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Abstract. The main part of the Cluster Spatio-Temporal 1 Introduction
Analysis of Field Fluctuations (STAFF) experiment consists
of triaxial search coils allowing the measurements of the
three magnetic components of the waves from 0.1 Hz up td”ata calibration of spectra and waveforms issued from a
4 kHz. Two sets of data are produced, one by a module to fil-S€arch coil magnetometer is not a new problem. Among pre-
ter and transmit the corresponding waveform up to either 10/i0us space physics missions using search coil magnetome-
or 180 Hz (STAFF-SC), and the second by the onboard Speci€rs, let us mention GEOS-1 and GEOS-2 as the first ESA
trum Analyser (STAFF-SA) to compute the elements of the SPacecraft dedicated to the study of waves and particles in the
spectral matrix for five components of the waves, B and ~ magnetosphere (Knott, 1975; Jones, 1977). The GEOS wave
2 x E (from the EFW experiment), in the frequency range consortium (S300 experiment) comprised a tri-axis search
8Hz to 4 kHz. coil magnetometer built by the predecessors of the spatial
In order to understand the way the output signals of theteam of the Laboratoire de Physique des Plasmas (LPP). The
search coils are calibrated, the transfer functions of the diftechnology usedin CLUSTER-STAFF experiments has been
ferent parts of the instrument are described as well as the wa§uPstantially upgraded since this epoch, but the principle re-
to transform telemetry data into physical units across variougnains the same: how to calibrate magnetic waveforms issued
coordinate systems from the spinning sensors to a fixed anffom a search coil rotating across a high ambient DC field,
known frame. The instrument sensitivity is discussed. Crossknowing that the transfer function varies with the frequency?
calibration inside STAFF (SC and SA) is presented. ResultsThis kind of problem has been solved in this epoch for time—
of cross-calibration between the STAFF search coils and thdéréquency studies (Robert et al., 1978, 1979). Nevertheless,
Cluster Fluxgate Magnetometer (FGM) data are discussed. [$ince the creation of the CLUSTER Active Archive (Perry et
is shown that these cross-calibrations lead to an agreemef-» 2005), the need to have a continuously calibrated wave-
between both data sets at low frequency within a 2% errorform became essential, and a dedicated method, detailed in
By means of statistics done over 10yr, it is shown that thethis paper, was deployed.

functionalities and characteristics of both instruments have TO calibrate a set of search coil data is one thing, to be
not changed during this period. sure that the calibration is right is another thing. It is true for

the calibration of any instrument, but particularly important
for search coil calibration where the solution is not unique.
In fact, it depends on calibration parameters, themselves de-
pending of the frequency band of the signal (see Sect. 6.4).
Using the amplitude of the spin tone measured in the spin
plane by the search coll, it is possible to compute the two DC
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field components in this plane, and so compare them with  Spin
a fluxgate magnetometer instrument. This was done in the /_
GEOS epoch, where the agreement found wds in mag-
nitude and~ 4° in direction (Robert, 1979b).

As the CLUSTER data are archived and will be used a
long time after the lifetimes of the instrument and the corre-
sponding Pl and engineers, it was about time to do this work
now to get the best possible calibration and to do necessary
checks of cross-calibration. Special care has therefore beel
devoted to the calibration and cross-calibration of the mag-_ N )
netic wave measurements before launch on the ground, theﬁ'gure 1. Pos_ltlon of STAFF search coil antennas on the Cluster
onboard during the commissioning phase, and throughout thspaoecraft, with respect to the spacecraft and EFW antennas.
mission. A special effort to compare STAFF-SC data with the
FGM onboard flux gate magnetometer data (Balogh et al.,

1997, 2001) has been undertaken from the beginning of thef the position of the STAFF antennas with respect to the
mission until now. This was encouraged by the Cluster Ac-spacecraft body axis.
tive Archive (CAA) activities and particularly by the organi-  The frequency range of the search coil measurements is
sation of regular cross-calibration meetings. The present pad.1 Hz to 4 kHz. The signals go to the preamplifiers, which
per, after a short reminder of the STAFF experiment (Sect. 2)jncorporate a first-order high-pass filter at 0.3 Hz in order to
presents the instrument transfer functions determined on thdiminish the spin signal. The three output signals then en-
ground, followed by the in-flight verification (Sect. 3). A ter the waveform unit, where the analogue waveform sig-
comparison of the sensitivity of the instrument both on thenal is sent to different Cluster experiments. First, inside the
ground and in space is then discussed (Sect. 4). The transfowaveform unit, it is filtered and digitised before being sent to
mation of the raw data that are acquired in a spinning systenDWP, the Digital Wave-Processing experiment (Woolliscroft
(Cluster spacecraft are spin stabilised) into a fixed physicallyet al., 1997) interfacing between wave experiments and the
meaningful reference frame needs the series of successiveacecraft. Second, it is sent to the STAFF Spectrum Anal-
coordinate transformations described in Sect. 5. The converyser (STAFF-SA) and to other experiments (see the STAFF
sion of telemetry data into physical units, that is to say theblock diagram in Fig. 2). These are the Electron Drift Instru-
calibration process itself, is then presented for the wavefornrment (EDI) (Paschmann et al., 1997), the Wideband (WBD)
data (Sect. 6) and for the Spectrum Analyser data (Sect. 7)Plasma Wave (Gurnett et al., 1997) and the Electric Field and
The continuity of spectral values as well as the similarity in Wave experiment (EFW) (Gustafsson et al., 1997). The inter-
the wave characterisation between the two STAFF experinal memory of EFW permits, among different possibilities,
ments are presented in Sect. 8. Section 9 is devoted to tht® get small snapshots of the five-component waveform up to
comparison between STAFF and FGM data and to a discus4 kHz.
sion of the obtained results, followed by the conclusion. The magnetic waveform unit comprises low-pass filters of
the seventh order, at either 10 or 180 Hz, selected by telecom-
mand in accordance with the telemetry rate, giving a 42db
attenuation per octave. The sampling rates are 25 and 450 Hz
2 Instrument description respectively. The output signals are digitised in a real 16-bit
analogue-to-digital converter. The 96 dB dynamic range al-
STAFF is one of the five experiments of the Wave Exper-lowed by the 16-bit digitalisation permits the analysis of si-
iment Consortium (WEC); see Pedersen et al. (1997). Thenultaneously natural waves of a few EnT Hz~1/2 and the
optimisation of the analysis of the five components of thelarge signal induced by the rotation of the spacecraft in the
electromagnetic waves is among the objectives of the WECenvironmental DC field, up to some 2000 nT at 0.25 Hz. With
The STAFF experiment comprises a boom-mounted threesuch a dynamic range we can get accurate measurements,
axis search coil magnetometer, a preamplifier and an eleceven at the inversion of the DC magnetic field, e.g. at the
tronics box that houses the two complementary data-analysimmagnetopause crossing. The experiment had been designed
packages: the digital Spectrum Analyser, and an onboardor its initial orbit, for which the perigee was at a radial dis-
waveform unit. The experiment is briefly described below, tance of 4 Earth radii from the Earth’s centre. During the pro-
with some emphasis on elements of interest for further wavdongation of the Cluster mission, due to mechanical laws, the
characteristic determination and the comparison between thperigee has decreased a lot, and there are periods around the
four spacecraft. For a detailed description of the experimentperigee where the waveform does saturate. While the data
see Cornilleau-Wehrlin et al. (1997, 2003). The search coilsare useless for these periods, this has not induced a degra-
are mounted at the extremity of a radial boom to avoid in-dation of the experiment’'s capabilities. Owing to telemetry
terferences from the spacecraft. Figure 1 gives a schematilimitations, a reduction in the dynamic data range from 16 to

Spacecraft
Body Build System
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Figure 2. Block diagram of the STAFF experiment and its links to other Cluster experiments.

12 bits is performed inside DWP. The principle is to trans- close to 0, 180, ane-90°, increasing to about 20midway
mit the full 16-bit word at the beginning of each telemetry between these angles.
packet, and later the difference between the successive sam-The STAFF waveform box also houses an onboard cal-
ples coded on 12 bits, in such a way that the dynamics of thébration unit that permits one to detect a potential failure
experiment is preserved even at boundary crossings. Conseof a part of the experiment and to recalculate the transfer
vative back-up solutions can be selected by telecommandunction in case of any variation in the experiment response,
being either a cruder compression, or having no compressiowhich is crucial for the comparison between the four space-
at all. The back-up compression is used during three hourgraft. The calibration sequence, run once every orbit, consists
around the perigee, where the spin signal can be above sonie sending successively a white noise and fixed-frequency
200 nT, and at high telemetry rates where the waveform is acsine waves { 7 and 100 Hz), the intensity of which is di-
quired up to 180 Hz. The three modes have been tested sueninished step by step. The calibration signals are sent at the
cessfully during the commissioning phase. input of the search coil through the feedback wiring (Fig. 7
At higher frequencies for which the telemetry does not per-of Cornileau-Wehrlin et al., 1997).
mit one to get the waveform, the onboard Spectrum Anal-
yser is part of the STAFF experiment. In addition to the three i i
search coil output signals, the Spectrum Analyser receive§ STAFF experiment transfer functions
the.S|gnaIs from the four electric field probes of the EFW €X-3 1 |nitial transfer functions
periment. These are used to form a pair of orthogonal electric

field dipole sensors. All five inputs (2 E +3 x B) are used  The magnetic sensors together with their associated pream-
to compute in real time the 55 Hermitian cross-spectral  pifiers were first calibrated on the ground. There is a special
matrix at 27 frequencies distributed Iogarithmica]ly in thg facility at a quiet site in the Forest of Orléans which is lo-
frequency range 8 Hz to 4 kHz. The components in the spincateq at the Chambon-la-Forét Observatory. The calibration
plane are despun onboard. All channels are sampled simukacility was built by previous members of the laboratory in
taneously, and the integration time for each channel is thgne 1960s. The facility consists of a set of three 1 m diameter
same as the overall instrument time resolution, which can bgyeimnoltz loops orthogonally mounted to generate a mag-
commanded to values between 125 ms and 4 s. The five autQyetic field. At the centre is a table on which the sensors to be
spectral power estimates are obtained with a dynamic rangggjiprated are put. This table can move around a central axis
of approximately 100dB and an average amplitude resolu,ng js carefully graduated. This facility is also equipped with
tion of 0.38dB. The ten cross-spectral power estimates argjg loops that were intended to compensate for the Earth’s
normalised to give the coherence. The precision of the phasg,agnetic field. In fact this is not used, as for search coils
depends upon the magnitude of the coherence: for a signgje are only concerned with rapid (faster than 10 s) variations
with magnitude in the highest bin, it is approximately 5, the magnetic field. Free space field and stimuli are used,
to get respectively the instrument sensitivity and transfer
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Figure 3. Amplitude of the transfer functions as a function of the Figure 4. Phase of the transfer functions in degrees as a function
frequency, at the output of the preampilifier for the whole frequencyof the frequency, at the output of the preamplifier for the whole
range 0.1 Hz—4 kHz, and at the output of the 180 Hz and the 10 HArequency range 0.1 Hz—4 kHz, and at the output of the 180 Hz filter
filters respectively, for th&x component. Data for the four space- and the 10 Hz filter respectively, for tiex component. Data for the
craft are overplotted. four spacecraft are overplotted.

function. We measured there the transfer functions of the an_CorniIIeau-WehrIin etal., 2003), it appeared during scientific

tennas and of their respectively associated preamplifiers. Th@Peration that we observed a systematic underestimation of

10 and 180 Hz filter transfer functions have been establishe(%Cl measurements of about 10 % at low frequencies, in par-

in the laboratory, not at the Chambon-la-Forét ObservatoryliCular at the spacecratt spin frequency. Moreover, compar-

The deduced combined transfer functions at the output of th&>Oons of STAFF wavefgrm 'data with FGM data ewdenged
antennas and preamplifiers, and at the output of two-rangémomer 10% underespmatlon. The reasons fqr these differ-
high-pass filters 10 and 180 Hz, are plotted in Figs. 3 and 4ences have been stud|ed_ and ex_plamed, leading to a correc-
The transfer functions of the four spacecraft are overplottedtlon (_)f the transfer _func§|ons.. Itis those corrected trqnsfer
for one componentBx, and do not show significant differ- functions that are given in Figs. 3 and 4. Let us explain the
ences (see Sect. 3.3 t;elow) different issues. First we look at the 10 % difference between
Another quantity has been measured in Chambon-la-Forét.SCl and the others. Going back to records of measurements

the angle between the mechanical axis of the search coil arl! Chambon-la-Forét, we found that the current loop axis we

tennas and the magnetic axis. This is obtained by rotating thé"sed f_o.r Scl was not the.same as for the ot_her spacecraft.
addition, the big loops aimed at compensating for the DC

antennas on the table and knowing the mechanical axis, anlf‘ oo . . :
by looking at the antenna response at each angle, we deteE_arth magnetic field, which was aligned with the current loop

mine the antenna diagram. The angles are small, and the axf&Is used for SC1 antenna\_s, bl_ﬂ which was not usgd for the
can be assumed to be aligned, within an error smaller thaPther spacecraft search coils, disturbed the magnetic field by

0.3. The orthogonality of the three axes has also been verneans of an induced magnetic field opposite to the one pro-

ified. By the way, from the spin signal seen on the axis duced by the current loop even at very low frequencies. This

(parallel to the spin axis), it has been shown that the angleeXpIameq the differences between SC1 and the others. Sec-
between the spacecraft spin axis and Zhentennas is of the ond, looking very carefullly at each of the three current loops,
order of 0.5. As it has been decided not to take into account/® then found that their structures were no longer perfect

this small misalignment, it has been also decided to neglecplane circles. All this has been verified by means of a refer-

the very small non-orthogonality of the sensors. Note thatehce search coil (that has been tested by different Helmholtz

sin(0.5) = 0.0087, which is close to 1%. As we will see in coil facilities and compared with predicted measurements).
Sect '9 1 %'is alsé the best agreement féund between STAEEOM this a corrective transfer function has been established:

and FGM, with all sources of errors. Another work could take <1+ ji>
into account these small errors, but it should be done at onCgT CORR= 1.1 x feh ,
for STAFF and FGM. It could be done in the future. - (14_]’%))

3.2 Corrections applied to the initial transfer functions with fch=85Hz and fcb=102 Hz.

The transfer functions of SC 2, 3 and 4 are corrected
While measurements during the commissioning phaseby this formula. The corrected transfer function of SC 1
showed that the sensitivity and transfer functions wereis computed by averaging the other three complex trans-
as expected from ground measurements (see Fig. 2 dier functions. The new transfer functions thus obtained have

Geosci. Instrum. Method. Data Syst., 3, 15377, 2014 www.geosci-instrum-method-data-syst.net/3/153/2014/
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Figure 5. Example of a smoothed transfer function, here the Figure 6. Example for SC2 of the normalised difference in the an-
component for SC3, at the output of the 180 Hz filter. The influenceSWer in amplitude of the three components of the magnetic wave-
of power lines at 50 Hz is clear; this has been smoothed. form data on the spacecraft.

been applied to STAFF data and compared again with FGV3-4  In-flight calibration
data, as will be shown later on in this paper, giving satisfac- ) _ )
tory results. It was then estimated that we had found the errof'S mentioned above (Sect. 2), in order to verify the health of
sources, and that we could not go further. This comparisorfn€ €xperiment in operation, the in-flight calibration mode is
seems to show that the facility loops had already undergon&!n ONCe per orbit. A systematic check is done as soon as the
the deformation at the time of Cluster STAFF search coil data arrive in the lab to verify that data remain within given
calibration, in 1999, observed some years previously. SincdMits: This did not lead to any unexplained alarm. More de-
then, a new set of lops, as circular, planar and orthogonal at&iled analysis can be done — and will be done - to analyse
possible, has been installed at Chambon la Forét Oservatorj!oW the experiment behaves after 12yr (or more) of opera-
As the site magnetic quietness is not perfect, there remaifion, being built for 2yr. An example of such a check is given
some variations in the transfer function which were attributedi" Fig- 7. This is the result of the analysis of the white noise
to the environmental electric array, namely at 50 and 150 Hz Which is sent by the onboard cal-box to the search coils, us-
This lead to a smoothing of the new transfer function, as caring the feedback wires of the search coils. In this step of the

be seen in Fig. 5. calibration mode, the strongest signal is sent. After a Fourier
transform of the signal, it is averaged in successive frequency

3.3 Similarity of the search coils, between the three bands to facilitate the verification. The power as a function
components and between the four spacecraft of the frequency reflects the combined transfer functions of

the search coils and the 10 Hz filter. In the figure, two data
As the aim of the Cluster mission is to perform three- sets are superimposed, one obtained at the beginning of the
dimensional measurements, this implies the ability to com-mission in 2001 and the other recently in 2012, in the same
bine the data of the different spacecraft either to derive quanperiod of the year (same region of the magnetosphere). One
tities as a curl to get e.g. small-scale currents or to apply thean see the stability of the experiment’'s behaviour with time.
so-calledk -filtering method (Pingcon and Lefeuvre, 1991) to
disentangle possible different waves modes in turbulent spec-
tra, it was a requirement to produce four experiments as sim4 STAFF sensitivity
ilarly as possible (see e.g. Fig. 4 in Cornilleau-Wehrlin et al.,
1997). An example is given in Fig. 6 below, where it can be The determination of the instrument’s magnetic sensitiv-
seen that the relative difference in response in amplitude ofty i an important issue in what concerns the validity of
the transfer function in the frequency range 0.1-180 Hz isthe scientific data analysis. As mentioned in the previous
less than 2%. The normalised differendgs—By, Bx—Bz section, the instrument’s sensitivity is determined on the
and By—Bz are overplotted in red, green and blue respeC_ground at the quiet site of Chambon-la-Forét. An example is
tively. For other spacecraft and for 10 Hz filter output, the 9iven in Fig. 8, onto which have been superimposed to the
normalised differences have the same order of magnitud@round—determined sensitivity the results of measurements
Note that the differences start to increase around 180 Hzin space when in a region with no wave activity (lobes of
where the low-pass filters start to be efficient. the magnetosphere). The in-flight data are for one space-
craft (SC4) on one day. Data from STAFF-SA and from
waveforms in the 10 and 180 Hz bands are overplotted. The

www.geosci-instrum-method-data-syst.net/3/153/2014/ Geosci. Instrum. Method. Data Syst., 3, 168342014
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=
= 107t
10 and 180 Hz filter data cannot be simultaneous, but are’s" ol
close in time.Bz is plotted on top andx at the bottom. I
One sees that the in-flight STAFF-SC data are as good as ot 10|
the ground. For STAFF-SA output, the in-flight sensitivity ol
is better than the ground sensitivity; indeed, the in-flight ex- ' "5 v P pro ——

perimental noise is below the ground sensitivity curve. This Freq (Hz)

could t?e e>§pla|ned t?y the ab;ence in flight of the 50 HZFigure 8. Example of comparison of the sensitivity measured on
power line signal and its harmonics seen on the ground. NeVee orqund (green line) at the quiet site of Chambon la Forét and in

_ertheless, afew interferences are seen, at70, 140 and 280 Hgight during a quiet period, for SCB (top panel) and3x (bottom
internal to STAFF-SA, and at 900 Hz, coming from the DWP panel) componentsBly is identical toBx). Outputs of Spectrum

clock. When looking at the background noise for the 180 HzAnalyser (black line) of 180 Hz filter (red) and 10 Hz filter (blue)
waveform, one sees some thin interference lines, the frequerare superimposed (see text).

cies of which vary from time to time and from one spacecraft

to another. This may limit the sensitivity of the measurements

in the higher frequency range. The increase in the noise levep  Sensor rotation and coordinate systems

at and above 10 Hz (180 Hz) comes from the cut-off frequen- . N . .
cies of the filters. Due to the effect of the spin signal (seeTO transform telemetry data into significant physical units,
below), the noise level is higher aBw than onBz (parallel we need to convert the data from the sensor coordinate sys-

to the spin axis) at low frequencies. tem into on_e or another sy_stem, z_;\nd in partlc_ular to transform
Figure 9 intends to show the possible evolution of thefromthe spinning system into a fixed one, with respect to the

noise level with time. The spectra are obtained up to 9 Hz by>un @nd the Earth, for instance. For the waveform data, all

10 Hz low-pass filter waveform data, and above 9 Hz, theytransformations are done on the ground, whereas for STAFF-

come from STAFF-SA. The above-mentioned interferences> data, part of the transformation is done on board. The
are seen clearly olx (and By), mainly on Cluster 3 and following sections are dedicated to defining all intermediate

Cluster 2. Data are averaged over one hour, taken in quietfoordinate systems required for this operation. Notice that

periods in the same region for the four periods, in the Earth’sthese definitions can be used for other experiments of the

lobes. Data for spacecraft 1 to 4 are plotted from top to bot-S2Me tyPe, on any other mission.

tom, with Bx components on the left and tBx ones on the All transformaﬂqn matrices are named &sto_B, where
right. Being similar toBx, they are not shown. One can no- A and B_are MO different coordinate systems. To convert_a
tice the rather stable level with time, with nevertheless some’ector given in thet syst_em to the same vector expressed in
increase for thet frequency band of STAFF-SA (8—64 Hz). the B system, the following expression is used:

The higher level at low frequencieg & 0.3Hz) is due to

an effect of the local spin signal (high level of DC magnetic

fields).
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Figure 9. Evolution of the sensitivity with time, for four different years, in the lobes (quiet region) for the four spacecraft and for the

and Bz components By, not shown, is similar taBx) for both parts of the experiment (waveform up to 9 Hz, Spectrum Analyser above
9Hz). The chosen time intervals are 3 August 2001 12:00-13:00 UT, 12 August 2004 11:00-12:00 UT, 12 August 2008 19:00-20:00 UT and
19 August 2011 00:10-01:10.

5.1 The Sensor Coordinate System (SCS)

X X
y| =At0B{y]| . This is the system where the original signal is measured (see
%/ B /A Fig. 1). This system could be a non-perfect orthogonal sys-

For a general computation of this kind of matrix, see tem (see Sect. 3.1)

Robert (1993, 2003, 2004).
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5.2 The Orthogonal Sensor System (OSS) 5.5 The Spin Reference System (SRS)

This is a Cartesian orthogonal coordinate system. The origi-The Spin Reference System hasAtsxis parallel to the spin

nal sensor system can be a non-orthogonal system. The firsixis. This is a spinning system, rotating at the spin frequency.
step is to transform the data vector into an orthogonal co-As mentioned above, there is a small misalignment between
ordinate system, th& axis being the reference of the new the Xggs axis and theZscs axis, as there is another slight
orthogonal sensor system. The corresponding matrix, calleanisalignment between thEggs axis and theZpss axis. It
“SCS_to_0SS”, close to a unit matrix, is required and mustis not easy to separate the two angles, but it is possible to
be applied; values are supposed to be constant in time. Newstimate the small angle between thezs axis and the true
ertheless, for the first time, taking into account the low devi- spin axis which define€sgrs This angled could be esti-
ation of the sensor to an orthogonal system for CLUSTER-mated by the measurement of the low spin signal orZiss
STAFF (~ 0.2, see Sect. 3.1), this correction is not applied component.

and the matrix is set to the unity matrix. If B,s, Bys, and B.s are the amplitudes in nT of the spin
1 0 0 sine on the three, y, andz components of the SCS, this
scstoosslo 1 0o angle is estimated by
0 01 G B.s

5.3 The Data Sensor System (DSS) /st+ B2+ st'
x y z

The Body Build System (BBS, see next section) is a SystéMryiq angle could be constant, but can also have small vari-

fixed to the geometry of the spacecraft, and is used as thg,nq quring operations on the spacecraft (trajectory modi-

spacecraft system reference for all the experiments. Genefioqiinns, etc.). It has been estimated to an average value of
ally, for most of the spacecraft missions, theaxis is close ~0.5%, and. for the first time, has not been taken into ac-
to the maximum principal inertia axis also called the spin axisCount so the “BBS to SRS’ matrix is set to

(for spin-stabilised spacecraft). Nevertheless, for CLUSTER,

this axis has been defined as tfiexis (see Fig. 1). 0 1 0
In all our data, the convention taken is thatis the spin  BBS to SR& |0 0 1}.
axis. It means that we have an intermediate coordinate sys- 1 00

tem, called the Data Sensor System (DSS), which corre- = ] ] )
sponds to the previous OSS, but where the axes are permutéd''S IS @ simple circular permutation.

to makeZ close to the spin axis. .
With respect to Fig. 1Xoss Yoss andZpssbecomey, 5.6 The Spin Reference2 (SR2) system

Z, an_dX in DSSj ) _ _ _ The SR2 system, also called “SSS” for Spacecraft-SUN Sys-
This permutation is obtained by the following matrix: tem, or “DS” for despun, is derived from the SRS byespin
010 operation. The spinning spacecraft is “stopped” just at the
OSS to DSS |0 0 1]. time where theX axis is in the plane containing th# spin
1 00 axis and the direction of the Sun. The rotation angle required

is derived from the Sun pulse, which gives the time where
the Sun sensor is in the plane defined by the spin axis and the
In the case of CLUSTER, thg axis of the Data Sensor direction of the Sun. Knowing the position of the Sun sen-
System is close to th& axis of the BBS, but the misalign- SOr onboard _the spacecraft (see Fig. 1) and the time (_)f each
ment angle is not easy to determine. It is also true for thel€lémetry point, we can deduce the spin phase apgléhis
small angle between thi¥ggs and the true spin axis (pre- anglg, and the corresponding tme measurement, .|s requllred
cession and nutation motions). Nevertheless, an estimate ¢f build the “SRS_to_SR2” matrix. The terms of this matrix
the cumulative angle is made in Sect. 5.5. Here, we neglec@re fast varying with timefs is the spin frequency given in
this small misalignment and assume tiss= Xggs. In the auxiliary data. The phase anglgis calcula_ted for e_ach_

all cases, two other axes may be rotated by an important arfime tag of the data thanks to the Sun pulse signal. This gives
gle (see Fig. 1). The corresponding matrix is required, called -

“DSS_to_BBS"; values are supposed to be constant. Practisps 1, spa (S:(Ijns((gﬁttizss)) _Cglsrf(zg jf;jf;i ) 8

cally, for the STAFF search coils of CLUSTER, this matrix - -

5.4 The Body Build System (BBS)

is a rotation matrix oft = 45°. 0 0 L
0 0 1 5.7 The Geocentric Solar Ecliptic (GSE) system
DSS to BBS= | cose —sine O ) ) )
sine cosz O The GSE system is a well-known system, with theaxis

perpendicular to the ecliptic plane, and tfiexis toward the
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Sun. To do the transformation of the SSS to the GSE, the Assuming all small misalignment angles to be close to
direction of the spin axis in the GSE system is required. Duezero, we get
to the gyroscopic effect of a spinning spacecraft, the spin axis .
is approximately constant in an inertial system, and so has a cosw - Sine 0
yearly variation in the GSE system, except during spacecraf{BBS—to—sRSDSS—K’—BB$= sine cosx O
manoeuvres. 0 0 !

SR2 to GSE transformation is done using the moduleysing the expression “SRS_to_SR2” given in Sect. 5.6, with
“tsr2gse” routine of the ROCOTLIB software (see Robert, (s = 27 f; after some calculus we get
1993, 2003, 2004). The Cartesian GSE coordinates of the _
direction of the spin axis are required as the correspondingf* Sin(wst +¢s+a)  CoSagt +ysta)  0) fx
time measurement. To transform spin right ascension and = Cos(wstgtpﬁa) —sm(wszo+(ps+a) (i y .
the spin declination angle given in the STAFF-SC CAA data </ sra “/ pss
in the Geocentric Equatorial Inertial (GEI) system, routine By neglecting all the small misalignment angles, the transfor-
“tgeigse” can be used. These angles are also available in thmation from the Data Sensor System to the fixed SR2 system
auxiliary files available at CAA (latitude and longitude an- is simply reduced to a rotation in the spin plane of the fast
gles of the spin axis direction in GSE). varying angleyr = (wst + ¢s+ «).

Note that in the GSE system, each component mixes both This simplification is used for CLUSTER-STAFF calibra-
parallel and perpendicular components with the spin axistion, but cannot be used for spacecraft or rockets having pre-
Because sensitivity is strongly different at low frequenciescession or nutation, or a non-constant direction of the spin
in the parallel and perpendicular components in the SR2 sysaxis. In this case, the full computation must be done.
tem, it is recommended to filter the data belev@.6 Hz be-
fore coordinate transformation. This is done for CAA Com-
plex Spectra products.

5.8 The Inverse SR2 (ISR2) system 6.1 Spectrum calibration in sensor frame

6 STAFF-SC calibration method

This is equivalent to the SR2 system (or SSS), where thel Ne STAFF-SC experiment is a waveform unit which deliv-

Z andY axes have inverse signs. This system is useful forSS magnetic waveform(:)vort in the SCS sensor reference

CLUSTER, where theZ axis of the ISR2 system is close to frame. The transfer function being frequency dependent but

the Z axis of the GSE system, so ISR2 is a rather good ap_not proportional, all components of this signal at various fre-

proximation of the GSE system, and does not require Spmquencies must be corrected both in amplitude and phase, so
direction in the GSE system. the signal delivered by the search coil is

1 0 0 +fs/2
SR2 to ISR=[0 -1 0 x(Ovolt = / X (fnra( e df, 1)
0O 0 -1 —fs/2
5.9 Simplification of the cumulative matrix products where X (f) is the spectrum of the true ambient signal, in

nT, a(f) is the complex transfer function of the sensor in
The cumulative matrix product requested to transform orig-v nT-1, and fs/2 is the upper detectable frequency in Hz.
inal data given in SCS coordinates into a fixed coordinate For the first time, let us consider the calibration of a single
system such as SR2 can be greatly simplified if we negleckpectrum.
all the small misalignment angles mentioned above. By the After d|g|ta| processing, fs being then the Samp“ng fre-
way, the first mass processing on the STAFF-SC data was tguency, Eq. (1) becomes
produce a database for the level 1 data (telemetry data) in the
DSS, which is delivered to the CAA. The only difference be- N2 ik
tween the DSS and the SCS sensor coordinate is a circular (Vi) = Z Xnane™ " @
permutation of the components to get thexis close to the —N/2
spin axis, since we assume that the SCS is orthogonal ang, is the Fourier transform of the real signal, in nT, to be

equal to the OSS (see Sect. 5.3). estimated. The spectral resolutiorjs= fs/N.
So, to transform data expressed in the DSS into the “fixed” So, to retrieve the original spectra (in nT), a simple Fourier
SR2, we have to apply the cumulative matrix product: transform is required:
X X 1 1 N/2 .
y| =[SRS_to SREBBS to SREDSS to BB$|y| . X,=—— xpe 2Tk, ()
a, N
%/ sr2 %/ pss —N/2
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e
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Figure 10. Spin tone superimposed onto rapid variations of the
magnetic field that the search coils intend to measure.

Figure 11. Trapeze and round trapeze used as weighting functions.

This is the theory. In practice, the original signal is formed

by a large sine signal at spin frequency fspind.25 Hz), due 6.2 Computing calibrated waveforms in the SR2

to the rotation of the sensors into a large DC fieldlQ0 nT), system

and the fluctuations (a few nT) are superimposed, so the am- ) ) ]
plitude of the “useful” frequency range is 100 times less From Eg. (3) we can estimate the calibrated waveform in the

intense than in the DC field (spin signal a0.25Hz, see  SCS by aninverse FFT, as

Fig. 10). Furthermore, a Fourier transform assumes a peri- N/2

odic signal of perioaV, and thus introduces large discontinu- ;7 = Z X, ek,
ities on the edges of the window which generate meaningless “NJ2
high-frequency components (see Robert et al., 1978, Robert

Afterward, the calibrated waveform in the SR2 system is
computed by applying the successive coordinate system ma-
ix defined in Sects. 5.1 to 5.6; practically, for CLUSTER-
TAFF, we use the simplified equation given in Sect. 5.9, and

1979a).

Thus, the first step is to remove this large sine signal with
dedicated software which computes the amplitude and phas
of the sine for a given spin frequency and removes it. Note
that this measurement of amplitude and phase on the wd'® get
Bx and Bz DSS spinning components allows us to compute [z, sin(wsty +@s+a) CoS(wstk +ps+a) O\ (i
the two components in the spin plane of the DC field, by (ik) = (COS(wstk+<ps+a) —sin(wsti + ¢s+ o) 0) (ik)
applying the complex coefficient of the transfer function at \%/ srz 0 0 Y \&/ pss
the spin frequency, taking into account the phase angle givefne result is that the SCS and the DSS differ only by a cir-
by the Sun pulse time to convert results into a non-spinningcy|ar permutation (see Sects. 5.2 and 5.3).
frame system (see later). Then, to avoid discontinuities on the
edge of the window, the second step is to apply a weightings.3 Computing the calibrated spectrum in the SR2
function on the signal after centering on zero. The weight- system
ing function must preserve the shape of the signal, but must
also ensure that the weighted signal is periodic, so that itsThe previous waveform being calibrated and expressed in the
edges fall to zero. By experience, the choice of a very longSR2 system, the complex spectra is simply given by the FFT

trapezoid works well, as shown in Fig. 11. of this calibrated waveform, as
So, the estimate of the original spectrum (in nT) is com- 1 N2
puted by X, = - ; xp Wye 2k,
— /2
NJ2
v 11 —2innk . . :
Xy = = N Z xx Wie . The weighting function can be chosen freely. For
“n ¥ ZNJ2 CLUSTER-STAFF CAA products, we chose a trapeze func-

Bef tina the estimate of th librated ; tion as described in Fig. 11. For other applications, an alter-
efore computing the estimale of the calibrated Wavelormy, e ¢oy|d be a “rounded trapeze”, by replacing the edges

Xi(u7), We NOW have to study the successive coordinate SySy i 5 sii? function rather than a line. The same operation is
tems used to convert the signal recorded by the sensors iNtO ~ourse done foF. andZ
n n-

a useful coordinate system.
6.3.1 Window effect

Due to the weighting function, the previous calibrated wave-
form is significant only around the centre of the window. To
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enlarge this part, we generally use a weighting function, theapplying the FFT. Next, in the frequency domain, for each
shape of which is a trapeze or a rounded trapeze representdéckquency, the complex spectrum is divided by the complex
in Fig. 11. We can see that only 7/8 of the waveform is  transfer function to get a calibration in amplitude and phase.
significant. Since the transfer function is close to zero for frequencies
In normal use, the length of the window is about a few spin close to zero, a cut-off frequency is applied, generally fixed
periods. At least one spin period is required to estimate theat 0.1 Hz. Lastly, an inverse Fourier transform is performed
amplitude and phase of the sine, and two or three spin periodi return in the time domain and to get a calibrated waveform
allow a best estimate. Beyond a few spin periods, the DGin the given window, always in the Sensor Spinning System.
field could change significantly, and the spin tone estimate This step is named “Calibration step #3: nTesla, spinning
will be less accurate. A good compromise is between onesensor system, without DC field”.
and four spin periods to estimate properly the DC field and

to remove spin tone. Get the calibrated waveform in the fixed SR2 system
6.3.2 Summary of the various steps done during By applying the appropriate matrix given in Sect. 6, which
spectrum calibration requires spin phase computation, one gets the calibrated

waveform in the SR2 system.
Calibration of the telemetry data is done in successive steps, This step is named “Calibration step #4: nTesla, fixed
described below. At this level, the calibration is done on suc-SR2 system, without DC field”.
cessive data windows to obtain the calibrated spectra as de-
scribed above. Add DC field values onX and Y

Get waveform in volts This is an optional step which allows comparison with FGM
o data, because one obtains, for the tit@andY components
Telemetry data are given in integer values (called TM counts), the spin plane, both the DC field and the fluctuation.

within a [0, 65 535] interval corresponding to a volt range of - Thjs step is named “Calibration step #5: nTesla, fixed SR2
[-5, +5V]. The value of 65535 comes from the used sam-gystem, withvy DC field”.

ple words of 16 bits in length. This step does the conversion
simply as Get the calibrated waveform in the GSE system or others

X (ta)volt = [* (tn)Tm x 10/65534 —5. This is an optional step. From step 4, waveforms can easily
be converted in the GSE system or other geocentric systems
(GSM, MAG, GEO ...) by using the ROCOTLIB software
(see Robert, 1993, 2003, 2004).

Remark: this method provides a calibrated waveform
which is only significant in the central part of the window
Cleaning raw waveforms and produces discontinuities at the edges of each window,

so this method cannot be used to produce continuously cal-
This step consists in removing the high-amplitude signal atibrated waveforms (see Robert, 1979a, 2009). The method
spin frequency due to the SC rotation into a high DC field. used to produce continuously calibrated waveforms is de-
Indeed, the wave useful signal is very low (a few nT) com- scribed in the next section.
pared with the high spin tone (a few nT, upt®%-600 nT). Nevertheless, this method can be used to produce the es-
Even if the transfer function coefficient in amplitude is small timate of the calibrated spectruﬁ‘;f(ﬁ% in the SR2 system
at the spin frequency, the spin tone in volts remains too high(see Sect. 6.3) by applying a simple Fourier transform. The
to do a correct fast Fourier transform (see Robert, 1979a). main advantage is the low CPU time consumption.

This step is named “Calibration step #2: Volts, spinning
sensor system, without DC field”. 6.4 Waveform continuous calibration method

The independent calibration of the spin tone, both in am-
plitude and phase, on the twix and By components allows 6-4.1 Method chosen for CLUSTER

the determination of the two components in the spin plane . ,
which can be compared with the same components measurelp obtain a continuous waveform, we have to repeat the

by the FGM experiment. previous operation by overlapping successive windows and
keeping the central points, as illustrated in Fig. 12. The cali-
Calibration of each component within a given window bration is done on a window of Nkern telemetry (TM) points,
which determines the frequency resolution of the intermedi-
For the first time the signal is centered, and then a light trapeate calibrated spectrum, that is the accuracy of the calibra-
zoidal windowing is applied to reduce edge effects beforetion. The calibration window is then shifted by Nshift points.

Selecting the time length of the windows determinesAhe
Af is one resolution of each spectrum.

This step is named “Calibration step #1: Volts, spinning
sensor system, with DC field”.
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Nkern M Spectrum calibration Table 1. Parameters chosen for the routine production at CAA for
xFi/Ta(f) the continuous calibration of the waveform as a function of the sam-
FET- ple frequency.
7 Sample NKern Window Spin Nshift
<):1Continuous waveform calibration freq. duration period
e Using a Gaussian weighting function Hz S S
e Calibrate the current window ( ) ( ) ( )
® Keep only Nshift points close to NBR 25 1024 4095 ~10 2
> the summit of the Gaussian curve
Nshift HBR 450 4096 9.10 ~2.3 2

e Shift window of Nshift points and do again

Figure 12. lllustration of the continuous calibration method (bot-

tom) as compared with spectrum calibration. also plays a role in the calibration, depending on whether the
covered period is stationary or not. In a general way, a long
window leads to a more accurate calibration, but is time con-
suming, and enlarges the data gap. However, a long window
— Do a correct despin: the window duration must be |0ng could alsolead to a non-perfect Cleaning of the Iarge sine Sig-
enough to have a good estimate of the spin tone, buf@l due to the DC field, especially if it is fast varying. In any
not too long, because the amplitude (and phase) of th&€ase, the best compromise must be sought in relation to the
spin tone varies with time; the DC field could change nature of the data (stationary waves or magnetopause cross-
in both direction and amplitude. A good compromise ing can require different calibration parameters). This is why
is between 2 and- 10 Spin periods_ One period is the we keep available in the Cluster Archive the level 1 wave-
minimum to run the despin algorithm. form (uncalibrated). It is the expertise of the experimenter
that will lead to better results.
— Have a high enough frequency resolution: the window
duration must be long enough to get a significant sam-6.4.2  Other calibration methods
pling of the transfer function and to get a good accurate
calibration.

The Nkern number must be optimised in order to

The previous method, which is a deconvolution in the fre-
quency domain, can be summarised by
The number Nshift must be optimised in order to

1
— 1] =
_ Be the shortest possible, for instance two points corre-*™D = FFT- {an FFT (xkcvotn ) /} '

sponding to the summit of the weighting function in the

window. More recently, the THEMIS mission has also included search

coils (Roux et al., 2008), and for the data processing we used
— Reduce CPU time by increasing Nshift, but quality will the deconvolution in the time domain (Le Contel et al., 2008),
be reduced too. If the weighting function is not constant which can be summarised by
during the Nshift point centered on the window, a par-
asite line appears on the spectrograms at fsr/Nshift fre*(nT) = (xk(Volt)wk) X A,

quency (fsr being the sampling rate). where “x” is the convolution operator and; the impulse

Tests show that the best result is obtained by using a Gaussidtnction Ofa—ln, i.e. FFT! { ai ]
weighting function, and by shifting the windows fromoneto  From Plancherel's theorem, notice that the two expres-
the next one by two points, saving each time the two centrakjons are equivalent:
points at the summit of the Gaussian.

For the CLUSTER-STAFF-SC CWF CAA production, |x @) x A(tx) & X (fu)-a(fp)
the chosen values for the Nkern and Nshift parameters ard x (). w () & X (f,) x W (fy)
given in Table 1. These values have been chosen to process
calibration which works whatever the amplitude and the timeWe find again in this method the concept of Nkern and
variation of the DC field, under normal conditions. This is Nshift, with the same meaning, as the weighting function,
important, because we can see that by the choice of the caknd the need of “cleaning” the waveform by removing the
ibration parameterghe solution for the calibration data is  spin tone before any other processing.
not unique For very particular conditions, these parameters Comparison of the two methods has been done by apply-
can be adjusted to get the best quality of the calibration. Foing the two different software packages to the same data set,
instance, if low frequencies are not interesting, itis preferableand concludes with a good agreement. Details of these com-
to filter the data above twice the spin frequency, to avoid un-parisons will be done in another paper. Note that the cali-
desirable spin effects. The length of the calibration window bration software used for CLUSTER is written in Fortran90,
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Figure 13. The different parts of the STAFF Spectrum Analyser instrument (STAFF-SA). From left to right: analogue part, A/D converter,
digital part.

while the calibration software used for THEMIS is written 7.1 Onboard calculations

in IDL. In this last case, the convolution operation has been

done by the built-in “CONVOL” IDL function, which is very ~ The separation into three bands is performed by the analogue

efficient. So, the good agreement of the two results is a proopart of the receiver. The digital part performs the despin for

of the validity of these two programs, which is very impor- the spin-plane components and makes a filtering in nine nar-

tant for validating archive databases. rower frequency bands. It then calculates the cross-spectral
matrix of the five components in amplitude and in phase.
The AGC are fixed during the time of an analysis, time con-

7 STAFF-SA Spectrum Analyser trolled by telecommand. The different steps of the onboard

calculation can be seen in Fig. 14, and for more details on

STAFF-SA has 5 input channels connected t0 5 sensorspe onhoard calculation, see Sect. 4.3 of Cornilleau-Wehrlin
3 magnetic and 2 electric. An overview of the instrument o; 5/ (1997).

is given in Fig. 13. It makes estimations of the auto- and | grger to calculate the cross-spectral matrix, the compo-
cross-spectral power density at 27 frequencies, arranged intQants that are in the spin plane are despun:

3 bands, A, B, and C, which have their own automatic gain _
control. B, = By cogm) + B, sin(m)

B, = B, cogm) — B, sin(m),

wherem is the instantaneous angular position of the space-
craft as derived from the onboard Sun reference pulse (SRP),
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andu andv are the fixed coordinates corresponding to the of the matrix being the power spectral density (PSD) for the
position of the STAFF search coil (SCS) antennas at the timdive components, in physical units. These PSD diagonal co-
of the Sun pulse (i.e. when the SRP sees the Sun, see Fig. 1fficients are kept at a better time resolution than the overall
The angle between this reference frame and the SR2 refeliSM. To obtain from the spectral matrix the polarisation and

ence frame is then 45-26-218.8. propagation parameters, one can use the PRASSADCO pro-
gram that has been specifically developed for use by Cluster

7.2 Routine on-ground calibration STAFF-SA (Santolik, 2003), as can be seen in the following
section.

The calibration model that is applied on the ground to the

raw spectral matrix data is a combination of mathematical o

algorithms and tables of coefficient§(AGC), D(AGC), § 8 STAFF-SC/STAFF-SA continuity and other
(Freq), D (Freq)) used by these algorithms. The set of co- ~ Cross-checks

efficients comes from measurements performed in the lab- L )
oratory, including the inverse transfer function of the sen-Once the transfer function is calculated, one of the first

sors, STAFF search coils and EFW antennas. The spin-plan%hec'(s Is to compare -the results of the.da_ta gnalysis by the
receivers are strapped together in pairs with common AG wo STAFF sub-experiments. Both continuity in the spectra

outputs. The calibration model will treat the sum and the dif- and similarity in the wave characterisation results have been

ference of both the receivers. It is convenient to assume thactheCked'
the frequency-dependent and AGC-dependent variations
the analogue transfer function can be separated.

FunctionsS and D take account of the variation in the oy this purpose we have used a special mode of operation
AGC I.evel, assumed to be the same for aII.frequenC|es withinynich allows the maximisation of the frequency overlap be-
any given band. The parametersharacterise the analogue yyeen the two experiments, between 8 and 180 Hz. Examples
receivers; the mean spectral noise density in the overall pregs gitferent kinds of wave data are given below in Fig. 15.
converter passband of analogue receeis a function of Ty kinds of wave fluctuations are shown, for two differ-
the corresponding AGC outputA. ent spacecraft. Only thBx and Bz components are shown.

[FunctionsS and D allow for the variation with frequency  \yhereas the overlap and continuity are rather good, one can
within each digital input channel. The parametsrsharac-  pe aqware of some effect on STAFF-SA at lower frequencies,

terise the bandpass of the digital spectrum analyser and alsg reported in the CLUSTER-STAFF CAA calibration report
the variation with frequency of the analogue receivers. They(Robert etal., 2012).

allow independent auto- and cross-spectral estimates to be
obtained in both amplitude and phase at each of the nine freg. 2 \Wave characteristic determination
quenciesf.

To calculateS and D, we have chosen a reference noise It is important to determine the characteristics of measured
level corresponding to AGE 80 (AGC=0 to 255). To this  waves, which can be done by means of the three magnetic
ideal calibration we had foreseen to apply a small correctionorthogonal sensors. The parameters that can be obtained at
in two different cases: first if the spin is not nominal, i.e. is one point of measurement are, in particular, wave planarity,
different from 4 s, this parameter being routinely provided ellipticity, sense of polarisation, and propagation angle with
by the spacecraft auxiliary data; second if the spin-plane rerespect to the main magnetic field.
ceivers are not identical. In this later case, the correction pa- These quantities are obtained on the ground for the wave-
rameters have been identified during ground tests of the inform data up to either 10 or 180 Hz, depending on the teleme-
strument before launch (Harvey et al., 2004). try mode, whereas the coefficients of the complex spectral

To calculate the spectral matrix, we use an iterative numermatrix are calculated onboard by the STAFF-SA for the fre-
ical method, with a convergence test to stop the calculationquency range 8 Hz—4 kHz. Figure 16 gives an example of
Note that we have assumed the variation of autocorrelationsuch an analysis performed by data coming from both the
with the AGC level to be the same for all frequencies, within waveform (left panel) and from SA (right panel), observed
any given band; this is not entirely true for some frequenciespy Cluster 1 close to the magnetopause on 26 March 2007.
and it can explain some small anomalies. The last operatiolThe colour scale is the same for both data set analyses,
is to transform the data that are in a non-standard fixed referbut the frequency resolution is different: linear for wave-
ence frame into SR2. For the components that are in the S@rm data and log for SA. The top panel shows the dy-
spin plane, a rotation of delta= —18.8> has to be applied, namic spectra. Different polarisation and propagation param-
as well as a BBS-to-SRS rotation matrix to haeparallel  eters are then plotted in the time—frequency plane for am-
to the spin axis (see Sect. 5). plitudes greater than a minimum level only (for PSD larger

This overall treatment of STAFF-SA data gives the com-than 10°nT2Hz1). These parameters are the ellipticy of
plete complex spectral matrix (SM), the diagonal coefficientsthe emission, the propagation angle theta B), and the

Oé.l Power spectra
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Figure 14.Relationships between the different signals in STAFF-SA.

azimuth angle ¢ =0 indicates the spacecraft Sun direc- the framework of the CAA cross-calibration meeting, it was
tion projected in the plane perpendicular ). The three  obvious to look after a comparison of the result of the two in-
polarisation parameters are computed through the singulastruments in their common frequency range. This is not only
value decomposition method (Santolik et al., 2003) using theuseful for data validation, but this also permits the clarifica-
PRASSADCO tool (Santolik, 2003). tion of the respective roles of the two instruments.

The common frequency band between STAFF-SA and So, during all calibration meetings, from 2006 until now,
STAFF-SC is about 60-225 Hz. The main emission observedhe STAFF-FGM comparisons were day by day in progress.
during that time interval is detected between 07:22:45 andThanks to this kind of comparison, we realised that the trans-
07:23:30 UT around 50 Hz, and up to more than 200 Hz in thefer function of the search coils was underestimated (Robert,
middle of the time interval. One can remark that the polari- 2nd Cross Calibration Workshop, 2006). After investiga-
sation and propagation parameters calculated from the twdion, it was shown that the shape of the calibration de-
data sets give the same results, in the limit of their respectivevice (Helmholtz coils) was slowly distorted with time (see
frequency and time resolutions. During this event, the mag-Sect. 3.2 and Robert, 14th Cross Calibration Workshop,
netic emissions were clearly right-hand polarised: the thete2011). New calibration tables were used, and the STAFF-
angle was most of the time less tharf 4&nd the phi angle FGM agreement improved.
displays a nice rotation (from90 to—180, 180 then to 99.

The similar values of the different parameters obtained from9.2 Data origin
both parts of the experiment, together with physically “rea- . ) .
FGM data are issued from CAA, in “full” resolution mode,

sonable” results, give some confidence in the validity of the’ i
data processing performed. This kind of test was performed™ the GSE system. They are converted into the SR2 system

at the beginning of the mission in order to find an error in the {0 compare the spin plane components with STAFF-SC data.

rotation matrix, which has been solved since. Search coil data are calibrated following the process de-
scribed in Sect. 6.4, in normal bit rate mode (NBR) sam-
pled at 25 Hz mode, and of course in the SR2 system. Step 5,

9 STAFF-SC/FGM comparisons “nTesla, fixed SR2 system, witky DC field”, is used.

9.1 Interest of such a study 9.3 Direct waveform comparison

The possibility of recovering two DC magnetic field com- 9-3-1 A typical event studied on various scales

ponents by the search coil experiment is particularly useful,_l_h followi its h b h in diff ¢
because it allows a comparison with the result of the Flux- € foflowing results have been shown In difierént cross-

gate Magnetometer experiment. It has already been done chralibration meetings. The 24 February 2001 case is interest-

the GEOS mission (see Jones, 1977); here the agreemeth' because we can look at it on various timescales. Fig-

found was~ 4 % in magnitude ane 4° in direction (Robert ure 17 shows a waveform comparison between 21:00 and
1979b) " 22:00UT. TheB, component is computed frols andBys

For CLUSTER, the two STAFF and FGM experiments COMPOnents in the spin plane as
have run successfully since the beginning of the mission. In
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If we zoom in on the narrow spike between 21:56 and
21:58 UT (Fig. 18), we can see that the agreement is also
good on a short timescate2 mn. We find as previously that

AB|

By
Ap =3°.

<1%

9.3.2 Statistic over 10 yr on spin plane DC field

Figure 19 shows statistics performed over 10yr of STAFF-
FGM DC field comparisons. The 58 events altogether have
been chosen, under four various conditions each year:

— low DC field, low ULF activity,
— low DC field, high ULF activity,
— high DC field, low ULF activity,
— high DC field, high ULF activity.

Figure 19a shows the relative differenc¢eB; /B, in %,
where we can see that this difference is roughly constant for
each spacecraft during the 10 yr studied.

Figure 19b shows the standard deviation B, /B,
which is between 0.5 and 5 %, except for one point at 12 %,
but which corresponds to a very lo,, SOAB, /B, be-

Figure 15. Examples of a comparison between a wavelet spec-come relatively high, taking into account the accuracy of the
trum of the waveform data (black line) and a STAFF-SA spectrum measurement.

(cross). A special operation mode has been used to maximise the Figure 19c shows the amplitude of ti DC field for
overlap between the two experiments, between 8 and 180 Hz. Herg5ch event. from a few nT to 500 nT.

are theBz and Bx components for two different events (left and
right sides respectively).

B, = Y B;%s"‘ Byzsv

while the direction or phasg is computed from

Sing = Bys/B |
COSp = Bys/B. .

On the B, component, at a first glance, the agreement is

good, with
AB|

(597 5

B (BY™+BTOM) 2
while the phase angle difference is
Ag = <¢STA_ (pFGM) =y

After re-sampling the data to obtain the same sample ratgables should theoretically all be identical, another choice
on the two data sets, we can compute the mean differencgould have been to set all tables to the SC1 average table.

point to point, and the result is much better:

~ 4%,

Geosci. Instrum. Method. Data Syst., 3, 15377, 2014

Lastly, panel d gives the phase difference of thecom-
ponent in the SR2 system.

Concerning the relative stability e B, /B, we can see
that it is independent of the magnitude of the DC field, what-
ever the level of ULF activity. Furthermore, for each space-
craft, this difference remains constant all over the ten-year
study. This is an important result, because it shows that the
transfer function remains constant from the beginning of the
mission until 10 yr after. This result could be confirmed by a
dedicated study of the onboard calibration signals.

Another important result is the difference from one space-
craft to another: in fact, the best result seems be obtained for
SC1, where the transfer function has been obtained by the
averaging of the three others (SC2, SC3 and SC4). This re-
sult is thus directly directed by the estimate of the transfer
function on the ground, and gives an estimate of their accu-
racy (see Sect. 3). The choice has been made to keep each of
the 3x 4 transfer functions slightly different, but, as these

This could be done in a future work.
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Figure 16.For each instrument (Waveform data — STAFF SC, and Spectrum Analyser — STAFF SA), the same polarisation and propagation
characteristic quantities are plotted in a frequency—time diagram: from top to bottom, the total magnetic PSD (power spectral densities), the
ellipticy, the propagation angle(k, B) and the azimuth anglep}. To highlight the polarisation of the intense emissions, parameters are
plotted only for PSD values, above a threshold. Note that the frequency scale is linear for STAFF-SC and log for STAFF-SA.
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Figure 17. Direct waveform comparison on a large scale ur 2156 2157 21:58
(15th Cross-Calibration Workshop, 17-19 April 2012). Black:

STAFE. red: EGM. Figure 18.Zoom on 2 min of data around the spike seen at 21:57 UT

of Fig. 17. (15th Cross-Calibration Workshop, 17-19 April 2012).
Black: STAFF, red: FGM.

Concerning the direction, most of the time titig differ-
ence is between 2 and ANevertheless, for some cases, this
difference changes in sign, and is betweehand—4°. This 9.3.3 Comparison at 1 Hz
change has not been explained up to now.
Figure 20 shows an event with an almost monochromatic
wave at low frequency~ 1 Hz) superimposed onto a low DC
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Figure 19. Statistics over 10yr of STAFF-FGM spin plane DC field comparison for the four spacecraft (black, red, green, and blue for
spacecraft 1, 2, 3, and 4, respectively).

variation. In the left part, one can see a constant difference obnto a low DC variation (Fig. 22). The wave occurs at
~1% in the B, component, as expected, and a phase dif-~09:39 UT on By. Agreement on DC fields remains the
ference of~ 4°. The zoom (in the right part) still shows the same AB/B <1%,A¢ ~ 3°).

same agreement on the DC part, both in amplitude and phase. By zooming on the wave (Fig. 23), we can identify a
To see a more precise comparison for the component at 1 Hzy 6 Hz wave whose amplitude and phase seem to be in good
we shift the FGM data of 3.3nT (1.1 %) to have a better su-agreement, but as previously, a spectral analysis is required
perimposition of the two curves (Fig. 21). The result is ratherto get more details (see Sect. 9.4.2).

satisfying, a good fit being found at a first glance, but a spec-

tral analysis is required to get a best estimate of the differenc€.4 Spectrum comparison

(see Sect. 9.4.1).
9.4.1 STAFF-SC/FGM sensitivity

9.3.4 Comparison at 6 Hz
Figure 24 shows a spectrum of STAFF and FGM done during

The following example corresponds to another almostavery quiet period, which means that these two curves can be
monochromatic wave at~6Hz, always superimposed considered to be the sensitivity of the two instruments. The
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Figure 21.Wave at 1 Hz, STAFF-FGM superimposed.

two curves cross at 0.7 Hz, that is to say that at this fre-
quency the two instruments have the same sensitivity. Below 240?
0.7 Hz, FGM is not only more sensitive, but of course gives |
the three components of the DC field contrary to STAFF. -
Above 0.7 Hz, the search coils are more sensitive and can |
detect events of smaller magnitude. This leads to the choice®®—
of the one experiment rather than the other, according to | S _ _

whether you look at DC or at waves, and for waves, to which e ' -
frequency range you want to focus on. In fact, the two exper- 0

TIT[ITTT

iments are quite complementary. 1005 — - E
9.4.2 1Hzevent ¥

80E—" : E
Figure 25 shows the FGM and STAFF spectra corresponding  09:35 09:40 09:45

to the waveform event of Fig. 20. The strong peak at 1 HZFigure 22. Wave comparison at 6Hz (CLUSTER—Tango (#4),

spre_ads from 0'5_ to 1.5Hz, and the agreement between th§3 September 2001. 14th CAA cross-calibration meeting, York, 5—
two instruments is very good, even for the second peak at 5.oper 2011).

~ 2.5 Hz. To quantify the exact difference, a dedicated study

should be done, requiring filtering of the high frequencies,

spike removal and Shannon interpolation for the SATFF-9 4.3 6Hz event

FGM resampling. The noise above 3 Hz is higher for FGM,

as expected; nevertheless, it is above the sensitivity shown ikigure 26 shows the spectra corresponding to the waveform

Fig. 24. event at 6 Hz of Figs. 22 and 23. As above, the strong peak
at 6 Hz spreads from 4.5 to 6.5Hz, and shows very good
agreement between STAFF and FGM. Nevertheless, the sec-
ond peak at- 7.75 Hz is not recorded by FGM, its sensitivity
not being sufficient at this frequency. On the other hand, a
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Figure 23.Zoom on wave comparison.
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Figure 24. STAFF-FGM spectra comparison for a very low power
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Figure 25. STAFF-FGM spectra comparison for events at 1 Hz.

low frequency below 0.4 Hz is not recorded by STAFF. This
example is also a good illustration of the respective interest
of the two instruments.

9.4.4 Wide frequency band event

Figure 27 shows a strong signal over the whole frequency
bandwidth. The agreement is very good between 0.1 and
~ 4 Hz. Above 4 Hz, the power spectral density {tiz 1)
of STAFF and FGM differs by a factor of nearly 2. Since the
event is strong, the two instruments are widely above their
sensitivity (the green line corresponds to the STAFF-SC sen-
sitivity). Furthermore, this is STAFF, which is above FGM. A
deeper study must be done to explain this. The effect of fall-
off on the FGM frequency response at this frequency could
be studied in a future work.

Figure 28 (from Nikiri et al., 2006) shows another exam-
ple of power spectra comparison, in the cusp region. One can

event, to show respective sensitivity of the two instruments. Blue:notice good agreement in the overlapping frequency bands,
STAFF, red: FGM. Top panel: |in—|Og Scale, bottom pane|: |Og—|Og between 0.5 and 2 HZ, as for the prev|ous 1Hz event, SO it
scale. The green line is the STAFF ground measurement sensitivity(,;omcirms that below~ 4 Hz, the agreement is very good. It

measured before launch, and corresponds roughly to the sensitivit

observed in flight.

Geosci. Instrum. Method. Data Syst., 3, 15377, 2014

¥hows in the complementarity of both experiments, permit-
ting analyses of a wide frequency range with good precision.
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Figure 26. STAFF-FGM spectra comparison for events at 6Hz.  Figure 27. STAFF-FGM spectra comparison for a large frequency
band event.

9.4.5 Doppler effect on sensitivity

Classical spectra are computed in the fixed (not spinning)/sR= fsr2— fspin-

system, as shown in Fig. 29, where we chose an event cor- _
On the other hand, a left-handed polarised wave at any fre-

responding to the background noise. Ground sensitivity is ! X i
plotted in black. Only theZ component (blue curve) is not quency, including DCis recordedby the STAFF sensor. For

disturbed by the spin, but the andY components (red and this left wave,

green curves respectively), in the spin plane, suffer fromthe, .

Doppler effect: the large peak at spin frequency (0.25 Hz)fSR_ fsre+ fopin

corresponds to the 0Hz frequency in the spinning system Thjs also means that, at a low frequency,sa@notexpect

of the sensor, and thus could lead to an infinite value, sincg| agreement between STAFF and FGM, except for left-

the transfer function at this frequency is null. Practically, to handed polarised waves, but for frequendies fopin, @S We

avoid an undefined value, one chooses a very low value rathgnd previously, there is good agreement.

than 0. To understand the consequences of the Doppler effect with
The two holes onX and Y at 0.25£0.1Hz correspond 5 non.linear transfer function well, Fig. 31 shows this spec-

to the cut-off frequency chosen during the calibration (S€€yym in the SR spinning coordinate. The peak at the spin fre-

Sect. 6). Furthermore, the spin effect added to the Dopplegyency now corresponds to the DC magnetic field, and the

effect leads to a decrease in sensitivity in the and  ¢toff frequency looks the same for thed Z components.

¥ components. o Moreover, we can see that beyond twice spin frequency, the
In other words, because the transfer function is close tGsensitivity becomes the same on the three components, which

zero atf =0, this means that a right-handed polarised wavejg ot the case in the fixed SR2 system.

at spin frequency in the spinning coordinate Sys@mnot  For more details on the Doppler effect on detected waves,

be recordedby the STAFF sensor (see Fig. 30). Indeed, it is gee Robert et al. (1978, 1979) and Robert (1979a).

seen aff = 0 by the sensor, so the search coils do not provide

any signal at this frequency. For this right wave,
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Figure 28. An example of comparison between FGM (in red) and STAFF (in black) power spectra, from Nikiri et al. (2006), in the cusp
region. One can notice the good agreement in the overlap frequency bands, between 0.5 and 2 Hz. It shows that one can use a combinatio
of the two complementary experiments, for instance to calculate the spectral power law index and the frequency break.
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Figure 30.Schematic diagram illustrating the Doppler effect on the
recorded waves.

10"k
10°F 10 Conclusions
107k
“é ‘°72_ A method to calibrate the waveform delivered by a rotat-
s ‘°’3§ ing search coil has been proposed, and used for CLUSTER-
& 10 STAFF-SC data. It has been shown that the solution to wave-
10°F form calibration data is not unique and depends on the sig-
‘°j; nal itself. Various coordinate systems required to transform
100,1 1o — telemetry data into a fixed and known coordinate system have
Frequency (Hz) been defined. The method and coordinate systems defined
here can be used for another mission of the same kind. This

Figure 29. STAFF Power spectral density of background noise in ) .
the SR2 system. paper also shows that the quality of the transfer functions

of the instrument is a key to getting the best accurate cali-
brated waveforms and spectra. Sampling and transfer func-
tion determine the sensitivity of the instrument, which has
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