Magnetospheric Multiscale (MMS)
Calibration and Measurement Algorithms Document (CMAD)

Citation: Burch, J. L., et al., (2024). Magnetospheric Multiscale (MMS) — Calibration and

Measurement Algorithms Document (CMAD), Chapter 12: FLUXGATE-SEARCHCOIL-

MERGED MAGNETIC FIELD (FSM), Including Data User Guide. Space Physics Data
Facility. http://doi.org/10.48322/VSHD-SV21. Accessed on YYYY-Month-DD.

FIELDS: FLUXGATE-SEARCHCOIL-MERGED
MAGNETIC FIELD (FSM)

Including Data User Guide

12.0  FIELDS: Fluxgate-Searchcoil-Merged Magnetic Field (FSM) ..........ccccoiiiiiiiiiiiiieeee e 12-2
121 FSM OVEIVIEW. ....eeiiiiiiieiie ettt ettt e e e ettt e e e e et e e e e stteeeeesastaeeaesansaeeeeesnsteeeeesansaneeanannes 12-2
L2 ] o 10 3 I - | - TSSO 12-2

12.21 L1 RSP 12-2
12.2.2 ST 1 SRR 12-3
12.3  Merging MethOdOIOgY ........coiuiiiiiiiiiiiie e e e b e e e s eabr e e e e anes 12-3
12.3.1 IN-Flight NOISE FIOOK .......eiiiiiiiiee e e 12-3
12.3.2 CroSS-OVEI FIEQUENCY ....ceiiuiiieiiiieiiiee et e eetee ettt et et e e et e e e b e e smte e e sneeeeneeesneeeeanns 12-6
12.3.3 CrosS-Calibration...........c.iiiiii e 12-6
12.34 | 11 ) = SRS 12-7
12.3.5 IMProved NOISE FIOOIS ... ... it e e e e e e e e 12-8
12.3.6 RV Z= 11 Te F=1 o] o ISR PPRRRRRR 12-9
12.4  Data Product Algorithm DesCriPtiONS ..........cooiiiiiiiiiiiiie e 12-10
12,5 Fle STTUCIUIE ...ttt ettt e e eat e e et e e e eaeeeennteeeanteeesnneaans 12-10
12.51 L3 FSM BKHZ.....eeeiee ettt ettt et e bt e e et e e e st e e e enbe e e eneeas 12-10
12.6  AppendiX A- FSIM REfEIENCES.........uviiiiiiiiiie ettt e et e e e e sraeeaeean 12-11

REVISION HISTORY

Revision DESCRIPTION EF I;EfTTéVE
Rev 0 Outline submitted to FY2020 Senior Review 2 June 2020
Rev 1 Full Draft, released for review and validation by MMS ITF Team | 15 Feb 2022
Rev 2 V2.0 Public Release, submitted to FY2023 Senior Review 22 Nov 2022
Rev 3 V2.1 CMAD Interim Release, no updates to FSM 1 Sept 2024
Rev 4 V2.2 Submitted to FY2026 Senior Review, Updates to FSM 8 May 2026

Table 12-1 FSM Change Log



670-MMS-Proj-Plan-CMAD
MMS Overview — Revision 4

FSM Lead Co-l / Point of Contact:
Prof. R. B. Torbert, University of New Hampshire (rtorbert@unh.edu)

12.0 FIELDS: FLUXGATE-SEARCHCOIL-MERGED
MAGNETIC FIELD (FSM)

12.1 FSM OVERVIEW

The Fluxgate-Searchcoil Merged (FSM) data product for the Magnetospheric Multiscale (MMS)
mission is created by merging data from the fluxgate (FGM) and searchcoil (SCM)
magnetometers into a single level-3 data product. The merging method involves pre-flight timing
and noise floor analysis determining the in-flight noise floor as well as. The resulting data
product has the DC component of FGM, the sampling rate and Nyquist frequency of SCM, and
a reduced noise floor within the transition band of the merging filter. Here, we describe the
statistical inter-calibration process as well as the merging filter. A full description of the SCM-
FGM cross-calibration methodology, the merging filter, and the applications of the dataset can
be found in the following two publications:

Fischer, D., Magnes, et al. (2016). Optimized merging of search coil and fluxgate
data for MMS. Geoscientific Instrumentation, Methods and Data Systems, 5(2),
521-530. https://doi.org/10.5194/gi-5-521-2016

Argall, M. R., Fischer, D., Le Contel, O., Mirioni, L, et al. (2018). The Fluxgate-
Searchcoil Merged (FSM) Magnetic Field Data Product for MMS. ArXiv E-Prints.
https://arxiv.org/abs/1809.07388

12.2 INPUT DATA

Input data for the FSM data product comes from the L1A FGM and L1B SCM datasets. The L2
datasets are not used because the merging process needs to occur before data from the
different axes are mixed via coordinate system rotations. For FGM and SCM, the closest
common coordinate system is Orthogonalized Magnetometer (OMB), which, for FGM, differs
from the 123 sensor coordinate system by an orthogonalization transformation and is equivalent
to the SCM 123 sensor coordinate system. Data in OMB coordinates is not available at in L2.

In addition, only burst data is merged. The fast and slow survey mode data products are not
merged.

12.2.1 FGM

Two fluxgate magnetometers are used to create the FGM dataset: the analog fluxgate (AFG)
and digital fluxgate (DFG) magnetometers. The sensors differ by the addition of a tuning
capacitor in AFG. The electronics, however, were designed based on different operating
principles (Russell et al. 2014; Magnes et al. 2008), providing robust redundancy. Data from
AFG is used for the survey dataset and DFG is used for the burst dataset. As a result, the burst
FSM data also uses data from the DFG instrument.

This document is continually updated as new information becomes available. Downlink 12-2
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DFG data is sampled at 8192 S/s and is decimated to the burst data rate of 128 S/s by two,
named DEC32 and DEC64. In DEC32 mode, the sampling rate is reduced to 256 S/s via a 32-
point average, then is decimated to 128Hz. This mode produces aliasing, but reduces the group
delay so that the magnetic field can be passed faster to the Electron Drift Instrument (EDI)
(Torbert et al. 2015) for beam emittance angle adjustments, reducing the amount of prediction
required. In DEC64 mode, the sampling rate is reduced to 128 S/s directly via 64-point
averaging. Each mode has unique effects on the measured signal and so are handled
separately in the production of the FSM dataset.

The DFG data in OMB coordinates is processed to L2-quality via the same algorithms that
process the publicly available L2 datasets. This folds in the results of in-flight calibration, which
entails 1) spin tone removal to determine orthogonalization parameters, 2) range joining to
remove jumps between low- and high-range, 3) cross-calibration with the Electron Drift
Instrument (EDI) (Torbert et al. 2014) and/or application of the Davis-Smith method (Leinweber,
et al. 2008) to remove spin-axis offsets, 4) earth-field comparisons to determine absolute
calibration factors, and 5) inter-spacecraft comparisons to remove relative differences.
Additional details of the calibration and L2 processing can be found in (Russell et al. 2014).

From here onward, DFG and AFG data are referred to as FGM data, where FGM burst data
implies the use of DFG and FGM survey data implies the use of AFG. Individual instrument
names will be used only when specific instrument characteristics require it.

12.2.2 SCM

The SCM L1B data is already calibrated by the SCM instrument team. This involves 1)
decompression, 2) data cleaning, 3) conversion from counts to Volts, 4) application of a transfer
function to convert Volts to nano-Tesla (nT), and 5) application of a high-pass filter with cutoff at
0.5 Hz for burst data. A definitive description of the SCM L1B data product can be found in the
SCM section of this CMAD.

12.3 MERGING METHODOLOGY

The Finite Impulse Response (FIR) filter designed to merge the FGM and SCM datasets uses
knowledge of the noise floor of each instrument observed in-flight to determine the cross-over
frequency at which the two datasets are merged. The FSM data product consists primarily of
FGM data below the cross-over frequency and SCM data above the cross-over frequency. The
cross-over frequency is where the noise floors of the two instruments intersect.

12.3.1 In-Flight Noise Floor

The FGM and SCM instrument noise floors are determined in-flight. Figure 12-1 outlines the
procedure. The top row of panels show the power spectral density (PSD) of the x-component of
the magnetic field measured by DFG and SCM for an entire burst data file on 2015-09-01. Here
and in the figures that follow, DFG data is presented in the left column and SCM data in the right
column. The second row shows the distribution of signal as a function of frequency. At each
frequency, the PSD was separated into bins of size 0.5 Log(nT?Hz) and accumulated over the
duration of the burst file. In the last row, histograms from all burst files in September of 2015
were accumulated into a single distribution.

This document is continually updated as new information becomes available. Downlink 12-3
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Figure 12-1 Method for Determining the In-flight Noise Floors (top). The PSD of the Time Series
Waveforms is Calculated for a Burst Interval (middle). The PSD is Histogrammed at Each Time
Step (bottom). The Histograms are Accumulated Across All Burst Intervals.

To compute the PSDs, FGM is first high-pass filtered with a cut-off frequency of fc = 1Hz to
mimic the SCM calibration process and to prevent leaking of DC signal to higher frequencies.
Next, a sinc-function and Chebyshev window taper T = 20 s data intervals which are then Fast
Fourier Transformed (FFT-ed) to the frequency domain to calculate PSD. Subsequent windows
contain 50% overlap. A time interval of T = 20 s was chosen for both FGM and SCM for two
reasons: 1) a frequency resolution of f=1/T = fs/N = 0.05Hz (where fs is the sample rate and
N is the number of samples per FFT) is high enough to decipher peaks in the statistical
distributions, and 2) the frequency bins and their spacing are the same for DFG and SCM up to
the Nyquist frequency fy of DFG. This allows us to make gain and phase comparisons between
the two instruments, as will be shown later.

The PSD histograms have a bimodal distribution that is better seen in Figure 12-2, which shows
vertical cuts through each component at 2Hz. Overplotted as a blue vertical line is the mean
value of the noise floor across each component. A peak at a PSD of ~107® nT?Hz for FGM and

~107° nT?/Hz occurs slightly below the value of the ground-measured noise floor at 2Hz. This
peak is the in-situ measured noise floor.

This document is continually updated as new information becomes available. Downlink 12-4
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A second, larger distribution of occurs to the right of the first. Unlike the peaks associated with
the noise floor, it is observed at the same PSD value of ~1072 nT%/Hz for both FGM and SCM.
Plots similar to were made for individual burst intervals containing significant wave activity and
revealed peaks in the distribution coincident with this second peak (not shown). Thus, this
second peak is associated with signal driven by physical phenomena.
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Figure 12-2 Bimodal Distribution in PSD Identifies Noise Floor and Signal Peaks (A cut through
the PSD histograms at 2 Hz reveals a bimodal distribution with the left peak associated with noise
and the right peak associated with signal.)

Such a procedure has been applied to all three components of the magnetic field (Figure 12-3).
The peaks associated with the in-flight noise floor (green circles) and physical signal (magenta
x’s) were identified by eye at a select number of frequencies and fit with an exponential (solid
lines of the same color). The noise floor determined on the ground for FGM and SCM is
represented by the red dashed line in each panel. Note that the ground-measured noise floor
overlaps with the noise floor observed in-flight.
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Figure 12-3 In-flight Noise Floor Coincides with Ground-Measured Noise Floor (Histogrammed
PSD for FGM (left) and SCM (right), x,y, and z-components (top, middle, bottom). Noise floors are
overplotted in magenta. Hand-picked peaks in PSD are in green and magenta.)
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12.3.2 Cross-Over Frequency

Applying this methodology to all four spacecraft results in fits to the noise and signal
distributions observed by each spacecraft. These are shown in Figure 12-4. The noise spectrum
is distinct for each instrument, but the signal spectrum is the same to within the accuracy of the
methodology, providing additional support for the classification.
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Figure 12-4 Noise and Signal Distribution for FGM and SCM, Along with Their Functional Forms

(“lo” (hi) represents the noise (signal) distribution fits.)

The frequency at which the noise floor fits from FGM and SCM intersect one another (the
“cross-over” frequency, 4-5 Hz) determines the cut-off frequency of the merging filter, described
later.

12.3.3 Cross-Calibration

Signal gain and phase differences between FGM and SCM must be accounted for in the
merging process. To calculate gain and phase delays, the noise and signal distributions must be
separated. This is accomplished by selecting a frequency-dependent threshold value for PSD
below which all values are considered noise and above which all values are considered signal.
The threshold value is taken to be the maximum between components of the ground-measured
noise floor at each frequency. This was chosen because the pre-flight noise floor is higher than
the in-situ noise floor. By separating the signal from the noise distributions, we are able to
compare DFG and SCM signals to determine long-term trends in gain and phase delays.

Gain for the signal distribution is shown in the left column of Figure 12-5. It is computed as G =
|R?|, where R = B(f)/8B(f) and B(f) and §B(f) are the FFTs of the magnetic field measured
by FGM and SCM, respectively. The gain and phase delays are then histogrammed by the
same procedures as for PSD described in section 12.3.1, with bin sizes for gain and frequency
of 0.5 and 0.05Hz, respectively. Signal gain Gs = 1 throughout the frequency range of FGM,
which is a testament to the calibration and cross-calibration efforts undertaken by the
magnetometer teams. The width of the distribution increases toward higher frequency, which is
primarily caused by the lack of sufficiently strong signal and an inability to cleanly separate
noise from signal at f > 20 Hz.

This document is continually updated as new information becomes available. Downlink 12-6
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Figure 12-5 Gain Ratio and Phase Differences Between DFG and SCM Used for Cross-Calibration
Purposes (The gain ratio is unity and there is zero phase difference so there is no need for
correction in the FSM algorithm.)

Phase delay distributions are shown in the right half of Figure 12-5. Phase delay is computed as
Ap = tan"}(R(R)/I(R)) then histogrammed in the same manner as PSD and gain.
Distributions associated with signal are strongly peaked at A¢ = 0°, indicating the high timing

accuracy between the two instruments. Again, the distribution spreads as frequency approaches
fn.

In summary, cross-calibration reveals a signal gain of G = 1 and a phase delay of Ap = 0°,
indicating that no further corrections are required before merging the data.

12.3.4 FIR Filters

The FIR filter for FGM consists of three separate low-pass FIR filters with cutoff frequencies f.
of 4,7, and 32 Hz. The two filters with f.; = 4 Hz and f., = 7 Hz serve to provide an interval of
50% gain surrounding the cross-over frequency f, of each instrument pair. Both are sinc
functions truncated at 16385 points (2 s duration) and tapered with a Blackman window. The
third FIR filter with f.; = 32 Hz acts as an anti-aliasing filter. It is a sinc function truncated at
2049 points (0.25 s duration) tapered with a Chebychev window. The total duration of the filter is
4.25s.

An equivalent high-pass merging filter for SCM is constructed via spectral reversal of the low-
pass FIR filter such that the sum of their gains is unity across all frequencies.

Figure 12-5 shows the impulse and frequency response of the low- and high-pass FIR filters.
Cut-off frequencies of the three filters are depicted by green vertical lines in the frequencies
response panels. Between the lower two cut-off frequencies, there is an interval of 50% gain for

This document is continually updated as new information becomes available. Downlink 12-7
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both filters, effectively averaging the two instruments together within the interval. The reason for
this is that the noise distributions in Figure 12-2 and Figure 12-3 have a finite width, indicating

that the cross-over frequency is more of a cross-over frequency interval. This is apparent in
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individual spectra (shown later). Beyond 32 Hz, the antialiasing filter prevents signal above the
FGM Nyquist frequency from folding back into the spectra.

Figure 12-6 FIR Filter that Merges the FGM and SCM Datasets (The impulse response (top) and

frequency response (center, bottom ) of the FIR filter. Merging occurs between 3 and 6 Hz.)

12.3.5 Improved Noise Floors

One benefit of the merging filter is that the resulting FSM dataset has a reduced noise floor
within the bandpass of the merging filter when compared to the FGM and SCM noise floors
individually. This is apparent when the merging filter is applied to the FGM and SCM noise

spectra determined in Figure 12-2 and Figure 12-3. Figure 12-6 shows the results with the FGM
noise and signal spectra shown in blue, the SCM noise and signal spectra shown in green, and
the resulting FSM noise and signal spectra shown in red. The cut-off frequencies of the three
merging filters are shown as vertical lines. Below f,,, the FSM noise floor is that of FGM while

above f,, the FSM noise floor is that of SCM. Within the merging region, the resulting FSM

noise floor is reduced compared to the FGM and SCM noise floors.

This document is continually updated as new information becomes available. Downlink
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Application of L3 Merging Filter to FGM and SCM Noise Floors
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Figure 12-7 Application of the Merging Filter Results in an Improved Noise Floor for the FSM
Data Product (The merging filter is applied to the observed noise and signal spectra, resulting in a

lower noise floor within the 4-7 Hz bandpass).

12.3.6 Validation

To validate the merging filter, it is applied to FGM and SCM data during a quiet interval
identified through spectrograms and histograms as in for events when the PSD distribution
overlaps with the observed noise floor. The resulting spectra for FGM (solid blue), SCM (solid
red), and FSM (solid black) are shown in Figure 12-8 for the x-, y-, and z-components. The
respective ground-measured noise floor and the noise and signal distributions are plotted as
dotted, dashed, and dot-dashed lines and the central frequency of the cross-over interval is
represented by a vertical dashed line. The FSM spectra is invisible underneath the FGM and
SCM spectra except near the cross-over frequency, where it is smaller in magnitude. Thus, the
merging process successfully creates a new FSM data product that behaves like FGM at low
frequencies, SCM at high frequencies, and has a lower noise floor in the merging interval.
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Figure 12-8 FSM Data Shown as the Merger of FGM and SCM Data with Improved Noise Floor in
the Merging Interval

12.4 DATA PRODUCT ALGORITHM DESCRIPTIONS

An overview of the FSM algorithm is shown in Figure 12-9. Level 1A FGM data (upper-left green
oval) in OMB coordinates is processed through the standard L2 data processing algorithm
described in the FGM CMAD section. The data is then segregated by sampling rate,
DEC32/DEC64, hi/lo-range, and other operating modes for individual analysis. To align the time
tags with the SCM data, a 1 kHz compensation filter (Fischer, et al. 2016) is applied, the data is
resampled to 8 kHz, and a fractional delay is applied. At this point, the FGM data is ready to be
merged.

The L1B SCM data in OMB coordinates (lower-right green oval) is examined for mode (e.g.
sampling rate) changes and data gaps produced by the low-pass filter (see the SCM CMAD
section). It is then ready to be merged.

Next, the low-pass merging filter is applied to the FGM data, the high-pass merging filter is
applied to the SCM data, and the resulting data is summed together to produce an FSM data
product in OMB coordinates. Standard algorithms are then applied to transform the data into
GSE and GSM coordinates.
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Figure 12-9 Work Flow of the FSM Merging Process
12.5 FILE STRUCTURE
12.5.1 L3 FSM 8kHz
12.5.1.1 Variables

Variable Name Description

Epoch Timestamps of the time series magnetic field data

[sc] fsm epoch delta brst 13 Sample interval of the time series magnetic field data

This document is continually updated as new information becomes available. Downlink 12-10
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[sc] fsm_b gse labls brst I3

Axis labels for the magnetic field data in GSE coordinates

Epoch_state

Time stamps for the state variables

label r gse

Axis labels for the spacecraft position in GSE coordinates

represent_vec_tot

Components of the position variable

[sc] fsm_b gse brst I3

Vector magnetic field in GSE coordinates

[sc] fsm_r _gse brst I3

Spacecraft position in GSE coordinates

Table 12-1 FSM File Structure Variables

12.5.1.2File Versions

Version Modifications
v1.0.0 First version
v1.1.0 Updated valid data range for B and

DEPEND _0 for flags.

Table 12-2 FSM File Versions

12.6 APPENDIX A- FSM REFERENCES

The following documents and drawings in effect on the day this specification was signed shall
apply to the extent specified herein. In the event of conflict between this document and any
referenced document, the document with latest publication date will govern.

The following is a list of applicable references and publications.

Section

Document Number
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The Fluxgate-Searchcoil

Field Data Product for MMS.
ArXiv E-Prints.

https://doi.org/10.5194/gi-5-521-2016

Fischer, D., Magnes, et al.
(2016). Optimized merging of
search coil and fluxgate data
for MMS. Geoscientific
Instrumentation, Methods and
Data Systems, 5(2), 521-530.

https://doi.org/10.1088/0957-

0233/19/5/055104

Leinweber, H. K., Russell, C.
T., Torkar, K., Zhang, T. L.,
& Angelopoulos, V. (2008).
An advanced approach to
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