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The problem of influence of mechanical vibrations on a measurement is well known and analyzed for
ground conditions. However, the problem becomes quite essential and difficult to solve in space condi-
tions. The influence of vibrations on accuracy of the measurement was observed on MIPAS - ENVISAT
and in PFS Mars Express.

This paper presents an experimental and theoretical investigation on sensitivity to mechanical distur-
bances of the Fourier-transform infrared spectrometer PFS.

ggﬁ‘r/‘i}ggectroscopy A theoretical analysis has been performed in order to highlight the expected effect of the vibration,
Vibrations then laboratory tests have been designed and carried out for instrument characterization.

The theoretical investigation has been confirmed by experimental tests.
The data were distorted by errors that reflect the influence of vibrations on the instrument and tem-
perature instability of the reference source.
The considerations are a perfect example presenting the scale of vibrations problem and the instability
of the reference source in assessing accuracy of the measurement in space.
© 2017 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.

1. Introduction The output intensity of the interferometer for a monochromatic
source is written as [1]:

This paper presents an experimental and theoretical investiga-
tion on sensitivity of a Fourier-transform infrared spectrometer to

mechanical disturbances. The problem has been observed in many

I(z,0) =11(0)+ (o) + 2+/11(0)2(0) cos (2moz) (1.1)

space missions, especially in MIPAS - ENVISAT and PFS - MARS
EXPRESS instruments.

In the paper, the theoretical and experimental considerations
were referred to general disturbances in Fourier spectrometers
coming from spacecraft vibrations even when it does not have an
important influence on recalled instruments.

Abasicoptical layout of the Fourier spectrometer, which is based
on the Michelson interferometer, is illustrated in Fig. 1. The incident
beam from the source S is collimated by the parabolic mirror C and
divided by the beam splitter B into two parts: the reflected beam
that travels to a fixed mirror M, and back, and the transmitted
beam’s travel to a moving mirror M; and back. The parabolic mirror
R focuses an interference beam to the detector D.
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where:

I(z, o) - measured signal,

I1(0), (o) - intensity of both beams, for different wave number
(o),

o — wave number,

z=2d - path difference.

The measured signal acts simultaneously with the reference sig-
nal (usually a laser diode signal) within the global system. The
reference signal plays the role of a trigger for measurements.

The total signal - interferogram (1.1) from the whole spectral
band is:

R(z) = /00 I(z, 0)do (1.2)

00

The Fourier transform of the interferogram can be written as [1]:
FT—2"*[R(z)] = C8(0) + f(—0) + f(0) (1.3)

where, C - constant; §(c’) - Dirac delta function; f{—o), flo) - the
function depends on the intensity of radiation, the spectral sensitiv-
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Fig. 1. The Michelson interferometer.

ity of the detector and transmittance coefficients for both branches
of the interferometer.

The Fourier transformation of the measured interferogram
allows to extract from (1.3) information about spectral character-
istics of radiation, the spectral sensitivity of the detector and the
transmittance coefficients for both branches of the interferometer.

The measured signal (1.1) can be distorted by many factors. The
signal distortions presented in the further parts of the paper are
quite good corrected in earthly conditions but the instrument’s
work in the space is disturbed by many additional factors. They
should be considered in the process of calibration and data correc-
tion.

The dates (in the space) are distorted (modulated) because of
a vibration of the satellite (despite the muffler). These distortions
were not observed during tests in laboratory.

In general, many sources of a vibration are expected for an orbit-
ing spacecraft. They have origin from:

¢ the main engine and the attitude control thrusters,

e the reaction wheels which are active all the time during scientific
observations,

e the inertial measuring units include dithered ring laser gyros,
dither actuators producing nearly always present harmonic
vibrations,

e solar panels: their orientation may be continuously changed to a
point toward the Sun during scientific data acquisition.

The observed errors are directly linked to the amplitude and
phase of the recorded signal.

They are transferred to the recorded signal by sampling arrange-
ment (amplitude modulation and phase modulation of the refer-
ence source), vibration of the mirror, detector (through amplitude
modulation) and nonlinearities in detector +amplifier + analogue
to the digital converter system (intermodulation).

In this paper, we will focus on an analysis of the signal errors
are of a periodic amplitude and phase modulation, resulting from
the described above vibrations of the device. A theoretical descrip-
tion of the arising errors and new methods for their correction will
be presented. The theoretical considerations to data from the PFS
and laboratory Fourier spectrometer on which we executed the
simulation described above modulations will be brought back.

The introduced algorithms of the phase and amplitude correc-
tion of the recorded signal constitute new approach to the case
of this type error correction. The advantage of the method is that

the modulation parameters are marked from the reference signal
which is a single spectral line.

2. Theoretical analysis of an errors in the reference and
measured signal

These errors can be divided into three types:

e amplitude modulation,
e phase modulation,
¢ intermodulation errors of the measured signal.

The amplitude modulation and phase modulation of a reference
signal are conducted respectively using the same reference signal.
However, the amplitude modulation of a reference signal comes
from modulation of cosine function but phase modulation exists as
argument of cosine function.

The correction methods were divided into two parts due to
provide better reproducibility of the original signal. However, cor-
rection methods are based on an automatic identification of the
different type of error and can be easy implemented to a single tool
[2].

The presented above signal modulations can be written as:

¢ Amplitude modulation

Iam(2) = 1(2) [1 + &p(2)]

where:

I4m(z) - modulated signal,

I(z)=R(z, o) — measured signal,

&p(z) =¢&r(z) + €i(z) - error of the signal,

&r(z) - real part of the error,

&i(z) - imaginary part of the error.

z - path difference.

For a periodic amplitude modulation two additional lines
“twins” 097 and ogy, for every spectral feature are created.
Since both spectral lines are symmetric: gy — 0 9=00g— 001,
and ¢j(z)=0, the signal errors can be described as:
ep(z)=¢r(z)=2blacos[2m(o0z — 00)z],

where:

oo — wave number of the central line,

002, 001 — wave numbers of the side spectral lines,

m=2b/a - depth of modulation.

(2.1)

¢ Phase modulation

Modulated signal can be written as:

Ipm(z) = I[z + £p(2)] (2.2)

Because er(z)=0 for phase modulation =
ep(2)=¢i(z)=(2b/a)sin[27t(o 0y — 0¢)z]m sin(2wFz) = F=(0¢; — 00).
For phase modulation the phase of the measured signal Ipy(z) is
variable as opposed to amplitude modulation, where the phase is
constant. The F is defined also in the frequency area as Fy =Fv and
will be used in the further part of the paper, v - is the velocity of
mirror.

¢ Intermodulation errors of the signal

Iim(2) = 1(2) + aI?(2) + BI3(2) (2.3)

a, B - coefficients of the transfer function.
This modulation is related to the nonlinearity of the detector
and the consideration will be limited to the first and the second
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Fig. 2. Single line (a) and spectrum (b) (black line - before extra sampling, green line -after extra sampling), n - sample number.
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Fig. 3. The synthetic line of the atmosphere 1393.6 cm~! (black line), with extra sampling (green line) 1397 cm—'.

power of error. The theoretical consideration and proposed correc-
tion methods of amplitude and phase modulation will be presented
in the next parts of paper. The paper has been divided into the parts
related to amplitude modulation of reference and detected signal
with correction methods. As well as the analogue part dedicated to
phase modulation.

2.1. Amplitude modulation of the reference signal - theoretical
analysis

The configuration of the instrument, with the sampling based
on the signal of a reference laser, is the one that minimizes the
effects of mechanical vibrations being in principle based on a con-
stant optical path sampling strategy because a monochromatic
laser traveling in the optical system of the incoming IR beam, gen-
erates a reference interferogram (ideally a cosine function). An
electronic circuit generates a trigger signal from each zero crossing
of the reference interferogram, corresponding to an optical path
change of half the laser wavelength [3]. This control system shall
be insensitive to the external distortion and interferometer mir-
rors speed changes. However, even in this situation optical path
intervals between samplings can be different due to modulations
of the reference signal. It can be demonstrated as offsets (amplitude
modulation) and delays (phase modulation) in the reference signal
[1,4].

It shall be noticed that even if the interferogram was sampled at
constant OPD another effect of velocity changes would take place
because of the nonconstant time step (filtering the signal in the
frequency domain instead of wavenumber).

Per Eq. (2.1) the reference signal is:

Iam (2) = Io (2) @ cos (20oz) { 1 + m cos [27Fz] } (2.4)

and after transformation:
I (2) =1 (2)a {cos(27moz) + g cos [2mz (0o — 002)] + % cos [27‘[2(0’02)]} (2.5)

where:

a - amplitude of the central line (see Fig. 2),

b - amplitude of side spectral lines: o1 and g, (see Fig. 2),

Ip(z) - constant value of the interferogram.

The main conditions of reference signal modulation are
described below.

If 0<m<1 the overmodulation does not interfere. If m>1 the
overmodulation signal is received.

From Eq. (2.4) we can see, that if:

a>2b=m<1=Ny=0

a=2b=m=1= Nx = (001 — 00) Zmax

a<2b=m>1= Nxy=2(0p1 — 00)Zmax
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Zmax — Maximum path difference,

Ny - extra sampling points defined by above relationships.

If m<1 the amplitude modulation of the reference signal does
not introduce additional signal errors, because there are no addi-
tional sampling points in the signal.

In the second and third case (a=2b, a<2b) additional sampling
points in the modulation signal are generated. For m =1, additional
samples can be generated for the frequency which are even with
the frequency of the modulation wave. The extra sampling points
cause a shift to the right from the correct interferogram vector with
regard to the extra point itself.

In the last case, oversampling follow. Additional samples
become generated with the frequency equal to 20¢.If m> 1, inevery
two additional samples that are in the distance equal to the period
of the reference signal and the correct interferogram is shifting to
the right about two extra points.

The process is similar in all cases: following the generation of
additional spectral lines around the main line, depending on the fre-
quencies of the modulation and the kind of extra sampling. The shift
of the main spectral line after the modulation process in relation to
the line before the modulation can be additionally noticed.

Extra sampling generates additional harmonics and produces a
shift in the frequency domain.

Fig. 3 shows the synthetic line of the atmosphere 1393.6cm™!
(black line), with extra sampling (green line) 1397 cm~1. The spec-
trum is shifted in the frequency range and distorted because of
generating additional spectral lines.

The extra sampling points in the continuous spectrum, like in
the case of a single line, shift every line in frequency range, together
with the generation of additional frequencies. Amplitude of addi-
tional spectral lines can reach about 15% of the maximum of the
central line. The influence of oversampling of the laser source on
the measured signal introduces considerably larger errors. Conse-
quently, it can lead to a wrong interpretation.

The measured spectrum (a) and the simulation spectrum (b) for
modulated parameters: F;=205Hz, m=1 are on the Fig. 4.

A similar shift of the individual spectral lines and the analogous
change of their shape show that both spectra were distorted simi-
larly. The red line is the spectrum with the amplitude modulation
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Fig. 4. Atmospheric spectrum, black line - spectrum before modulation, green line
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with F; =205 Hz and the green line is the synthetic spectrum with
the amplitude modulation.

2.2. Amplitude modulation of the measured signal - theoretical
analysis

The modulation of the measured signal generally comes from
the cyclic misalignment [3] and mirror vibrations [3,4]. This kind
of errors can be expressed as:

Iam(z, 0) =1(z, 0)[1 + mcos(2mFz)] (2.6)

where:

I(z, o) - measured signal.

Fig. 5 shows the synthetic spectrum of CO, with amplitude mod-
ulation.

The amplitude modulation of the measured signal creates
two additional lines (“twins”) of every spectral feature (for
Oomod =00 £ Omod) ON the spectrum, og,0q — the wave numbers of
spurious lines generated by the disturbance, 0,04 — the equivalent
in wave number of the frequency of the disturbance (the numbers
1...5 mark the wave numbers of the spurious lines) (Fig. 5). The
decreasing of the signal level is visible and the power has been
passed to the side lobes.

1 m2
Py, = §A° (1 + 2)

The analogous effect is observed when the real continuous spec-
trum is analyzed.

The atmosphere spectrum with amplitude modulation yield-
ing spurious lines generated by the disturbance has been shown
in Fig. 6.

In this paper the amplitude modulation errors are identified and
discussed. The amplitude modulation produces sidebands located
symmetrically on both sides of each spectral feature (at 0,04 ) and
changes the spectrum intensity. The shift of the spectral line does
not appear.

Additionally, the amplitude modulations of the reference signal
(extra sampling) produce a displacement of the reference signal.

(2.7)

2.3. Correction of the spectrum with amplitude errors

The correction of the spectrum with reference source amplitude
errors is executed in two steps:
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¢ Defining the parameters of the modulation reference signal:
m, F

For harmonic sampling errors &p(z), the interferogram is con-
structed by using Eq (2.5).

The parameters: m and F of modulation can be defined by a
minimization function [2,4] between modulated signal and ideal
signal (without amplitude modulation I(z)).

The laser spectrum for SW - Planetary Fourier Spectrometer
(black line) and the approximation function are shown in Fig. 7.

In this case the applied method fits the modulation signal to
second harmonic with an arbitrary error of about 0.02. This method
does not reproduce the side lines (above the second). Moreover, the
power of the side harmonics is low (about 0.1 of the central line),
so they can be neglected.

¢ Correction of the spectrum with amplitude errors

The amplitude modulation of the signal is written as: (2.5). We
can define the vector I(z,0) (signal without modulation) from (2.6)
when F and m are known. The parameters F and m were calculated
per the foregoing method.

The spectrum before and after amplitude correctionis presented
in Fig. 8.

The maximum relative different between ideal spectrum and
modulated after recovery can be corrected with an accuracy of
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Fig. 8. Atmospheric spectrum, black line - spectrum before modulation, blue
line - corrected spectrum, green line — spectrum after amplitude modulation, for
F4=205Hz, m=0.5.

about 5%. Based on the experiences [2] and good practice, this accu-
racy does not introduce problems of spectral lines identification.

The exact depth and frequency of the modulation is very impor-
tant for a proper correction. It is possible due to a good fitting of
the reference signal to the measured signal.

The deficiency of the introduced method consists of the consid-
erable time of calculations.

The correction of the extra sampling can be realized similarly to
the correction of the errors with phase modulation of the reference
signal. This topic is described in details in the next chapter.

2.4. Phase modulation of the reference signal - theoretical
analysis

A stable temperature of the laser in Fourier spectroscopy pro-
duces a distortion of the basic spectral line.

The interferogram Ipy(z) has been given by Eq. (2.2) for harmonic
sampling errors &(z).

The Taylor expansion of Ipy(z) is used and truncated after the
third term:

Ipm(2) = {I(z) + I'(2)ep(2) + 0.5I"(2)ep(2) } (2.8)
Assumed harmonic phase errors:
&p(z) = m sin(27Fz) (2.9)

The interferogram can be expressed in terms of Bessel functions:

Im(2) =1o(2) Y _ Jm(m) cos(2z(00 + nF))

m=—o0

(2.10)

Where:
n - order of the modulation,
Io(z) - constant value of the interferogram.
The spectrum can be expressed as:

Sem(L) = 0.510(06)  _ Jm(m)(8(0 — 06 — nF)

m=-o0

+8(0 + 0 + NF)} (2.11)

where:
o — wave number of the band,
o0, — wave number of the central line.



N

www.czasopisma.pan.pl P N www.journals.pan.pl

R. Pietrzak, M. Rataj / Opto-Electronics Review 25 (2017) 110-117 115

Transmittance[-]

02" 1 ‘ \— Spectrum without errors

‘ L Fp=10Hz, =05

0.0l 1 L i 1 i 1 i 1 i i i i 1 1 1 1 L 1 J
0 6200 00 €600 6800 7000

Wavenumber [cm-1]

Fig. 9. The phase modulation of the synthetic line CO;, F;=10Hz, m=0.5.

The relative amplitude of the “ghosts” is roughly equal to the
sampling error expressed as a fraction of the sampling step: moy A,
where A is the sampling step. It can be said that the amplitude
of the next harmonic is equal to the Bessel function, whose order
depends on the number of harmonic.

The phase modulation of the reference signal generates many
spectral lines of various amplitudes. The spectrum contains the cen-
tral line and infinitely many pairs of sidelines, which are spaced by
+F, +2F, ... from the central line. The amplitude of the central line is
defined by the Bessel function of order zero. The successive orders
of Bessel functions define higher order of the amplitude.

“Orphan ghosts” are observed in the spectrum, these are ghosts
arising from spectral lines laying outside the observed spectrum.

In the first case when “ghosts” are together with the “mother
spectral” there are quite easy to identify.

However, in the second case when “ghosts” come from lines,
which are outside the spectral band, they create a quite essential
problem with identifying and they are the cause of huge errors in
the observed spectra.

It should be stressed, for all spectral lines anti symmetric lines
are generated.

An example of the phase modulation is presented below. The
ideal synthetic CO, line and a modulated line with modulation
parameters: F;=10Hz, m=0.5 can be seen.

The spectral CO, line (black line) was modulated per the (2.9)
(blue line) (Fig. 9).

Phase errors have sinusoidal form: ¢y(z)=mAsin 2oz, where
A - is the sampling interval, m - depth of the modulation. The FT
of this function is an anti-symmetric pair of delta functions with
amplitude: mA/2.

2.5. Correction of the spectrum with phase errors of the
reference source

The correction of the spectrum with phase errors of the refer-
ence source is carried on in two steps:

¢ Defining the parameters of the modulation reference signal
m, F

For harmonic sampling errors &p(z), the interferogram is
obtained using Eq. (2.2). The definition parameters of the phase
modulation are similar to the case of amplitude modulation. Fig. 10
gives the example of defining the modulation signal parameters m,
F for the PFS laser.

0.20 T T T T T T T T T T T T T T T

016
—
T - -
—
Py - -1
=
v oa
o
m - -
-
= - -
0.05
- : -
0.00 O L " AM f - }\n
[+] 200 400 600 200 1000

n

Fig. 10. Spectrum of the laser for PFS — SWC (black line) with the approximation
function (brown line).

Parameters for the laser spectrum of the PFS were calculated by
means of a minimization method [5]:

e The central wave: 2000 cm™!
e The modulation wave: 20cm™!
e The coefficient of the modulation: 1.

¢ Correction of the spectrum with phase errors of the reference
source

Using the Taylor series Eq. (2.8) can be written as:

Ipm(z) = {1(z) + I'(2)ep(2) + 0.51”(2)812,(2) (2.12)

Per the general properties of the Fourier transform:

1" (z)=DT{(27ic’)"DT[I(z)]}, DT - discrete Fourier transform, n
- the order of derivative.

Eq. (2.12) can be written as:

Ipm(2) = {I(z) + [DT(27io)] @ I(2) } £p(2)

+0.5 {[DT(27io)*] @ I(2) } £3(2) (2.13)

According to [6] Eq. (2.13) can be written in a vector form as:

() = {11 thycep) + 05011 0123163 | (2.14)
where:
{Ig} Ipm(z) - is the vector of the function with error,

[7]T - is the transposed matrix (*),

{h}=DT(2mio),

{ep} - is the vector of the error.

The vector {I} (signal without modulation) can be determined
from the above equation, when {Ig} is known.

Fig. 11 shows the empirical atmospheric spectrum
(2000-8000 cm~1) with phase modulation (blue line) and corrected
(red line).

The adaptive correction method of the amplitude and phase
modulation is characterized by a very good ability to retrieve the
raw signal with relative errors < than 4%. High density of the step
calculation is required to achieve a minimization of errors.!

10 11 KN+ 1)
V1) [1(1)  I0)... I(-N+2)].
1(2) I(1)... I(-N+3)
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phase modulation.

The proposed method of adaptive correction for the amplitude
and phase modulation represents a new approach in dealing with
errors of this type.

The advantage of the method: the parameters of modulation are
obtained from the reference signal which is a single spectral line
(this allows qualifying the standard signal easily and the necessity
of averaging a few signals and comparing them with the studied
signal [2] can be avoided).

However, this method requires the accessibility to the reference
signal (which is impossible in some cases). Therefore, guideline for
the data acquisition system of Fourier spectrometers in space is the
availability of a reference signal.

3. Conclusions

The effect of the random mechanical vibrations on a FTIR spec-
trometer is negligible (the standard practice is to use the average
of several measured signals due to eliminate random errors [2,7]).
The main problem appears when the vibration becomes harmonic
and errors of the reference signal become periodical. In that case
the modulation creates in the spectrum two “twins” of each spec-
tral feature that are similar to the latter but “shifted” in frequency
by a quantity corresponding to the frequency of the disturbance.
These lines can be wrongly interpreted as real lines.

The effect of mechanical vibrations has large influence on the

reference source and on the measured signal. It becomes very
important when coefficients of the modulation are larger than
unity. Then extra sampling will show up if the sum of amplitudes of
sidelines in the laser spectrum is larger than the amplitude of the
central line. A shift of the main line in the domain of the frequency
range can also be noticed.

This can be seen when the temperature of the reference source
varies.

The modulation creates a lot of “twins” of each spectral feature,
with an amplitude described by the Bessel function.
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