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ABSTRACT

Sensitivity to mechanical vibrations of Fourier iséorm Spectrometers (FTS) is a well-known phenamert is

especially critical for FTS devoted to atmosphetiadies (like the Planetary Fourier Spectrometé&SjPonboard Mars
Express 2003), as absorption bands for the gaséswotoncentration are comparable with the gendratstrument
spectral noise. The adopted techniques for theatidr sensitivity reduction suffer of limitations ipractical

implementation, leaving residual modulations of ititerferogram and the so-called ghosts in thetspekloreover as it
is often impossible to measure the vibrations dutime FTS measurement, the position and magnitfideese ghosts
cannot be evaluated. Up to now the adopted ghaisiction techniques are mostly based on the avegagjfirspectra,
because the disturbance phase is randomly distdbthis paper presents an innovative data tredatraehnique which
allows single spectrum correction from distortiofsunknown nature. Such a technique would increhsespatial
resolution of the mapping process and becomesadrudien the desired information is linked to a gatar mapping
area associated to an individual spectrum.

The full study consists in the explicit analysisloé ghost formation and the post-processing dlyorbased on the semi-
blind deconvolution method — an iterative numeragbrithm of the series of consecutive deconvohsgi The technique
was tested on the data from the PFS and the digoptoved to be consistent according to the salegfficiency criteria
(coming from the available general information atthe signal spectral shape).

Keywords: PFS; Fourier Transform Spectrometer; Micro-vibratiDistortions; Spectroscopy; Analytical model; $em
Blind Inverse problem

1. INTRODUCTION

Sensitivity to mechanical vibrations of Fourier fisform Spectrometers is a well-known phenomenororation
generated spectral distortions are especiallycatitfor FTS devoted to atmospheric studies, asgtm composition
determination is based on the matching of spefgedlires deriving from absorption bands that ferldw concentration
element are comparable with the instrument spectoéde. The adopted techniques aiming at the remucif the
vibration sensitivity (such as the constant optigath step sampling based on reference laser siggger), suffer of
limitations in the practical implementation: timelays in the acquisition chain and cyclical flutcioas of optical
misalignments lead to residual vibration inducediniations of the interferogram and eventually te slo-called ghosts
in the spectra. Moreover as it is often impossibleneasure the vibrations during the FTS measurgrtienposition and
magnitude of these ghosts cannot be evaluatedo Wpw the adopted ghost reduction techni§tiase mostly based on
the averaging of spectra, being the disturbanceghandomly distributed.

This paper presents an innovative data treatmehnigue able to deal with undesired spectral distos of unknown
nature allowing the single spectrum correction.Sactechnique would increase the spatial resolutiothe mapping



process by avoiding the need of spectral averagimt) becomes crucial when the desired informatiolinked to a
particular mapping area associated with an indaiidpectrum.

As first step of the study the ghost nature andhmeisms of formation is analyzed in detail; the olations of the
signal due to the vibration generated misalignméeasning from deviations of the real instrument faguration from
the ideal optical systethand that due to the non-constant OPD (Opticah Péfference) sampling step caused by the
phase delay between reference and main signalsitiomichains®®are modeled. The result is the explicit mathemhtica
description of the interferogram modulations getegtaby the mechanical vibrations. The obtained rhadlews
implementing the second step of the researchhieepost-processing algorithm.

The proposed approach of vibration effect correcigobased on the semi-blind quasi-deconvolutiothowe— an iterative
numerical algorithm of the series of consecutivasipgeconvolutions. The general problem of the gatst-processing
was subdivided into three separate sub-problenfmitien of the vibration kernel, recovering of tlegiginal spectrum
from the distorted one and the results validation.

The technique has been tested on the data frofRBe(Planetary Fourier Spectrometer) onboard thes Bapress ESA
(European Space Agency) mission. The PFS is a FTHe8rier Transform InfraRed Spectrometer) compdsgdwo

channels: Short Wavelength Channel (SWC) for tRe51jum range and Long Wavelength Channel (LWCYHBfd5 um

one. The interferometer scheme of PFS is a modifigchelson with swinging Cubic Corner Mirrors inate of

translating flat onés The problem of microvibrations is mostly refertedhe SWC datd™*

The key-point of the procedure was the kernel deteation. The lack of information about the viboais and their nature
is the main difficulty: frequency, intensity andgse with respect to the main signal interferograenamly statistically
known from PFS onboard self-check measurementsatkaperformed at most once per orbit. The iteegbrocedure of
kernel definition was performed on smoothed spécttata, each iteration loop including constrainedasi-
deconvolutions of measured distorted spectrum giginal and kernel estimates. Proposed general regmtst were the
spectrum smoothness and kernel sparsity. The dieednvolution step was performed on the unsmoodlaga, with the
aim to retrieve the original spectrum from the aittd one.

Efficiency of this technique strongly depends oa thitial guesses for the semi-blind deconvolutioput. Also the
correct definition of the deconvolution constrairgsmportant. Utilization of additional informaticabout the expected
spectral features (e.g. some gas absorption beegiens of detector low responsivity, any knownration components,
etc.) makes proposed algorithm more robust.

Finally the algorithm proved to be consistent adoay to the selected efficiency criteria (comingnr the available
general information about the signal spectral shape

2. ANALYTICAL DIRECT MODEL
2.1 Vibration effect: Direct M odel, general formulation
Mechanical disturbances modulate the interferograrasurements in two ways

e by creating sampling step errors due to the diffeplase delays in the acquisition systems;
* by generating cyclic misalignments in the opticatem.

In the following the mechanical disturbance effiscinodeled for the case of a monochromatic radiasimurce and the
disturbance being represented by one pure harnconiponent.

The modulated part of the monochromatic sourcefaregram in the ideal interferometer can be exggdsas ::
Io, (i) = ml; cos(2mogx) (1),

wherex, is the OPD at the'k zero-crossing of the reference sigraljs the wavenumber of the observed line en
the modulation factor referred to the misalignmeuwitdhe optical system from its ideal positidg,the source half-
intensity.

The pure harmonic disturbance can be describeollasvé:



Y = yasin(wgt + @q) (2),

wherey is the vector of the vibration component generatietthe source, beingy = 2mf, its angular frequency anig
its phase. The component phase generally is ofndora nature with respect to single interferogranhil@vit is

unambiguously defined for eacty), with uniform probability distribution in the m-range for the whole set of
measurements.

We represent the mirror speed variations and dptiisalignments in the PFS in the instrument cauatd system,
taking one axis along the optical axis of cube eofx), and the others perpendicular to it (u apd w

Ax = xq sin(wgt + @* ) 3)
Au = ug sin(wgt + @) (4)

The component phases”y and¢ *, can be different, as the transfer function of aitun propagation from the source to
the instrument will be in general different for batirection.

The modulation factom is a function of Cubic Corner Mirror (CCM) posttie@rroru (in any direction perpendicular to
its optical axis) and in the first order approxiioatit can be written in the following forth

m(as, u) = my(as,u,) + agsa(as, u,) - sin(wdt + (p“d) (5),

wherea is proportional to the vibration amplitudg and depends on the wavenumbeiof the modulated component
and the initial interferometer alignment quality(zero for a perfectly aligned instrument).

For the vibration component along theCCM axis weehiirst order approximation for the sampling stéps
X = k% + vTp + VTp cos(wqty + @) (6),
where T is the time delay in the sampling chalnijs the reference laser wavelengghis the time of the k sampling
andy, is the vibration amplitude expressed as spegd @qXy)-
The interferogram now can be rewritten substitufiieg (5) and Eq. (6) in Eq. (1):
I () = [mo(as,uo) + a(a, u,)o sin(wgty + (p“d)]lS

X COS [21105 (kTA‘" + TDvm) + 2o, Tp cos(wgty + ‘de)] (7)

Applied substitutions:
ot =kA/(Ruy);
Qg = 2OV, Tp;
* Wq/Vm = 2Tfy/Vm = 2T0g, 04 = fa/Vmk-

Developing cosine into Taylor series up tbatder the Eq. (7) is rewritten as follows:
. kAr
Lo, () = {mo(as,uo) + a(o, u,)0s sin [21wd (T) + (p“d]}

X I {cos [21‘[05 (’%r) + <pGS]

) KAy KAy
—2mosv,Tp sin [21‘[05 (T) + (pos] cos [21‘[001 (T) + (pxd]} (8)

Later on them, anda coefficients dependence on wavenumbgwill be neglected. Such an approximation is possibl

due to the fact that in the ghost component sam@imor term is dominant (demonstrat&éh the ghost studies on PFS

spectra).

Having "2mo,v,Tpa" as second order infinitesimal factor, the prodistelopment goes as follows:

I, (xx) = m,l cos [Znas (kTAr) + (pcs]



iy () + s [2n, () +

—2mogv,Tpm, I sin [21‘[05 (’%r) + (pas] cos [21‘[001 (kTAr) + (pxd] 9)

Applying substitution#lg = m.I;, A, = a/(2m,), A, = v, Tp and rewriting Eq. (9) in the wavenumber domair th
measured signal spectrum becomes:
I(o) = Asexp(i(pcs)S(o— —0y)
+ A { A0.exp[i(go, + 9* ] +A205xp [i(go, + 9%y + D]} 80 = (0 + 0]

+ As { Alasexp [i((pcs - ¢ud)]+A20—sexp [i((pcs - ¢Xd + g)]} 8[0 - (Us - Ud)] (10)

After some mathematical reorganization (and exjmgshe unknown amplitudes and phases of ghost oampisasB,
Cand @, ¢.c) the previous Eq. (10) can be rewritten in thepdified form:

(o) = A, exp(igoos) 6(o — o) +
[05As exp(i@s,) 8(0 — 05)] * { Bexp(i9op)8[o — (+04)] + Cexp(ipsc)dlo — (—a)]}
= Isignal (U) + [Uslsignal (0)] * Kad (0) (11)1

where lggn(0) is the undistorted spectrum amdq(o) is the single harmonic vibration kernek”“and *“*" are
respectively the Dirac’s function and the convalntoperator.

For the generic non-monochromatic source of inpdiation|minum(0) and arbitrary vibration kernel shapéo), the
Eqg. (11) can be extended as following:

I(O') = Icontinuum(a) + [alcontinuum(a)] * K(O’) (12)
K(o) = %; {B]-exp [i(pGB).(a)] é [a - (+ad].)]
+ Gexp igoc, (0)] 8 |0~ (=04} (13)

2.2 Vibration effect: Direct Model, PFS data
Typical PFS raw spectra is given on the Fig. 1.
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Figure 1. Typical PFS measurement in SWC (data flanBymmetrized spectrum #106, ORBIT0032).



It is possible to subdivide the whole spectrum imto parts to be treated separately:
« signal domain in the wavenumber range of 0 to 5968,
« laser line domain in the wavenumber range above 56

The actual energy is present in the signal donatioye the 1700 ch due to the used detector responsivity ctirve
Below 1700 crit there are only ghosts of the continuum presetfiénspectrum and no meaningful signal. In the megio
above 5000 crh the continuum Signal-to-Noise Ratio becomes love da the strong decrease of the detector
responsivity", and thus the laser line domain is characterizestiynby the laser line shape and its ghosts.

In the current research the signal domain wasddeanly. Actually, after the orbit 662 the SWC refece laser was
switched off, leaving the spectrum region above(89d' close to the zero value.

Calling back the Eqg. (12-13), we rewrite the abexpression for the measured raw PFS spectrdgo), having the
input spectrumy.s(0) and considering the wavenumber in the second terme constanty o, = 2500 crit. Such an
approximation is possible due to the fact thatrtfwst part of significant signal is actually coneated in the 2000..3000
cm® wavenumber region (Fig. 1). We also include theretrerm&, accounting for used approximation in convolution
kernel modeling and for other distortions of spaicty besides the modulation by mechanical vibrations

Ipps(0) = Ivars(0) * (5(0) + %Z)) +§ (15.1)
Ipps(0) = Ivars(0) * Kpps(0) + ¢ (15.2)
Kpps(a) = 8(0) + B(o)expliggg(0)] + C(o)explipsc(o)] (15.3)

Generally theB(g) and C(0) functions are sparse due to the vibration keradline: it is present by a set of separate
components, each appearing as the bell-shapeddaorintthe wavenumber domain, although being a |parenonic in
the time domain. This peculiarity is caused by @ineven sampling: because of non-constant mirroedspiie equal
OPD step does not correspond to the equal time $tep estimation of those functions will be performeyg the
inversion procedure described in the next section.

3. PFSSPECTRA CORRECTION TECHNIQUE THOUGH THE INVERSE PROBLEM
SOLUTION

3.1 Problem Inversion

Starting from the direct model, represented byfhe(15.2), we proceed to the inversibaf the problem (estimation of
the Martian spectrum) through a semi-blind decomioh method. For that purpose we introduce a lFassctionLF,
whose minimum would provide the estimates of Marpectrunty,.;and vibration kerneKprs. This function not only
guantifies the fitting of the estimated data to tmeginal model, but also includes additional teromaracterizing the
available information about the physical data, sasithe sparsity of vibration kernel and smoothredsthe Martian
spectrum.

iMars (o), KPFS (o) = arg ming,. - koes LF (Iviars, Kprs) (16.1)

1 AMars
LF = 2 lIprs — Kpps * Ivarsll3 + Akl Kprslly + MZ 1D * Iyars I3 (16.2),

whereAx and Ay, are the regularization coefficients for the kersigarsity and spectrum smoothness correspondingly
andD is the discrete derivation operator.

3.2 Iterative procedurefor theinverse problem solution

The solution of the inverse model, representechbyBg. (16), is performed iteratively, startingnfrthe initial estimates
of spectrum,,s and kerneR%s, and at i iteration determining the estimat&, . andKs. The output of algorithm
after N iterations would be the final estimateshef kernelK s and spectrunily, ... The iterative process schematically
is shown on Fig. 2.
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Figure 2. Iterative procedure for the inverse peabkolution.

Since the spectr,, is estimated without knowing the kerrigl.q, the deconvolution is blind. But it has to be oed,
that as the very first step of the proposed algoriis the kernel estimatidiizs, then the crucial initial parameter for the
efficient algorithm is the initial guess of Martiapectrumiy, s, which has to possess the properties of the rgrdated
solution, otherwise algorithm might converge to samn-physical result. That's why we can qualifig ttheconvolution
as semi-blind. The initialization of kern&s instead does not affect the quality of results, dnly the algorithm
convergence rate.

3.3 Initialization choicesfor the semi-blind-deconvolution method

Vibration Kernel Initialization. As it was mentioned above the quality of kerneitiahzation provides faster
convergence but is not a crucial parameter fomthele algorithm. As an initial guess of kernel fbe treated PFS data
(Fig. 1: Orbit #0032, spectrum #106) we used anr@pmate kernel estimation from the laser line dhdsy their
deconvolution by the laser Dirac in accordance \Eith (15.2). For the orbits after 662 such anatiation becomes
impossible due to the SWC reference laser switcbffijgand the proposed initialization would be #ego-pattern.

Initial Martian spectrum guess. The Martian spectrum for initial guess estimatgdwo Planck functions, representing
the Martian thermal emission and the solar eneeflgeted by the Martian surface, with the £absorption band gap in
the region of 2200..2400 émThe Martian temperature for the first Planck fior was estimated from the 2500..3000
cm’ region of the acquired spectrum, while the sed@lasick function was scaled to the 3800..4200 cegion. Finally

to obtain the initial guess of spectruify, .. we calibrated data by the known detector respaysimid deep space
measurements.

What regards the phase of the initial guess, wé& tbsimilar to one of the acquired spectrum in tiegion of high
expected signal, and an extrapolation for the megaf expected ghosts.

To compensate the iterative procedure sensitigityigh frequency noise, both PFS actual dagtgaand the initial guess
9. Were filtered with a low-pass filter of cut-offeiquencym%, where spectral resolution of acquired dadeis equal
to 1.04 cri.

The filtered synthetic initial guess of spectrunsi®wn on Fig. 3 as the comparison with the filemeasured spectrum.
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Figure 3. Filtered PFS measured spectrum and itied iguessiyy., .
3.4 Criteriafor result evaluation

The proposed criteria for the result quality estioraare the following ones:

e distance between acquired PFS spectizpgand estimated PFS spectrifps = LY. * Kbk, as if the model
is valid the estimatés has to be as close as possiblé-tg
* removal of ghosts in the signal domain below 5080 .c

4. RESULTS
4.1 Estimated spectra and vibration kernel

For Mars spectrum estimation coming from the O#Bi032, spectrum #106, the estimation of signaé(afte additional
step run on unfiltered data) is shown on the Fig. 4
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4.2 Resultsvalidation

As it is seen from Fig. 4, the lack of fit betweaequired PFS spectrutpes and the estimated orfgle® = /7%

FS Mars
Kl is very small (1L0°®), proving the solution to agree with actual meesdata.

*

Also the ghost removal in the low wavenumber sigimahain (below 1500ct) is efficient: the reduction of the energy
in the above region is of factor oP.

5. CONCLUSIONS

The analytical formulation of modulation effectroéchanical disturbances and the proposed probleansion makes it
possible to perform the correction of the abovectfion the PFS data, as well as data coming froyo#imer FTS
instrument. Nevertheless, the current approactstiae drawbacks:

e the algorithm does not permit to evaluate the Higlgyuency kernel components effect and thus doé¢s no
perform the correction of narrow spectral featuegsimproved implementation should correct thisrmeena;

e due to the linear assumption of the proposed dlgoy the model treats only part of the informatiamailable
from the PFS spectra (i.e. the signal region artdtim® laser line ghosts one); a non-linear modelukhbe
proposed to estimate the vibration kernel and peetsum through the whole PFS spectral region;

< the implemented iterative procedure is controllgdtWwo regularization parameters and is not optichire
terms of time consumption; robustness of the allgorishall be improved to be applied on a largesssta

The next step would be the extension of the dineatlel also on the laser line region. This will poevthe additional
criteria for the validation of results: comparisofthe evaluated laser line ghost with the actuptlysent ones. Another
model modification will be pointed towards the irmpement of the algorithm robustness and efficiemeyorder to
make possible the automatic data treatment proeedur
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