function in
an ideal interferometer. For a general source, the interferogram is the Fourier
cosine transform of the power spectrum of the light for an ideal interferometer.
The expression for the AC component of the intensity I in terms of the power
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Fig. 2 This is a diagram of the basic optical layout of the CIRS instrument taken from
(Kunde et al. 1996). The input light from the telescope at the top is split into the two
interferometers whose path lengths are modified by a single scan mechanism. The light is
directed to the three focal planes (detector arrays) as described in the text

spectrum for a given wavenumber 7 = 1/X and x (the distance of the mirror
from a position where the arm lengths are equal) is given by:

I(z) = /000 P (D) cos(2nvz)dp. (1)

For a delta function spectrum (monochromatic signal), the integral is sim-
ply the cosine factor evaluated where the argument of the delta function equals
zero. The general name of this type of measurement scheme is called homodyne
detection which uses an altered form of the original signal to mix the original
signal to lower a high optical frequency to a detectable lower frequency. In the
actual instrument, the non-ideal properties of the optical material as a func-
tion of wavelength and temperature can cause additional effects that must be
compensated either by design or calibration. Since the scanning speed may
not be exactly constant over the range of the scan, a laser is used to produce
a comb for the detector to trigger measurements at very precise intervals of
the delay length. For a more detailed description of the CIRS instrument,
the reader should refer to the papers describing the instrument (Flasar et al.
2004a; Kunde et al. 1996).

The process for producing the interferogram is not finished until it is con-
verted into digital information in memory on board the spacecraft. The analog
signal from the detectors must undergo filtering, amplification and digitization
on board the CIRS instrument electronics before being saved to memory. The
noise we describe for the rest of the paper generally enter the signal in the
conversion step.
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3 Observed Electrical Interferences

In this section, we will discuss the non-random, electrical noises in the CIRS
instrument identified by the CIRS team during the calibration process of the
interferograms (Nixon et al. 2005; 2012). The calibration process occurred in
space starting from the Instrument Checkout Test 1 and continued through
the Jupiter flyby. For a detailed description of the random noises in the spec-
trometer such as Johnson noise or shot noise refer to the book by Hanel et al.
(2003). The general layout of this section will be a description of the presence
of the noise during the ground testing, a description of how the noise looks in
the interferogram or spectrum (Fourier transformed space) of FP1, an expla-
nation of the source, and strategies employed to suppress it. Table 1 provides a
summary of these noise sources listed by their fundamental frequencies for ref-
erence. The main difficulty, which will be apparent for many of these noises, is
the irregularity of the spike amplitudes or instability in frequency. This makes
the removal of the noise during calibration a significant task. Throughout this
section, we will use plots using sample number rather than wavenumber or Hz.
The scan mechanism moves at a velocity of 0.0208 cm/s and the detector is
triggered using a 783 nm laser zero-crossing with a decimation rate of 18 for
FP1. Thus, the time spacing between each sample point is about 16.9 ms for
a FP1 interferogram.

Table 1 A summary table of the fundamental frequency of noise sources

Frequency Description and Location Mitigation

1/2 Hz Science Packet Collection Shifted 5 ms per scan
FP1, and FP3 and software filtering

1 Hz Analog Multiplexer Randomized multiplexer
FP1, and FP3 readout timing

8 Hz Spacecraft Communications Cycle  Shifted 5 ms per scan
FP1, and FP3 and software filtering

8 Hz Internal Processing Randomized processing
FP1, FP3, and FP4 schedule and

software filtering

8.3 Hz Unknown Source No mitigation
FP3

2-16 Hz Sine Wave Noise Software filtering

FP1, and FP3

under development
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3.1 1/2 Hz Science Packet Collection and 8 Hz Spacecraft Communications

During the instrument checkout tests 1 starting on September 14, 1998, two
patterns of noise appeared at quasi-regular intervals of the spacecraft clock
in the FP1 interferograms. Both of these noise patterns are related to the
communication cycles between the instrument and the spacecraft. The slower
of these noise patterns had a .75 Hz fundamental frequency; this was changed
to .5 Hz after the cooler cover release checkout with a flight software change
(May 27, 2000). This lower frequency noise was determined to be related to
the spacecraft querying science data from the instrument at 2 sec intervals.
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Fig. 3 Section of an interferogram of deep space from the detector at FP1 in a 50 sec scan
with .5 Hz noise spikes (For a 50 sec scan there are about 2760 samples for a spacing of
about 118 samples for .5 Hz). Deep space is shown due the simpler interferogram structure.

The other pattern is tied directly to the spacecraft clock which ticks at 1/8
of a second (1 Real Time Interrupt RTI). At 8 Hz, the spacecraft queries the
instrument to check if there is a need upload any data (housekeeping, science,
engineering). It is smaller than the 0.5 Hz spikes in (Fig. 3) and less apparent
in the interferogram. The noise is best shown in the average of interferograms
in (Fig. 4) and the spectrum in (Fig. 5).

The underlying cause of both these noises is attributed to power transients
caused by sudden, increased loading on the BIU (Bus Interface Unit) during
data communications between the instrument and the spacecraft. The control
loop that maintains the power supply has a finite response time to changes in
the current load. While the control loop is responding, the output capacitor
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Fig. 4 Plot of an average of 6443 unfiltered interferograms of deep space showing the 8Hz
noise from May 1, 2005 to Jun 21 2006 (number of sample points 2775-2785). The 1/2 Hz
noise is suppressed on averages of greater than 16 spectra due to an update to the flight
software on March 2005 where RTT scan lengths shifted to 16N+1 (where N is an integer).

is responsible for supplying the current to the load to compensate for the
difference between the previous state and the new state (Texas Instruments
2007). Incorporation of a larger capacitor at the output of the regulator would
suppress the transient (Fig. 6). As a work-around, the CIRS team mitigates
the noise through flight software changes. This lack of ability to service the
hardware highlights the special difficulty of space instruments compared to
ones in the lab.

To suppress the effect of these noises in the flight software, the current
strategy is to shift the beginning of the scan relative to the timing of the
hardware by 5 ms per scan so that the spike pattern appears in different
locations in different interferograms. This reduces the average noise amplitude
at specific sample point positions for a mean of interferograms at the cost of
increasing the average noise in other sample positions (Nixon et al. 2012). The
noise spike can still be seen in each individual scan. It is essentially spreading
the power of the noise over a larger spectral range. An additional post-process
filtering is performed on each scan during the calibration of the data to further
suppress the noise.
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Fig. 5 Spectrum of the interferogram of deep space from FP1 in a 50 sec scan with 8 Hz
noise spike at around sample number 400 and harmonic at sample number 800 (each sample
number is 1/50 sec so an 8 Hz signal should be about 400). Additionally, the large spike
at the low frequency end is the sine wave pattern and the pattern of smaller peaks at the

beginning is the .5 Hz noise. Ideally, deep space should have a blackbody spectrum but the
optics of CIRS add additional features.
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Fig. 6 This is a simplified schematic of a typical voltage regulator. When the load current is

increased suddenly, the current is supplied by the output capacitor until the control circuit
inside the regulator responds.

Input Capacitor
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3.2 Internal Instrument Processing

This noise can be seen in all focal planes and it was first noticed during the
investigation of the previously discussed noises. The instrument also uses the 8
Hz spacecraft clock for its own internal operations. Through experimentation,
it was determined that this noise can be shifted by changing the timing of
the instrument schedule of activities at each RTT such as: numerical filtering,
data compression, packetization, etc. As of flight software version 6.0.0, the
numerical filtering cycles are randomized to intervals between a range of 1 ms
to 128 ms. Additionally, the noise shape changes when the other focal planes
are not used. The underlying cause of this noise is similarly attributed to
transients in the power supply due to the sudden loading of the BIU during
the processing of the data. As the strategy to mitigate this is similar to the
previous section, this does reduce the effect on an averaged spectrum, but an
additional round of post-processing filtering is required to further suppress it.

3.3 Analog Multiplexer

A switching noise appears in the interferogram data in CIRS as a 1 Hz signal
and it is the weakest of the electrical interferences (Nixon et al. 2012). The
noise was discovered when a flight software change made the internal timing
more tightly controlled, so as to avoid a timing conflict between two flight
software tasks. This change caused the 1 Hz noise to no longer be pseudo-
randomly averaged out over many scans. This noise is related to the analog
multiplexer readout of the laser fringe voltage at one second intervals while
science scanning is conducted.

An analog multiplexer is essentially an electronic switch that uses a digital
signal to select an input from a set of inputs to output. They are typically used
to reduce the number of components needed for the analog-to-digital (ADC)
conversion required for the instrument. The engineering decision to use this
design most likely stems from a need to save mass and power by reducing the
number of ADC’s. The analog multiplexers are placed after the sample and
hold circuits but before the ADC stage in CIRS (Fig. 7).

These multiplexers can introduce transients when switching due to the out-
put capacitance of the circuit (Fig 8). When the multiplexer switches chan-
nels, the accumulated charge in the capacitance of the switch needs to be
discharged and the finite discharge time leads to transients in the output of
the switch (Analog Devices 2009). This is the opposite problem of the power
supply transients where lower output capacitance of the multiplexers would
help the settling time. This noise was first suppressed by shifting the fringe
voltage read timing into 8 preset delays. With the delays, the spikes’ amplitude
in the averaged interferogram is reduced. In flight software version 6.0.0, the
spikes are suppressed by randomizing the delay timing of the fringe voltage
read within a 254 ms range of time.
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Fig. 7 This is a block schematic of the analog-to-digital converter circuit for the CIRS
instrument contained on one of the instrument electronics boards. Flowing from lower left
to lower right, the analog inputs come from the amplifiers of the detectors on each focal
plane and feed into the analog multiplexer before being digitized (Barney et al. 1994).
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Fig. 8 Diagram of simplified circuit representation of analog multiplexer with switch ca-
pacitance shown in the box which must be discharged when the channel changes from the
input on the left side from bottom to top.

3.4 Sinewave Noise FP1

The sine wave noise was first detected during the instrument checkout starting
on September 14, 1998. Due to the low frequency and large amplitude of the
noise at Cassini’s Jupiter flyby, the noise can be seen by the naked eye in the
interferogram (Fig. 9, 10). Unlike the previous noise sources where the timing
is well controlled, this noise source is more variable in frequency and appears
to have a high correlation to the electronics box temperature (Fig. 11). This
appears as a linear relationship between the electronic box temperature and
the frequency of the sine wave noise. The noise is approximately a sine wave
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in the FP1 detector, but its frequency can change during the scan with the
temperature.
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Fig. 9 Plot of an interferogram of a single scan of deep space when Cassini was close to
Jupiter taken on Jan 2, 2001. The relatively low frequency sine wave noise is clearly seen.
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Fig. 10 Plot of the filtered power spectrum of a single scan of deep space taken on Jan 2,
2001. The sine wave noise appears as the large spike in the low sample number range.
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Fig. 11 The measured interference wavenumber for RTI ranges 200-420 from periods
01,/2001-03/2001, 04/2004-06/2004, and 06/2006-09/2006 versus the temperature of the
front end electronics sensor board ’c’. The temperature sensor has an accuracy of 100 mK
and is regularly sampled by the instrument in 64 second intervals. Any values that fall in be-
tween are due to interpolation as the number of housekeeping samples are sparse compared
to scans.

The resolution of the temperature measurement onboard the orbiter is lim-
ited and this implies that it cannot be used to accurately predict the wavenum-
ber of the noise compared with the resolution of the instrument. The digitiza-
tion of the temperature axis is clear in the spacing of the data points in (Fig.
11).

The fundamental cause of this noise is suspected to be the DC-DC switch-
ing power converters. They are chosen due to their much higher efficiency
compared to linear regulators, but they operate at frequencies that are simi-
lar to the ADC frequencies in CIRS (Barney et al. 1994; Linear Technology
2013). The role is to convert the spacecraft bus voltage to a lower one for the
instrument use. The tight power restriction is in turn due to the relatively
small power source of the radioisotope thermoelectric generators of about 600
watts nominally. Although the converters are synchronized, it is likely the syn-
chronizing oscillator is not locked to the presumably more stable ADC clock.
In this case, temperature changes of the synchronizing oscillator would induce
small frequency changes. The noise of the switching supplies could mix or alias
with the similar operating frequency of the ADC to create an interference sig-
nal in the bandpass of the instrument. As the fundamental cause of this noise
is not verified and it is uncertain whether there are readily available levers to



Electrical Interferences Observed in the Cassini CIRS Spectrometer 13

change this, the main strategy the CIRS team uses to deal with this noise is
a post-process filtering step.

3.5 Suppression Results

In this section, we compare the results of the current mitigation strategies
with no mitigation from earlier in the mission. The mitigation scheme de-
picted includes both the flight software version 6.0.0 and the post-processing
in database version 3.2.1. The flight software incorporates the delay in timing
of the scans described earlier and the post-process noise filtering is incorpo-
rated in the data product creation of the database v3.2.1. While the 8 Hz
and .5 Hz noise still remain after averaging in the original detection scheme,
the sine wave noise does average out (Fig. 12-13) and is mainly a concern
during specific observation runs when it occurs on spectral features of certain
molecules. With the mitigation scheme, the features due to the noise is greatly
reduced in the average spectrum used for science (Fig. 14-15). Since the spikes
still remain in each individual interferogram, they still contribute to the error
associated with the mean interferogram.
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Fig. 12 This plot is an average of 254 Interferograms of deep space measured in Jan 2001.
The large spikes are the .5 Hz noise and the smaller spikes are the 8 Hz noise.
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Fig. 13 This plot is a spectrum of an average of 254 Interferograms of deep space in Jan
2001. The large spike at 400 sample number is the 8 Hz peak.
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Fig. 14 Average of 254 Interferograms of deep space after change in flight software v6.0.0
and calibration database v3.2.1 measured in Jan 2011.
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Fig. 15 Spectrum of average of 254 interferograms of deep space after change in flight
software v6.0.0 and calibration database v3.2.1 measured in Jan 2011. The noise peaks are
greatly reduced.

3.6 Ground Testing

The 8-Hz and 1/2-Hz spikes were not observed at Goddard because the space-
craft interface (BIU) simulator did not produce the same interrupt pattern as
on the spacecraft. In the spacecraft ground integration tests at the Jet Propul-
sion Laboratory (JPL), the 8-Hz and 1/2-Hz were present, but the sensitivity
of CIRS on the ground was not high enough to see them during the test. As a
consequence, the CIRS team saw the noise during the first instrument check-
out (ICO) in flight and the significance of the spikes which were present in the
JPL spacecraft integration data was understood.

The ground EMI/EMC testing at the instrument level at Goddard and at
the spacecraft level at JPL did not show the sinewave, presumably because
the electronics temperature was higher than in flight and the frequency of the
sinewave was close to zero (DC). It was not until Jupiter, when the electronics
temperature began to decrease, that we found the sinewave. The sensitivity
of CIRS improved by about a factor of two in the more benign electrical and
vibration-free environment of space, making the sinewave more visible. The
sinewave frequency continued to increase as Cassini moved on to Saturn.

Figure 16 is a sample CIRS FP1 noise equivalent spectral radiance. Figure
17 shows the ground testing setup. The three spikes at about 380, 440 and 505
cm-1 are the Mylar features, and their fine structure is likely due to sampling
jitter. The feature at 190 cm-1 is at 8-hz, so it could be the BIU simulator
and its width is probably due to sampling jitter. The environment was very
noisy during chamber testing the CIRS team could not obtain a really good
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spectra until after launch. This is a common problem with testing flight Fourier
transform spectrometers on the ground.
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Fig. 16 CIRS FP1 noise equivalent spectral radiance measured at GSFC during ground
testing on date August 13 with target temperature at 170K and detector temperature at
82K
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Fig. 17 Ground testing setup of CIRS with warm black body target.
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4 Mechanical Noise Sources

Beyond purely electrical noise sources, there are mechanical noise sources that
must be taken into consideration. One source of mechanical disturbance aboard
the Cassini orbiter is the reaction wheels. A reaction wheel is essentially a
flywheel driven by a DC motor that changes the rotational rate of the space-
craft through the conservation of angular momentum. Reaction wheels and
small reaction control thrusters are responsible for the attitude control of the
spacecraft and they are integral in the precise pointing of the spacecraft at
the desired targets (Macala et al. 2014). Cassini started out with four reac-
tion wheels with three needed to control each axis and a fourth to serve as a
backup. From 2003, one of the main reaction wheels developed an anomalous
instability and was replaced by the backup. Since then, the reaction wheels
have continued to operate under careful management with some signs of aging
appearing in the form of increased drag in the bearings. Due to the imper-
fect construction of the wheel assemblies, imbalances in the flywheel are the
main cause of vibrations with a fundamental frequency at the rotation rate
and this noise is a key concern for many optical instruments (Masterson et al.
1999). This vibration couples to the spacecraft and to the interferometer. In
CIRS, the vibration disturbs the phase lock loop of the mirror scan mecha-
nism that helps it maintain a constant scan velocity (Nixon et al. 2005). This
noise was first discovered in data around 2004 during deep space scans. It was
increasingly seen in target scans as the wheels aged and the mass distribution
changed due to the detaching of the Huygens probe and fuel usage. The main
strategy currently employed is to avoid the worst rates during observations
where possible (Fig. 18).

In addition to the reaction wheels, the Low Energy Magnetospheric Mea-
surement System of the Magnetospheric Imaging Instrument (MIMI) also con-
tributed mechanical noise that could be detected on CIRS. It is essentially an
actuating tube that accepts charged particles from a given direction and uses
an array of detectors to discriminate the particle energy (Krimigis et al. 2004).
The purpose of the instrument is to use the measurement of the particles to
infer properties of the dynamics of the Saturn magnetosphere and its inter-
actions with the solar wind. The instrument uses stepper motors to scan the
field of view and to map out the population of the charged particles in the Sat-
urn environment. The general advantageous characteristics of stepper motors
are the ruggedness, high reliability /precision, and digital control of the motor.
Unfortunately, the operation of the stepper motor in this instrument caused
mechanical vibration in the spacecraft which in turn also caused phase lock
loss in the scanning mechanism of the spectrometer (Nixon et al. 2005). This
problem was resolved when the actuator was shut down in February 2005.
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Fig. 18 These histograms indicates the percent of time the scan mechanism is out of phase
lock as a function of reaction wheel spin rate expressed as rotations per minute (RPM).
(data used from months 04/2004-05/2004 inclusively using all RTT values)

5 Future Recommendations for Design

For future instruments of this type, it is clear that a more conservative margin
needs to be incorporated in the design of the detection to digitization elec-
tronics. In particular, the effect of transients due to additional loading from
communications cycles and the use of multiplexers need to be more carefully
considered. The majority of the noise spikes in CIRS could be suppressed if a
more conservative filtering was introduced.

As a design can never perfectly match the operating conditions, additional
features in the future electrical design could include re-writable EEPROM
memory/FPGAs, fault handling, a debugging mode, and better housekeeping
sensor resolution. With re-writable memory and FPGAs, the signal processing
can be easily changed to handle unforeseen problems due to design or aging
as repair operations are currently impossible. Due to the long communication
cycle of the spacecraft, robust automatic fault handling that would log diag-
nostic information about the error and reset the instrument would decrease
the loss of science data. A debugging mode that allows the collection of the
raw data without any processing would aid in the identification of potential
problems by decoupling noise introduced by the optics and spacecraft data
processing. Lastly, better housekeeping measurements would allow for better
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modeling of temperature effects and easier automatic detection of anomalies
associated with operation through data mining (Takehisa et al. 2001). This
detection would help operators identify potential problems more quickly.

For deep space missions, it is also recommended to add a control for the
electronics temperature. This offers an additional degree of freedom to address
problems such as the sinewave noise that may otherwise freely evolve as the
instrument heats and cools. If such a control existed, the CIRS team could
confirm the temperature dependence of the noise as the cause and shift the
frequency to outside the bandwidth of interest.

In contrast to new features however, one recommended simplification to the
design of the electronics would be to reduce the number of oscillators in the
instrument to reduce the likelihood of interference. In CIRS, multiple similar
oscillator frequencies is suspected to be cause of the sinewave interference.

In the mechanical design of the instrument, it is clear from past experience
that there is a need of increased margin in vibration isolation. Due to the many
potential sources of vibrational noise on the spacecraft, it is much easier to
design additional isolation between the instrument and the spacecraft rather
than hunting down and suppressing vibrational noise of every other part of the
spacecraft. As with the electrical systems, more thorough integration testing
of the completed spacecraft is important to verify of the spectrometer perfor-
mance. This would mitigate potential design conflicts due to the finite scope
of instrument and spacecraft subsystem teams.

Lastly, it is important to have accurate and readily available documentation
of the current state of the instrument. Due to the long duration of the mission,
the media of the documentation of the designs have greatly changed due to
technological advances. Continued maintenance and updating of the formats
of these resources is important due to the eventual need to go back to consult
them later.

6 Conclusion

The CIRS instrument design has proven to be robust for having worked for
almost two decades and it continues to be very successful in enabling scien-
tific research. The key to success of this mission is the design simplicity and
good communication of the requirements between the scientists and engineers.
Additional features in future designs should be added with careful thought on
the requirements as every addition grants one more failure mode. The goal of
this paper is to review the major non-random noise sources of the CIRS in-
strument in order to improve the next generation of spectrometers. Experience
points to the need to build in a little more margin to compensate for poten-
tial noise sources both external and internal to the instrument. For scanning
Fourier transform spectrometers, an additional important aspect is the me-
chanical stability of the scanning mechanism; an extra margin of vibrational
isolation between the instrument and the spacecraft can mitigate unforeseen
noise originating from other parts of the spacecraft. Due to the current nature
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of development and construction of large, deep space systems, these sort of
subtler problems can best be mitigated through knowledge of past systems
and extensive integration testing.
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