
HAL Id: hal-03229671
https://hal.science/hal-03229671

Submitted on 19 May 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Methods to determine thermal sensitivity of T-SAGE
instrument for MICROSCOPE mission

Océane Dhuicque, Manuel Rodrigues, Gilles Métris, Pierre Touboul

To cite this version:
Océane Dhuicque, Manuel Rodrigues, Gilles Métris, Pierre Touboul. Methods to determine thermal
sensitivity of T-SAGE instrument for MICROSCOPE mission. Advances in Space Research, 2021, 68
(4), pp.1989-1997. �10.1016/j.asr.2021.04.019�. �hal-03229671�

https://hal.science/hal-03229671
https://hal.archives-ouvertes.fr


HAL Id: hal-03229671
https://hal.archives-ouvertes.fr/hal-03229671

Submitted on 19 May 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Methods to determine thermal sensitivity of T-SAGE
instrument for MICROSCOPE mission

Océane Dhuicque, Manuel Rodrigues, Gilles Métris, Pierre Touboul

To cite this version:
Océane Dhuicque, Manuel Rodrigues, Gilles Métris, Pierre Touboul. Methods to determine thermal
sensitivity of T-SAGE instrument for MICROSCOPE mission. Advances in Space Research, Elsevier,
2021, �10.1016/j.asr.2021.04.019�. �hal-03229671�

https://hal.archives-ouvertes.fr/hal-03229671
https://hal.archives-ouvertes.fr


Methods to determine thermal sensitivity of T-SAGE instrument for
MICROSCOPE mission
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Abstract

MICROSCOPE is a space mission launched in 2016 that aims to test the validity of the Equivalence Principle (EP), the main postulate of 
General Relativity (GR), with a precision never reached before (Touboul et al. (2001)). EP states that two bodies of different compositions and 
masses fall with the same acceleration in the same gravitational field. In order to achieve this goal, MICROSCOPE’s instrument is composed of 
two identical electrostatic differential accelerometers. MICROSCOPE will be the first lab to realize an experiment to test the EP in space which 
allows to break free from perturbations other than gravity. Those tests used to be presented in terms of the Eötvös ratio η. The first result published 
in December 2017 shows no evidence of violation higher than 1.3 × 10−14 at 1 σ on η (Touboul et al. (2017)). This result was obtained with only 
7% of the whole data, so the statistical uncertainty would be improved with the analysis of the complete data. During the experiment some thermal 
variations could disturb the estimation of the Eötvös parameter. In order to better estimate the thermal systematic effect, the thermal sensitivity 
has to be determined. To do so, thermal stimulus are induced on the instrument by means of dedicated heaters and the response in the measured 
acceleration is analysed. Two methods were applied for theses analysis and will be presented in this paper. The first one operates in the time 
domain and the second one in the frequency domain. Those methods allow us to obtain a thermal systematic of 8.6 × 10−16 which represents an 
improvement by one order of magnitude with respect to the result of Touboul et al. (2017).

Keywords: thermal sensitivity ; signal processing ; data analysis ; MICROSCOPE ; space accelerometer

1. Introduction : The Equivalence Principle

The Equivalence Principle (EP) states the equivalence of the
inertial and the gravitational masses. Referring to the newto-
nian formulation of dynamics and gravitation, the inertial mass
quantifies the resistance of a body to a modification of its mo-
tion as answer to all kind of forces and the gravitational mass
quantifies the gravitational force between bodies. A priori there
is no reason for theses masses to be identical: for example their
ratio could depend on the atomic composition of the bodies
or on the quantity of matter they contain. However, in 1610,
Galileo demonstrated implicitly (the concept of inertial and
gravitational mass appeared a few decades later with Newton)

Email address: oceane.dhuicque@onera.fr (Océane Dhuicque)

this equality of masses with his rudimentary experiment which
consisted to bowl down weights on inclined boards and to com-
pare their free fall. Hence the EP relies on experimental facts
and is not an untouchable concept of physics. However, it is a
pillar of General Relativity (GR) which predicted a lot of new
physical effects which have been verified by experiments. The
EP was tested by means of several experiments this last century
searching for a significant deviation of the Eötvös parameter
from 0. The Eötvös parameter is defined, for two bodies A and
B, by the ratio:

η(A, B) =

mG,A

mI,A
−

mG,B

mI,B

1
2 ( mG,A

mI,A
+

mG,B

mI,B
)

(1)

where the subscripts I and G indicate the inertial and the grav-
itational masses respectively. In particular, using the torsion-
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balance test of the university of Washington, Wagner et al.
(2012) found no violation for several pairs of materials, with
an accuracy of about 10−13 on η. Using the lunar laser ranging
(Viswanathan et al. (2018)) has even yielded a slightly better ac-
curacy but with a different interpretation because this tests both
the impact of the difference of composition between Earth and
Moon and the impact of their self energy, the so called Nordvedt
effect (Nordtvedt (1968)).

Despite all the success of GR, several alternative theories
are under studies, aiming to unify gravitation with quantum
physics. Contrary to GR, most of these theories do not im-
pose the EP. That is why, testing the EP with the best accuracy
possible is an interesting way to question theses theories. This
was the main goal of the MICROSCOPE space mission which
operated between April 2016 and October 2018.

The paper is organized as follows. In section 2, we give
an overview of the MICROSCOPE experiment. In section 3 we
explain the need for a thermal characterization of the instrument
and the principle to achieve this. The analysis methods used to
estimate the thermal sensitivity will be presented in section 4.
Section 5 will show the results obtained with these methods.

2. MICROSCOPE: a lab in space

2.1. The MICROSCOPE space mission

MICROSCOPE is the first experiment to test the equiva-
lence principle in space, away from disturbances such as seis-
mic noise or laboratory Earth gravity field fluctuations. Several
space projects with the same aim have been studied in the past
but not realized. We can quote the work of Chapman & Hanson
(1970) in the 1970s that we better know as the STEP experi-
ment from Stanford University (Mester et al. (2001)) or later
the work of Everitt et al. (2003) or Nobili et al. (1995) from
Pisa University. MICROSCOPE was launched in April 2016
in a sun-synchronous orbit and was decommissioned in Octo-
ber 2018. In space, the experiment is not limited by the on-
Earth perturbations anymore and in orbit free fall is very pure
and almost infinite thanks to the drag-free system (Robert et al.
(2020)).

2.2. Mission payload : T-SAGE

The instrument at the heart of the experiment is composed
of two identical electrostatic differential accelerometers. The
first one, SUREF standing for Sensor Unit REFerence, consists
of one inner mass and one outer mass made of PtRh, a 90%
platinum-10% rhodium alloy. The SUEP, standing for Sensor
Unit for the Equivalence Principle, has its inner mass made
of the same material as SUREF inner mass and its outer mass
made of TA6V, a 90% titanium-6% aluminum-4% vanadium al-
loy (Figure 1). Both masses are kept in equilibrium thanks to a
control loop and to several electrodes that allow first to detect
their motions and second to apply the appropriate electrostatic
forces to keep them at rest with respect to the satellite. These
electrostatic forces compensate all other external forces and
the applied voltage allows to calculate the acceleration which
would have been experienced by the masses in absence of the

electrostatic forces. This is what we will call simply (and abu-
sively since the masses are at rest) the measured acceleration.

Fig. 1. Configuration of one sensor unit (SU)

2.3. The measurement model
Since we want to compare the free fall of two test masses,

we are interested in the difference of acceleration measured be-
tween these two masses, ~Γmeas

d ≡ ~Γmeas
1 − ~Γmeas

2 , 1 refers to the
inner mass and 2 to the outer mass of one Sensor Unit. A more
detailed mathematical model of this difference is developed in
Touboul et al. (2020) but here we use a simplified expression
which is more than enough for our needs:

~Γmeas
d = [Mc](δ(2, 1)~g(Osat) + ([T ] − [In])~∆) + 2[Md]~Γapp

c + ~B0 + ~Γ(n)
d + Γ

(s)
d (2)

This equation can be understood in the following way:

• ~g(Osat) is the gravity acceleration at the center of mass of
the satellite and δ(2, 1) is defined as

δ(2, 1) =
mG,2

mI,2
−

mG,1

mI,1
(3)

δ(2, 1) is close to the Eötvös parameter η(2, 1) defined
in Eq. 1 since mG

mI
does not differ from 1 by a quantity

larger than 10−13 as demonstrated by previous experiments
quoted in Section 1; thus δ(2, 1)~g(Osat) quantifies the pos-
sible EP violation signal.

• The centers of the 2 test masses are separated by the vec-
tor ~∆ which leads to the gravity gradient [T ]~∆ and to the
acceleration of inertia −[In]~∆. Here [T ] is the gravity gra-
dient tensor and [In] = [Ω]2 + [Ω̇] where [Ω] is the angular
velocity tensor that can be defined by the operator ~Ω × .

• These two terms constitute the theoretical “applied” dif-
ferential acceleration ~Γ

app
d which would be measured by

a perfect instrument; [Mc] and [Md] are matrices which
gather the linear transformation between the “applied” ac-
celeration and the measured acceleration: rotations, scale
factors and couplings between axis; [Mc] (close to the
identity matrix) is the component common to the two
masses and multiplies the “applied” differential acceler-
ation.
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• ~Γapp
c is the applied acceleration common to the two test

masses; in case of perfectly identical instruments it would
have no contribution to the measured differential accelera-
tion but in practice it has a small projection [Md]~Γapp

c due
to the relative difference of characteristics between the two
test masses.

• ~B0 is the DC acceleration bias due to electronics offsets
and to parasitic forces.

• ~Γ(n)
d is the acceleration measurement noise.

• ~Γ(s)
d represents the systematic thermal effects on which we

will focus in this paper.

The axis collinear to the axis of symmetry of the cylindrical test
masses, labelled x, is about one order of magnitude more accu-
rate than the radial axis. That is why the analysis is restricted
to the x axis and the projection of Eq. 2 on this axis has been
considered. We introduce additional simplifications not used
in the real analysis but allowing a better understanding of the
main effects: we keep only the first components of the matrix
[Mc] and [Md] which are renamed Kc,x and Kd,x respectively;
moreover, the theoretical applied common acceleration Γ

app
c,x is

approximated by its measurement Γmeas
c,x . At this point we have

to precise that the measured acceleration ~Γmeas
c can be controlled

and minimized thanks to the drag-free system through cold gas
thrusters (Robert et al. (2020)). We are left with the model :

Γmeas
d,x =Kc,x

[
δ(2, 1)gx(Osat) + S xx∆x + S xy∆y + S xz∆z

]
+ 2Kd,xΓ

meas
c,x + B0,x + Γ

(n)
d,x + Γ

(s)
d

(4)

where [S ] = [T ] − [In]. The payload is embedded in the satel-
lite which can have different pointing configurations. During
all but a few scientific sessions, the x axis is maintained parallel
to the mean orbital plane. For most of the calibration sessions
the pointing was almost inertial in the sense that it just follows
the slow precession of the orbital plane. During the sessions
dedicated to the EP test, the satellite was spinning about the y
axis normal to the orbital plane with a frequency fspin. Con-
sequently, gx (the projection of the gravity acceleration on the
x axis) varies at the frequency fEP = fspin + forb. After the
commissioning phase of the MICROSCOPE mission, it was
decided to select, among the preprogrammed values for fEP,
fEP2 = 9.24 × 10−4 and fEP3 = 3.11 × 10−3.

The goal of the MICROSCOPE experiment is to use the
measured acceleration in order to estimate the parameter δ(2, 1).
To do this it is necessary to quantify the other terms of Eq.
4. This has been done by means of various dedicated sessions
called calibration sessions with a specific configuration for each
parameter. Furthermore, other more subtle perturbations could
also affect the measurement. During the analysis of the first
measurements (Touboul et al. (2017), Touboul et al. (2019)), it
appeared that the thermal sensitivity of the instrument, based
on a very conservative evaluation, was the main source of sys-
tematic errors. At that time, since the measurement sessions
dedicated to the more precise estimation of the thermal sensi-
tivities had still not been finished, preliminary analyses were
taken into account.

3. Characterizing the thermal sensitivity of the instrument

3.1. Thermal configuration of the instrument
The interface control unit included the digital controller, the

Front End Electronic Unit (FEEU) that contained the reference
voltages and the measurement pick up and the Sensor Unit (SU)
that houses the test masses. All these elements have their own
temperature during nominal operation and variations of each
of these temperatures might impact the measurement. In order
to characterize the instrument’s thermal behavior we have ac-
cess to the temperatures of the different parts of the instrument
through various probes located inside or on the skin of each
element.

Fig. 2. Left : SU configuration : T1, T2; T3, T4, T5 and T6 are the temperature
probes locations ; Right : FEEU configuration : red spot represents the interface
temperature sensor

For the FEEU, the temperature fluctuations have been spec-
ified to 0.5 K/

√
Hz and its systematic variations specified to

3 mK at fEP. One Pt-resistance (Pt1000) is on the circuit
board and at the unit interface (Figure 2) with a probe noise of
20 mK/

√
Hz. Figure 3 shows the square root of the measured

temperature PSD during a scientific session. We can see (and
this is confirmed by a numerical estimation) that there is no sig-
nal emerging from the noise around the frequency fEP. This
is still the case even when we cumulate several sessions with a
total duration of 320 orbits which last 5946s each. This means
that a signal which could be hidden in this noise could not have
an amplitude larger than 0.02/

√
320 × 5946 ' 14 × 10−6K. To

be conservative we retain the upper bound of 20 µK.

Fig. 3. Square root of the Power Spectrum Density Spectral of the Pt1000 probe
during science sessions for the FEEU (top) and for the SU (bottom)

For the SU part, the specifications for the thermal stability
are 0.3 K/

√
Hz and its systematic to 1 mK at fEP. 6 Pt1000
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probes, with a probe noise of 20 mK/
√

Hz, are placed at 6 dif-
ferent locations on the SU part (Figure 2). The analysis of sev-
eral sessions up to 320 orbits duration (Touboul et al. (2017)),
establishes that there is no temperature signal emerging from
the noise at 1σ. The SU temperature is the mean of two
probes’measures, this allows us to put an upper bound on the
thermal systematic variation at fEP to 15 µK as we can divide
the upper bound specified for the FEEU by a factor

√
(2).

3.2. Equation for the thermal model

As indicated above, the two main components for which
variations of temperature are likely to induce variations of ac-
celerometric measurements are the mechanical part (the SU)
and its FEEU. That is why our model will include the sensitivi-
ties to these temperatures:

Γ
(s)
d = λS ∆TS U + λF∆TFEEU (5)

where ∆TS U and ∆TFEEU mean that we consider only the vary-
ing parts of the temperatures; in practice we get these variations
by subtracting the mean value of the temperature T to the mea-
surement:

∆Tα = Tα − Tα (6)

In practice TS U will be computed as the mean of the probes
T1 and T4, TS U =

(T1+T4)
2 , representing the best guess of the SU

interface temperature.
The most natural way to estimate λS and λF would be to do

it directly during the scientific sessions by looking for a cor-
relation between the measured acceleration and the measured
temperature. But in our case the temperature is so stable during
these sessions that we observe no variations around the relevant
frequencies in the limit of the noise of the probes. Thus this
classical method would lead to a null effect. Our approach is
more conservative: we assume that a systematic fluctuation of
the temperature could be hidden in the measurement noise of
the probes and compute the upper bound of the thermal effects
by multiplying this maximum amplitude that we could not see
by the thermal sensitivity; but to observe this thermal sensitiv-
ity it is necessary to create artificially very large variations of
temperature. This is what is done during the thermal sessions.

3.3. Thermal sessions

Thermal sessions run during the mission consist in introduc-
ing a temperature stimulus at a frequency fsti (close to fEP) near
the sensor unit or near the electronic unit. This stimulus is in-
duced by different double layers heaters placed at different lo-
cation in the SU and in the FEEU (Figure 4).

Fig. 4. Heaters 1 to 4 are on the interface of the FEEU (left) and heaters 5 to 8
are near the SU (right) in blue

These sessions are performed in inertial mode, which corre-
sponds to the worst case for thermal fluctuations because when
the satellite is in spinning mode, the temperature stability is
better due to the thermal filtering more efficient at higher fre-
quency.

Session Part of the instrument tested T0 Tsti(s) Ti(s)
266 SUEP FEEU 8h00m00s 1500 300
270 SUEP SU 8h00m00s 4500 500
298 SUREF FEEU 4h00m45s 321 64
300 SUREF SU 4h00m45s 321 64
304 SUREF FEEU 4h12m28s 1082 200
306 SUREF SU 4h12m28s 1082 120
314 SUEP FEEU 4h12m28s 1082 200
316 SUEP SU 4h12m28s 1082 120
320 SUEP FEEU 4h00m45s 321 64
322 SUEP SU 4h00m45s 321 64
758 SUEP FEEU 8h00m00s 321 128
760 SUEP FEEU 8h00m00s 1082 432
782 SUREF SU 8h00m00s 4500 500

Table 1. List of thermal sessions run during the experiment and their character-
istics. T0 is the duration of the session, Tsti is the period of the thermal heating
cycle and Ti is the duration of the heating phase inside each periodic stimuli.

Two kinds of session were run dedicated either to the ther-
mal characterization of the SU or of the FEEU. In each session
the heaters of the SU, respectively the FEEU, are switched on
during a series of time intervals of duration Ti. The beginnings
of these intervals are separated by a duration Tsti. The resulting
thermal profile is shown in Figure 5.

Fig. 5. Temperature stimulus as a function of time (left) and its discrete Fourier
transform (right) for session 782

Several constraints have imposed the choice of the heating
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frequency fsti = 1
Tsti

. First of all fsti is defined as a non-multiple
of forb in order to avoid the combination of forb and fsti while
testing the thermal sensitivity of the instrument. If fsti is too
high, Tsti is short and thermal variations too small to be seen.
A long period Tsti improves the signal to noise ratio, but if the
heating time Ti is too long it would be difficult to dissipate the
heat in the satellite. And last but not least, we need to add a
minimum number of cycles, defined by T0

Tsti
.

The list of the thermal sessions is presented in Table 1.

4. Analysis methods

4.1. Correction and pre-processing of the differential acceler-
ation

By inserting Eq. 5 in Eq. 4 one have the following measure-
ment equation :

Γmeas
d,x =Kc,x

[
δ(2, 1)gx(Osat) + S xx∆x + S xy∆y + S xz∆z

]
+ 2Kd,xΓ

meas
c,x + B0,x + Γ

(n)
d,x

+ λS ∆TS U + λF∆TFEEU

(7)

During the EP sessions, the experiment has been designed so
that the thermal effect (last line of Eq. 7) remains as small
as possible (in particular the temperature is very stable). On
the contrary during thermal sessions, this contribution must be
dominant, around the frequency fsti and its harmonics, in order
to characterize the sensitivities. Indeed all other terms of Eq. 7
are much smaller. The term 2Kd,xΓ

meas
c,x gives a contribution at

the orbital frequency quite important although not as fsti. This
is due to the fact that during thermal sessions the drag-free sys-
tem is not activated and Γmeas

c,x includes in particular the satellite
drag by the atmosphere. Since we are in inertial pointing the
drag will be visible in the signal at the orbital frequency which
is not very far from fsti for some thermal sessions. That is why
the measured differential acceleration must be corrected from
this effect before searching for the imprint of the thermal varia-
tions:

Γcorr
d,x = Γmeas

d,x − 2K̂d,xΓ
meas
c,x (8)

The correction is very simple since Γmeas
c,x is obtained di-

rectly from the measured accelerations and the scale factors
Kd,x have been estimated during dedicated calibration sessions:
Kd(S UREF) = −1.45 × 10−2 and Kd(S UEP) = 8.5 × 10−3.

Fig. 6. Discrete Fourier transform of the differential acceleration for session
782 before (left) and after (right) correction of the common mode projection
expressed in Eq. 8.

Figure 6 shows the DFT of Γmeas
d,x before and after this cor-

rection.
We complete the preparation of the data with the following

pre-processing:

• Some measured acceleration data have been identified on
board as corrupted due to missing data. They are very rare
(typically 1 over 100 000 data samples) and, to keep a per-
fect regularity in the sampling, we have chosen to recon-
struct these data as the mean of the 10 neighboring points.
We have checked that any other reasonable reconstruction
does not change our final results.

• To get rid of the long term evolution in the measured ac-
celerations and temperatures, polynomials of degree 2 are
fitted and subtracted to these signals.

• For each thermal session we will extract the longest seg-
ment lasting exactly a whole number of periods Tsti ; the
processing will be performed on this segment.

After these correction and pre-processing, we can consider
that the residual measured differential acceleration is clean
enough to be represented by means of the thermal variations:

Γcorr
d,x ≈ λS ∆TS U + λF∆TFEEU (9)

4.2. Temporal method
Observing the DFT of the corrected acceleration Figure 7,

we see that it features a pattern similar to the temperature DFT
: we have a series of peaks at frequencies multiple of fsti.

Fig. 7. DFT of temperature variation (left) and DFT of corrected differential
acceleration (right)

To estimate the sensitivity, the simplest idea is to compare
the amplitudes of the peaks of the acceleration on one hand and
of the temperature on the other hand. More precisely, for each
of these data, we fit the model :

Model =

n∑
k=1

[
Ak × sin(2kπ fstit) + Bk × cos(2kπ fstit)

]
+ C (10)

The number of frequencies multiple of fsti taken into account,
n in Eq. 10, depends on the duration of the session to reject the
stochastic noise and on the amplitude of the stimuli. The tem-
perature and the acceleration measurement are filtered using the
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same low-pass filter with a cutoff frequency fixed to 9 fsti in or-
der to get rid of the high frequency noise and to preserve the
low frequency part of interest for our goal. Then the coeffi-
cients Ak, Bk and C are estimated by means of a least-square
regression. Since the measurements of temperature as well as
acceleration are affected by a non white noise, the least squares
solution has the minimum variance only if one uses the appro-
priate non-diagonal weighting. Even though we use this kind
of solutions or equivalent ones (Baghi et al. (2015), Baghi et al.
(2016), Bergé et al. (2020)) in the analysis of scientific ses-
sions, this heaviness is not justified here: the important point
is that our estimator is unbiased, which is the case of the ordi-
nary least squares estimator. Figure 8 shows examples of such
fittings.

Fig. 8. Fit of the temperature variation (left) and of the differential acceleration
(right) by the model in Eq. 10 for session 782 with the fundamental and 5
harmonics

Then, the amplitude corresponding to each harmonic is com-
puted:

Mk =

√
A2

k + B2
k (11)

The sensitivity is obtained as the ratio of these amplitudes
estimated for the acceleration and for the temperature:

λk(acc/temp) =
Mk(acc)

Mk(temp)
(12)

The sensitivity λS (k fsti) or λF(k fsti) depends on whether the
SU temperature or the FEEU temperature is stimulated.

The accuracy of the sensitivity is estimated from the standard
deviation σAk and σBk of the least-square fit :

σMk =

√(
Ak

Mk

)2

σ2
Ak

+

(
Bk

Mk

)2

σ2
Bk

(13)

and then

σλk =

√√(
σMk (acc)
Mk(temp)

)2

+

 Mk(acc)σMk (temp)
M2

k (temp)

2

(14)

4.3. Frequency method
Instead of restraining the estimation only over frequencies

multiple of fsti as in the previous section, we can extend it to the
neighboring frequencies. To do it, we apply a Discrete Fourier
Transform (DFT) both to the differential acceleration Γcorr

d,x and

to the temperature variation ∆T . From there Eq. 9 in the time
domain is transformed into an equation in the frequency do-
main:

Γcorr
d,x ( f ) = λS ∆TS U( f ) + λF∆TFEEU( f ) (15)

where Γcorr
d,x , ∆TS U and ∆TFEEU are given at the discrete fre-

quencies fq =
q
T =

q
nTsti

=
q
n fsti. In particular, for q = kn, we get

the harmonics of fsti: fq = fkn = k fsti. Since the stimuli of the
temperature is at the frequencies = k fsti, we will focus on obser-
vations around these frequencies: we use a system of equations
as in Eq. 15 applied to these frequencies. Then this system is
inverted by means of a least-square method simultaneously on
each neighboring frequency of interest = k fsti.

This strategy has several advantages:

1. the estimation is no longer strictly limited to the frequency
fsti and its harmonics; if, for a given reason, there is a ther-
mal signal close to these frequencies, we can capture it;

2. on the contrary, using only frequencies in the neighboring
of fsti or its harmonics ensures that our model will not be
disrupted by other effects (because fsti has been chosen
outside of other natural frequencies).

The number of neighboring frequencies is chosen so that the
bands around 2 successive harmonics do not overlap. Basically
we consider 3 points before and after the frequency of interest.
The drawback is that with this limited number of equations the
computation of the variance is not reliable. The Figure 9 shows
the amplitudes of the DFT for the temperature on the left panel
and for the acceleration on the right panel. The different colors
locate the frequency bands associated to each harmonic.

Fig. 9. Discrete Fourier transform of the temperature variation (left) and of the
differential acceleration (right) for session 782

5. Results and discussion

The data are processed with the methods presented below.
For each stimuli’s frequency a thermal sensitivity is estimated
since a frequency dependency is assumed, in particular for the
instrument SUEP due to the fact that its fixing system in the
satellite is different from the SUREF one. We can also note that
the methods used will give us a positive value as we consider
amplitudes of the signal for the temporal method and the norm
of the DFT for the frequency method. In fact, we did not want
to correct the measurement from the thermal effect but only es-
timate a maximum value of its impact.
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Session k k fsti λF f λFt σt

266 1 6.67 × 10−4 8.21 × 10−11 7.90 × 10−11 1.3 × 10−12

760 1 9.24 × 10−4 7.29 × 10−11 6.32 × 10−11 4.6 × 10−12

266 2 1.33 × 10−3 4.46 × 10−11 5.12 × 10−11 2.2 × 10−12

758 1 3.11 × 10−3 5.52 × 10−11 4.79 × 10−11 7.4 × 10−12

Table 2. Sensitivity of the FEEU of the SUEP instrument with both methods
for the frequency k fsti; λF f : sensitivity computed with the frequency method ;
λFt : sensitivity computed with the temporal method ; σt the standard deviation
computed using the temporal method as in Eq. 14

Session k k fsti λF f λFt σt

304 1 9.24 × 10−4 2.18 × 10−11 2.59 × 10−11 1.7 × 10−12

304 2 1.85 × 10−3 7.12 × 10−11 4.02 × 10−11 4.3 × 10−12

304 3 2.78 × 10−3 4.02 × 10−11 9.31 × 10−12 9.9 × 10−12

298 1 3.11 × 10−3 1.58 × 10−10 1.5 × 10−10 7.5 × 10−11

Table 3. Same as Table 2 for the FEEU of the SUREF instrument

Session k k fsti λF f λFt σt

270 1 2.22 × 10−4 2.14 × 10−8 2.15 × 10−8 8.8 × 10−12

270 2 4.44 × 10−4 1.67 × 10−8 1.67 × 10−8 1.9 × 10−11

270 3 6.66 × 10−4 1.42 × 10−8 1.39 × 10−8 3.6 × 10−11

270 4 8.88 × 10−4 1.24 × 10−8 1.15 × 10−8 6.5 × 10−11

316 1 9.24 × 10−4 1.4 × 10−8 1.4 × 10−8 5.0 × 10−11

270 5 1.11 × 10−3 1.1 × 10−8 8.93 × 10−9 1.2 × 10−10

270 6 1.33 × 10−3 9.8 × 10−9 8.78 × 10−9 2.2 × 10−10

316 2 1.85 × 10−3 9.49 × 10−9 9.5 × 10−9 1.8 × 10−10

316 3 2.78 × 10−3 7.54 × 10−9 7.61 × 10−9 8 × 10−9

322 1 3.11 × 10−3 6.38 × 10−9 5.91 × 10−9 3.9 × 10−10

Table 4. Same as Table 2 for the SU of the SUEP instrument

Session k k fsti λF f λFt σt

782 1 2.22 × 10−4 2.32 × 10−9 2.28 × 10−9 2.1 × 10−12

782 2 4.44 × 10−4 2.81 × 10−9 2.84 × 10−9 6.2 × 10−12

782 3 6.66 × 10−4 2.83 × 10−9 2.88 × 10−9 1.3 × 10−11

782 4 8.88 × 10−4 2.71 × 10−9 2.78 × 10−9 2.4 × 10−11

306 1 9.24 × 10−4 2.55 × 10−9 2.55 × 10−9 1.2 × 10−11

782 5 1.11 × 10−3 2.59 × 10−9 2.69 × 10−9 4.4 × 10−11

782 6 1.33 × 10−3 2.33 × 10−9 2.62 × 10−9 8.7 × 10−11

306 2 1.85 × 10−3 2.98 × 10−9 2.97 × 10−9 6.2 × 10−11

306 3 2.78 × 10−3 2.77 × 10−9 2.69 × 10−9 1.5 × 10−9

300 1 3.11 × 10−3 5.19 × 10−9 4.39 × 10−9 1.9 × 10−10

Table 5. Same as Table 2 for the SU of the SUREF instrument

The results are presented in Table 2-5. Each table gathers the
results corresponding to the thermal stimulus of the same part
(FEEU or SU) on the same instrument (SUEP or SUREF) and
are presented by increasing value of the frequency. We can note
that, taking into account an uncertainty of 3σ, the results ob-
tained with the temporal method and with the frequency method
are compatible. Moreover there is no obvious dependency of
the frequency for the FEEU SUREF and for the SU SUREF.
That is not the case for the SU and the FEEU of the SUEP in-
strument for which the sensitivity clearly decreases when the
frequency increases (Figure 10). This can be explained by the
fact that the temperature sensor is not placed at the source of
temperature leading to thermal inertia. As verified on Figure
10 (solid lines) the frequency dependency can be pretty well
modeled by an exponential function.

According to the analysis described in this paper we can
adopt conservative values of thermal sensitivities which will be
applied, using the measured temperatures during the EP ses-
sions, to compute upper bounds of the systematic effects due to
thermal variations. Concerning thermal variations in the FEEU
SUREF and in the SU SUREF, our analysis evidence no clear
dependence of frequency; that is why we adopt the largest value
(and not the mean) given by tables 3 and 5 respectively. For the
SUEP we have found a frequency dependency which can be
well represented by an exponential function (Figure 10); thus
we can apply this function to the frequencies fEP2 and fEP3
which are used in the EP sessions. The values of these sen-
sitivities are reported in Table 6.

Fig. 10. Sensitivities computed with respect to the frequency for the SU and the
FEEU of the SUEP instrument ; representation of the SUEP’s SU sensitivity
and the SUEP’s FEEU sensitivity by an exponential function for both methods

λ(m.s−2.K−1)
SU SUEP ( fEP2) 1.4 × 10−8

SU SUEP ( fEP3) 6.4 × 10−9

FEEU SUEP ( fEP2) 7.3 × 10−11

FEEU SUEP ( fEP3) 5.5 × 10−11

FEEU SUREF 7.1 × 10−11

SU SUREF 5.2 × 10−9

Table 6. Final results for thermal sensitivity of each instrument

All these analysis will help us better characterizing the ther-
mal behavior of the instrument. For the final analysis, the val-
ues in Table 6 will be used with the temperature fluctuations in
order to obtain the maximum contribution of the thermal sys-
tematic.
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