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Abstract

The InSight (Interior exploration using Seismic Investigations, Geodesy and Heat Transport)
seismometer instrument SEIS (Seismic Experiment for Interior Structure) was deployed on Mars

in December 2018 and went into scientific operation mode starting from March 2019. The
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Acquisition and Control electronics (AC) is a key element of SEIS. The AC acquires the seismic
signals of the two sets of seismic sensors with high resolution, stores the data in its local non-
volatile memory for later transmission by the lander and controls the numerous functions of
SEIS. In this paper, we present an overview of the AC with its connections to the sensors and to
the lander, as well as its functionality. We describe the elements of the acquisition chains and
filters, and discuss the performance of the seismic and temperature channels. Furthermore, we
outline the safety functions and health monitoring, which are of paramount importance for
reliable operation on Mars. In addition, we analyze an artefact affecting the seismic data referred

to as the ‘tick-noise’, and provide a method to remove this artefact by post-processing the data.

Introduction

NASA InSight landed on Mars on November 26, 2018 (Banerdt et al., 2020). The InSight lander
is equipped with three instruments:
e SEIS: consisting of a very broadband (VBB) and one short period (SP) seismometer each
with three components (P. Lognonné, 2019)
e HP2: Heat Flow and Physical Properties Package (Spohn et al., 2018)
e RISE: Rotation and Interior Structure Experiment (Folkner et al., 2018)
SEIS is the primary instrument of the mission. Between December 2018 and March 2019, after
initial operation of the lander, SEIS was commissioned, configured and deployed on the surface
of Mars, and then began scientific operation.
SEIS consists of three main parts:
e the Sensor Assembly (SA), which was placed on the ground by the InSight’s robotic arm
o the Electronics Box (E-Box), which resides in the temperature-controlled lander

compartment, called the Warm Electronics Box (WEB)
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e the tether connecting the SA to the E-Box
The SA incorporates the seismic sensors, the leveling mechanism and a thermal protection
(Figure 1). Three identical, oblique-oriented VBB sensor axes are located in a vacuum sphere
and mounted on the ring-shaped leveling structure (LVL). Each VBB sensor has a proximity
electronics attached to the LVL. One vertical and two horizontal SP sensors are fixed on the
outer side of LVL separated at angles of 120 degrees. The LVL has three extendable legs, which
can be adjusted in order to level the SA on a slope of up to 15 degrees. (A detailed description of
the SEIS instrument can be found in (P. Lognonné, 2019)).
There are temperature sensors installed on each of the VBB and SP sensors, in the VBB
proximity electronics and on the structure. The latter is used to measure the SA temperature with
high resolution for decorrelation purposes. Each VBB sensor includes a motor driven mass
centering and a temperature compensation mechanism. The LVL is equipped with motors to
move the legs, supported by coarse and high-precision tilt-meters. Heaters are attached to the
inner side of the LVL ring to keep the SA temperature above -65 °C and thus within the safe
operating temperature range. A double-walled thermal enclosure (RWEB) covers and protects
the entire SA. After deployment on ground, a Wind and Thermal Shield (WTS) is placed over
the SA to complete the protection and insulation of the sensitive sensors.
The tether is the electrical connection between the SA and the E-Box. It is a 3 m long semi-rigid,
layered flat cable (partially visible in Figure 1) carrying about 200 wires for the sensor signals,
power and ground connections, control signals, measurement signals, motor drive lines for
leveling, mass-centering, etc.
Here, we give a brief description of the SEIS electronics. We then describe the seismic data
acquisition channels and processing chain. We present the acquisition performance of the

seismic and the temperature channels. Finally, we describe an artefact caused by the electronics,
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which we refer to as the “tick noise”, and provide a method of removing it from the seismic

dataset.
SEIS Electronics

The E-Box comprises all SEIS electronics, except the VBB proximity electronics, some
electronics inside the SP sensors and the high precision tiltmeter front end electronics mounted
on the LVL. The E-Box is located in a triangle-shaped space in the WEB, hanging upside down
below the lander deck. The WEB contains most of the lander and instrument electronics and is
heated to prevent temperatures to fall below -35 °C. The picture in Figure 2 shows the E-Box
Flight Model (FM) unit in preparation for the thermal test.
The E-Box is implemented as a modular structure and includes all SEIS boards (see exploded
view in Figure 2):

- Power distribution and conditioning electronics (DC), two boards

- Acquisition electronics (ACQ), one board

- Control electronics (CTL), two boards

- VBB Feedback electronics VBB-FB[123], three boards

- SP Feedback electronics SP-FB, one board for all three axes

- Leveling Motor Drive Electronics LVL-MDE, one board
The Acquisition and Control electronics (AC) consists of the ACQ, CTL and DC boards. It
constitutes a sophisticated seismic data logger that provides, besides the high-resolution
acquisition of seismic sensors, the power for the instrument and a variety of functions to run the
instrument fully remote controlled in the environment of Mars as described later in this paper. It
is the core of the SEIS instrument and provides interfaces to the Command & Data Handling
Unit (C&DH) and Power Distribution & Drive Unit (PDDU) on the lander side, and to the

instrument’s sub-systems (VBB and SP sensors, LVL).



95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

Since SEIS is the primary instrument of the InSight mission, reliability is paramount. The
instrument has to withstand "single-point failures". This is accomplished by duplicating vital
parts of the instrument. The two sensor packages (VBB and SP) with their associated electronics
meet this requirement, since an SP sensor can replace a defective VBB sensor to a certain extent
and vice versa. Their associated electronics consist of the sensor feedback electronics and the
acquisition front-end circuits of the AC, with the latter providing signal conditioning and the
analog-to-digital conversion.

The AC, which is the central part of the instrument, is duplicated except for the aforementioned
front-end circuitry and the LVL-MDE electronics. This means that there are two identical
electronics, called the A-side and B-side of the AC. In the event of a fault, the B-side can
substitute the defective A-side or vice versa. The A-side is used for nominal operation. The
sensor and associated electronics as well as the LVL-MDE are connected to both sides of the
AC. The PDDU supplies the SEIS instrument with four +28 V primary power lines. Two of
these lines are connected to the A-side and two to the B-side of the AC. The C&DH (likewise
duplicated) controls the PDDU switches so that one of the four power lines is powered-up,
activating the corresponding A or B side of the AC.

The LVL MDE board is not duplicated due to volume and mass constraints in the WEB and
limitations on the number of wires in the cable. The associated risk is considered acceptable
because sensor leveling is rarely used and is only activated when temperatures are highest on
Mars.

As a further safety measure, each sensor-axis can be switched off individually to isolate
defective sensors or circuits. Automatic over-current protection circuits switch off parts or all of
the electronics. To detect potential problems or adverse trends, numerous housekeeping channels

measure currents, voltages and temperatures in the various instrument parts. The housekeeping
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data is stored and downlinked to Earth for health monitoring by the instrument operation
engineers.

The block diagram in Figure 2 shows the main connections within the SEIS instruments to the
spacecraft and to the Auxiliary Payload Sensor Suite (APSS) (see Banfield, 2018). The DC
boards convert the primary power into several positive and negative supply voltages required by
the AC and the sub-systems. The duplicated interfaces to the lander computers C&DH A and
C&DH B are cross-strapped and consist of a low speed serial line for commands and special
data, and a serial 4 Mbit/s line for the high-speed transmission of acquired sensor and health data
to the lander for further processing or downlink to Earth.

The SEIS command dictionary incorporates eighty commands with various parameters to cover
all functions of the SEIS instrument, such as turning on sub-systems, starting/stopping the
acquisition, configuring sampling rates and gains, retrieving specific data, and so on. The APSS
receives a 1-second pulse from SEIS. This pulse is used to time-correlate the APSS data with

SEIS data.

Seismic Acquisition Channels

There are nine seismic acquisition channels. The VBB sensors provide three velocity and three
position signals, the SP sensors three velocity signals. Each of these signals is digitized by a
dedicated 24-bit sigma-delta Analog-to-Digital Converter (ADC) and then filtered, time-stamped
and stored in the on-board non-volatile memory. The lander computer C&DH retrieves the data
regularly and then processes and stores the data in its mass memory. The acquired and processed

data can then be downlinked to Earth on request.
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Acquisition Chain

The acquisition chain consists of the conditioning electronics (amplifier/filter), the ADC and the
Finite Impulse Filter (FIR; see block diagram in Figure 3). The conditioning electronics in front
of the ADC scales the seismic signals from the sensor full-scale range to the input voltage range
of the ADC. The full-scale ranges are +25 Volt for the VBBs (for both velocity and position
signals) and +£12.5 Volt for the SP velocity signals. In addition, the conditioning electronics
filters the signal by the second-order low pass filter, which is the first part of a 3-step anti-
aliasing filter. To reduce the low frequency (1/f) noise, low offset, zero drift (auto zero)

amplifiers are used.

Analog-to-Digital Conversion

The performance requirement “seismic signals with a dynamic range of at least 130 dB in
amplitude” require the use of a 24-bit ADC. At the time the InSight development began in 2012,
24-bit ADC’s were state-of-the-art in seismic data loggers and in industry in general, but not
common in space projects. The challenge for these rather complex integrated circuits is to sustain
the impact of cosmic radiation in space when departing the protective magnetosphere of Earth,
and after landing on Mars. The 24-bit sigma-delta ADC AD7712 was finally selected for SEIS
due to its robustness with respect to radiation and its availability in MIL quality (military
temperature range and ceramic packaging). The device passed the radiation tests without any
permanent destruction although it showed some malfunctions that altered configuration registers
and interrupted the conversion. These failure conditions are managed in operation by monitoring
and rewriting the ADC’s configuration registers.

The ADC converts the signals with an input sampling rate of 32 kHz. The on-chip 3" order sinc-
in-time filter (sinc®) is followed by a decimation by a factor of 64 for the velocity channels and

by a factor of 3200 for the position channels. The corresponding ADC output rates are thus
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500 Hz for VBB and SP velocity and 10 Hz for VBB position. This sinc® filter constitutes the
second stage of the anti-aliasing filtering.

FIR Filter

The FIR filters, implemented in the Field Programmable Gate Array (FPGA), apply a sharp low-
pass filter, which allows decimating the filter output data to the final output rates. For the VBB
and SP velocity channels, a sampling rate of 100 Hz or 20 Hz is selectable. The upper diagram in
Figure 4 shows the corresponding filter layout. If 100 Hz data is selected, only stage 1 is used,
i.e., the output samples of stage 1 will end up in the data packet. If 20 Hz data is selected, both
stages are used and the output samples of stage 2 will end up in the data packet.

For the VBB position and Scientific Temperature SCIT (LVL temperature) channels, the
sampling rates of 1 Hz and 0.1 Hz are available. The corresponding filter layout is shown in the
lower diagram in Figure 4.

The FIR filter is the third and last stage of the anti-aliasing filtering. The standard filter used for
seismic recordings is identical to the terrestrial broadband seismological station CI.PFO (refer to
P. Lognonné, 2019).

The data samples of the seismic and the temperature channels are buffered and then 1-second
data packets are constructed from them. These packets are time-stamped with the Local On-
Board Time (LOBT) that corresponds to the instant when the first sample of the 1-second data
packet was acquired. The packets are stored in the FLASH memory, which can hold more than
65 hours of data. The FLASH memory is organized as a ring buffer; i.e., as soon as the memory
is filled-up, the oldest data is overwritten.

Anti-aliasing Filter

The resulting anti-aliasing filter is the product of the three filter steps mentioned in the previous

sections. The first two steps are implemented as hardware, only the FIR filter in FPGA can be
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configured. Figure 3 left side shows the individual attenuation of each of the three filter steps up
to 600 Hz.

It can be seen that the FPGA filters do not suppress signals with a frequency of 500 Hz + 8 Hz,
as these signals appear in the pass band due to folding around the ADC Nyquist frequency of
250 Hz. However, this effect coincides with the notch of the ADC filters at 500 Hz. Therefore,
the total attenuation of the cascaded filters remains at almost 120 dB for frequencies above the
pass band (see Figure 3 right hand side). The contribution of the analog filter (first filter step) is

less than 10 dB in the frequency range shown.
FIR Filter upload

The FIR filter coefficients can be uploaded from Earth via the lander and changed for certain
channel groups. Channel groups are VBB velocity channels, SP velocity channels, VBB position
channels and the SCIT channel. This capability is used to change filters for special purposes, as
for example, to achieve an extended bandwidth as described in the section ‘Strategies to record
information beyond the Nyquist frequency of 50 Hz’.

Channel Noise Performance

The acquisition noise is a result of the amplifier noise of the signal conditioning, the intrinsic
noise of the ADC and the voltage reference noise (Figure 5). The ADC intrinsic noise of

3.8 uV/\Hz is flat (white) down to 10 mHz, below which the ADC 1/f noise becomes visible.
Above about 8 Hz, the ADC quantization noise starts to dominate over the ADC white noise and
becomes therefore visible at 100 Hz data rate up to the FIR filter corner frequency of 40 Hz.

A space qualified external voltage reference (RH1021-5), with a temperature sensitivity of

<5 ppm/K is used to achieve good stability. It has a low noise, matching the ADC performance.
The acquisition noise level at low frequencies (<100 mHz) depends on the input signal amplitude

since the voltage reference noise is proportionally scaled with the acquired signal. For signals
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less than about 25% of the full-scale range (FSR), the voltage reference noise is not significant
w.r.t. the intrinsic noise of ADC (Figure 5). For the 20 Hz data rate, the FIR filter with 8 Hz
corner frequency will completely attenuate the quantization noise. (See also P. Lognonné et al,
2019)

Measured VBB channel performance

To illustrate the measured performance of the acquisition system, we compare the electrical
noise of the acquisition channels obtained during the electrical tests with the seismic noise
recorded during a very quiet period on Mars. The results are displayed in V/YHz (amplitude
spectrum density) and are referred to the inputs of the acquisition system.

When the E-Box is fully assembled, the inputs of the recording system are not accessible
anymore. Therefore, we present noise results recorded during the electronics tests before
integration of the sensor feedback electronics, i.e., during the so-called board level tests in the
manufacturing phase. The test configuration only includes the AC part of the E-Box (see section
‘SEIS Electronics’). The corresponding spectra in the diagrams are labeled "Channel AC". The
noise requirement for the acquisition channels is shown with the red line.

The right panel in Figure 6 shows the VBB velocity channels recorded with a sampling rate of
100 Hz. The Mars data was acquired on 2020-02-04 at 17:52 for 15 min (between 21:00-22:00
on Sol 423 — an extremely quiet time with minimal wind noise). The tick-noise artefact was
removed from the Mars data (the tick-noise and the removal procedure is described in detail in
section ‘1-Hz Mode (Tick-noise)’). In addition to the VBB sensor data, the acquisition system
data, in which the sensor noise is not present, was acquired prior to the mission on 2014-10-16
for 15 min during the board level test of the FM electronics. The acquisition noise corresponds to

the ADC intrinsic noise as shown in Figure 5 up to about 8 Hz. The ADC quantization noise
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becomes dominant above 8 Hz and increases up to the corner frequency of the FIR filter, as
explained in the section above.

In the left panel of Figure 6, VBB position channels with a sampling frequency of 1 Hz are
compared. The Mars data was acquired on 2019-10-18 at 20:00 for 59 min, while the acquisition
system data was recorded on 2014-10-04 for 59 min. Above ~0.15 Hz, the sensor noise becomes
equal to or smaller than the acquisition noise.

Measured SP channel performance

The acquisition channels for the SP are identical to the VBB channels except that the full-scale
range is reduced by half to £12.5V. Therefore, the noise limit is lowered accordingly. Figure 7
shows the horizontal SP channels recorded during cruise on 2018-07-16 at 15:48 for 7 min and
all three SP channels on Mars (2019-01-12 at 05:10 for 15 min), as well as the recorded
acquisition channels during instrument board level test of the FM electronics on 2014-10-16 for
15 min, all with sampling frequency of 100 Hz. The cruise recordings show only the horizontal
SP sensors as they work well in zero gravity environment. In contrast, the vertical SP sensor
requires gravity to function. The shown noise spectra of the two horizontal SP sensors
correspond to their self-noise, as there is no source of vibration on the spacecraft during cruise
phase.

As explained in section ‘Channel Noise Performance’, and therefore expected, the ADC
quantization noise dominates the acquisition noise above 8 Hz.

Linearity (INL)

As part of an instrument performance campaign, the Integral Non-Linearity (INL) of the
acquisition channels on the flight spare (exact duplicate of the flight unit on Mars) was
measured. A defined precise voltage Vrer was applied in steps to the differential inputs of the

VBB channels (see block diagram in Figure 8). The voltages were acquired by the acquisition
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electronics AC and additionally measured by a high-precision Digital Multi-Meter (DMM) to
obtain a better knowledge about the input voltage. The measurements were carried out for all
VBB channels before feedback board integration. For each tested input voltage, 10 seconds of
data were sampled from all VBB channels at the highest sampling rate (i.e., 100 Hz for the
velocity channels and 1 Hz for the position channels). The DMM was configured at fixed input
range to maintain stable gain and offset during the test.
The analysis of the results was done separately for each VBB channel. First, the straight line
between the range end-points is determined by calculating a gain and an offset, such that the
digital number returned for the channel relates to the input voltage as follows:

1)

VBBchan = gain * Vi, — of fset

The offset and gain are determined by the following formulae:

2)

VBBchan(20V) — VBBchan(—20V)
Vinput (ZOV) - Vinput(_zov)

gain =
3)
of fset = VBBchan(—20V) — gain * Vippy,: (—20V)
where the values between parentheses are the applied voltage. Vinput refers to the value measured
with the DMM. The endpoints of -20 V and +20 V correspond to the specified input voltage
range.

For each input voltage set, the error is calculated:

4)
€ = VBBchan — gain * Vi, — of fset

The INL in percentage of the full-scale range using the maximum error measured, called e_max:

5)
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e_max
VBBchan(20V) — VBBchan(—20V)

INL = 100 *

Figure 8 shows the measured errors for all VBB channels for the specified range extended by
10%, from which can be seen that the acquisition is still linear for signals slightly beyond the
specified range.

The highest INL measured is about 3.2-10* % for the VBB1 velocity channel, and this is well
below 15-10 %, the maximum INL in the ADC (AD7712) specification. A typical INL of
3-10"* % is specified for the ADC, and the results for all channels are close to this value. The
non-linearity measured is according to what can be expected from the ADC. Thus, no significant
contribution from the conditioning electronics is observed. However, we are also at the limits of
the measurement setup itself. Therefore, the non-linearity observed may not only reflect the
performance of the acquisition system, but also include limitations of the instrumentation and the

setup used to obtain the result.

Temperature Acquisition Channels

There are three temperature measurement systems in the SEIS instrument:

- Scientific Temperature (SCIT A&B): Two thermistors (PT1000) mounted on the ring of
the leveling structure. There are two, SCIT A and SCIT B, each connected to the
corresponding AC side.

- VBB Engineering Temperature: Three thermistors, mounted on the three VBB sensors
providing the sensor temperature

- Housekeeping Temperatures
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Scientific Temperature (SCIT)
The SCIT is the tenth high-resolution channel of AC with a dedicated 24-bit ADC. Like the VBB
POS channels, the SCIT is digitized with 32 kHz sample rate and provides, after ADC filtering
and FIR filtering of the FPGA, the output rates of 1 Hz or 0.1 Hz. This high precision
temperature measurement is implemented as a 4-wire measurement, meaning the two excitation
lines to the thermistor are separated from the two sensing lines, to avoid voltage drop affecting
the measurement due to long wires. Figure 9 shows the time-series (left) and the Amplitude
Spectrum Density (ASD) (right) of measurements made during final testing of the E-Box FM
electronics. In order to assess the performance of the circuit using a stable input signal, a resistor
with a fixed and stable value replaced the temperature sensing thermistor.
The transfer function of the SCIT temperature measurement including the non-linear thermistor
can be found in (P. Lognonng, 2019).
VBB Engineering Temperature (VBB[1,2,3] ENG TEMP)
The VBB engineering temperature measurement is a 2-wire measurement, using the same lines
for excitation and sensing. Unlike the seismic channels and the SCIT that have a dedicated ADC,
the three engineering temperature channels share a single ADC that acquires them in sequence.
A multiplexer scans through all channels and a calibration resistor of 1 kQ. For each channel and
the calibration resistor, the ADC acquires 16 samples, which are averaged. In a second step, an
offset compensation is applied with equation (6).

6)

VBBXremp = VBBXayg + (RefConst - Cal,yg)

VBBX1emp = Engineering Temperature Result for each channel, x = 1...3

VBBx,,; = averaged 16 ADC samples for each channel, x=1...3

RefConst = Reference constant representing 1 kQ
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Cal,,z = averaged 16 ADC samples measured on calibration resistor of 1 k()
In contrary to the SCIT channel that is a continuous stream, the VBB engineering temperature
channels are a series of point measurements. There is no post-filtering as with the SCIT channel.
The noise performance, measured at a sample rate of 1 Hz with a fix resistor, is 1.5 mK/\Hz
over the frequency band from 0.5 Hz down to 0.01 mHz and is well below the requirement of
3 mK/\Hz.

The conversion factors including the non-linear thermistor can be found in (P. Lognonné, 2019).
Housekeeping Temperatures

The housekeeping temperatures are a third category of temperature measurements. They are
designed to provide the temperatures of sensors and electronics boards in the instrument for
diagnostic purposes. They are collected together with the voltage and current measurements with

a resolution of 12-bits.
Time Base

The acquisition clock is derived from the AC master clock, which is based on the Hybrid Crystal
Oscillator QT625LEM-32.768000MHz QTH U. The acquisition is therefore free-running with
respect to the spacecraft clock and the Universal Time Coordinated (UTC). The oscillator
temperature sensitivity is up to ~1 ppm/°C according manufacturer’s temperature sensitivity
curve. The estimated drift is then between -20 ppm and +5 ppm in the maximum temperature
range of -35 °C to +50 °C specified for E-Box. The acquired data is time stamped with the Local
On-Board Time (LOBT), which is derived as well from the master clock. This time is kept by a
40-bit counter with a resolution of 1/1024 s. The value of this counter is included as time stamp
in the 1-second packets.

The time correlation between the LOBT and UTC is performed in post-processing. This is done

in two steps. The LOBT is correlated with the spacecraft clock (SCLK). For this purpose, the AC
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receives the spacecraft clock SCLK together with a synchronization pulse from the lander. This
is used to generate pairs of LOBT/SCLK from the same instant in time, which are retrieved by
the lander. Then the SCLK time is correlated with UTC using time pairs from the X-band

communication.
Strategies to record information beyond the Nyquist frequency of 50 Hz

For specific seismic investigations, it is of interest to record seismic signals with a frequency
content exceeding the effective bandwidth of 0 - 40 Hz (considering the low-pass -3dB corner)
with a Nyquist frequency of 50 Hz dictated by the 100 Hz sampling frequency. For example, the
eigen-modes of the LVL show eigen-frequencies >50 Hz (Lognonné et al., 2020). Furthermore,
the hammering of the HP® mole into the ground to measure a vertical thermal conductivity
profile will generate signals > 50 Hz that may allow inferring on elastic properties of the shallow
Martian crust (Kedar et al., 2017; Golombek et al., 2018; Brinkman et al., 2019). Changing the
FIR filters of stage 1 in the velocity signal acquisition chain (Figure 4 upper diagram) allows
recording information outside the effective frequency bandwidth of 0 - 40 Hz.

A straightforward way to extend the bandwidth of SEIS is to exploit the fact that, following the
Nyquist sampling theorem, the sampling limitations are not dictated by the maximum frequency,
but by the bandwidth of the signal. Any signal that is constrained to a bandwidth of 50 Hz with a
minimum frequency of an integer multiple of 50 Hz can therefore be exactly reconstructed when
sampled at a sampling rate of 100 Hz. For example, changing the FIR filter of a velocity channel
to pass 50 - 100 Hz at stage 1 will lead to the data being aliased once (Figure 10). The original
information can then be recovered by re-mapping the information that mapped onto the 0 - 50 Hz
band back to the 50 - 100 Hz band, resulting in an effective 200 Hz sampling frequency. If data
from both the VBB (recording 0 - 50 Hz) and SP instrument (recording 50 - 100 Hz) are

combined, a bandwidth from 0 to approximately 100 Hz can be covered. For technical reasons,



377  the FIR filters must have a DC gain of 1. Therefore, the FIR filter designed to record the 50 —
378 100 Hz band needs to exclude frequencies close to 100 Hz and in practice ranges from 56 to

379 87 Hz (-3dB), resulting in an effective bandwidth when combining both VBB and SP from 0 —
380 87 Hz with a notch at 50 Hz.

381 A second approach can be applied to repetitive signals with known characteristics, for which

382  significant constraints apply. It is possible to set up inversion schemes to recover information
383  that is aliased even by a few orders, thereby extending the recording bandwidth significantly

384  beyond 50 Hz. Replacing the nominal FIR filter of stage 1 by a single spike will lead to a filter
385  passing all frequencies (Sollberger et al., 2020). Subsequent down-sampling will result in the
386 information being aliased up to several orders. The original signals can be reconstructed by

387  making use of the fact that the HP® hammering waveform data are characterized by a high

388  number of similar signals generated by each mole hit. Additionally, the hammering is not

389  synchronized with the seismic data sampling so that over the repetitions of the signal the samples
390 spread randomly over time, and this allows recovering the full information content up to a

391 sample rate of 500 Hz (Sollberger et al., 2020). The FIR filter coefficients are implemented in
392  the AC as signed 32-bit integer numbers, followed by a scaling of 232, The spike filter is realized
393 by setting all coefficients to zero except one that is set to the maximum value resulting in a filter
394  with a gain of (2! — 1)/(2*?) = 0.5. Hence, the data acquired while this filter is applied need to be
395  multiplied by a factor of 2 before the usual conversion from digital counts to volts is applied,

396  which results in the loss of 1 bit of resolution (the nominal resolution is 24 bits).
397 Health Monitoring and Trend Analysis

398  Forty-seven housekeeping acquisition channels and numerous status and error flags of E-Box as
399  well as information gathered by the lander provide information about the health of the instrument

400 and especially of the E-Box. If an anomaly occurs, this information can be used to identify and



401  analyze the problem in order to decide on the corrective action necessary, such as changing the
402  configuration or turning off a sub-system. In addition, by monitoring the health information,
403  adverse trends can be detected before a problem or a defect develops.

404  The health monitoring gives confidence that the instrument electronics are functioning well. The
405  actual health check system comprises nine current measurements, thirteen voltage measurements,
406  twenty-three temperature measurements, the position measurements of the SP sensors, an

407  analysis of the clock drift, and the evaluation of sixteen error flags and fourteen status flags.

408  The monitoring system uses state dependent limits, i.e., the limits are set depending on the

409  configuration of the instrument. This allows setting narrower limit bands and provides in

410 addition a check whether the configuration is applied as expected. It significantly reduces the
411  probability of missing anomalous behavior. The configuration of the instrument is determined

412  from the status flags that are returned as part of the health check data.

413  Trend Analysis

414  Trend analyses are performed to analyze the long-term stability of the E-Box. It uses a special
415  version of the health check that shows data from several days at the beginning of the period and
416  several days at the end of the period. This facilitates spotting changes in both the average and
417  spread for the parameters analyzed. Changes in the parameter values due to different

418  configurations that are applied during the reporting interval are taken into account. So far, two
419  reports have been created during the operation on Mars, one for the period from 2019-03-11 to
420  2019-10-15, and the second for the period from 2019-10-14 to 2020-10-05. The results can be
421  summarized as follows.

422  Voltages and Currents: The configuration changes that are relevant for the E-box voltages and
423  currents during both periods were the switching on and off of the SA heating. The heating was

424 switched on on 2019-05-18. As expected, the current of the + 7V supply increased with the
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additional heating current. The heating was switched off on 2020-07-18, which reduced the
current again to its initial value. No significant change over time was observed for any other of
the currents and voltages.

Digital status / error flags: For the status and error flags, a trend analysis is not applicable. The
analysis of the error and status flags in the full reports showed that no error flags were triggered
in either of the reported periods. This means that no over-currents have occurred that would have
resulted in sub-systems being switched off. No samples were marked invalid for any reason other
than overflow in one of the FIR stages, which can also occur during FIR filter settling if a
channel is activated. Furthermore, no adverse radiation effects on the operational amplifiers used
for the conditioning of the seismic sensor signals were encountered. There was no radiation
related disruption in the ADC, which is detected and flagged accordingly by the ADC controller,
and thus its synchronization and calibration was established and retained throughout the active
period.

Memory data retention: Only few single-bit errors occurred in the FLASH memory within both
periods. The FLASH controller corrects these errors, i.e., they do not result in loss of scientific
data. The frequency at which these errors have occurred since landing on Mars is at the expected
rate and not increasing. No double-bit errors, which cannot be corrected by the FLASH
controller, have occurred in the FLASH memory.

The FIR coefficients were always read before the FIR filters were updated or reconfigured and
each time the read coefficients were identical to those previously programmed. Thus, there was
no data retention problem for the FIR coefficients.

LOBT drift versus SCLK: Figure 11 shows the LOBT drift w.r.t. the SCLK in parts per million
for the last reporting period. No significant difference over time is observed, although the

negative peaks seem to be more pronounced in the last set of days. This difference correlates
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with the temperature of the crystal used for the LOBT. The frequency of this crystal is maximum
at 0 ° C and thus decreases when the temperature is lower. The temperature’s diurnal cycle stays
above -15 °C for the first two sets of days, but has minima as low as -20 °C in the last set of
days. These lower temperatures explain the more pronounced minima in the last set of days.

The maximum drift of the LOBT w.r.t SCLK is around 3.5 ppm in both reporting periods. No
significant change over time could be observed. The limits shown in the plot take into account
the entire temperature range in which the E-Box can operate, i.e., from -35 °C to +50 °C.
LVL-MDE communication: The full reports have shown that communication with the LVL-MDE
was always successful in the reported periods. This can be confirmed by the acknowledge
messages received from the LVL-MDE.

Summary: In both periods, i.e., during the entire scientific operation on Mars, no anomaly or

adverse trend was found in the E-Box.

1-Hz Mode (Tick-noise)

The seismic data acquired by the SEIS instrument show a very small but constant 1 Hz signal
with its higher harmonic modes (subsequently denoted as “tick-noise”) as an artefact on all the
VBB and SP velocity channels. The amplitude of the tick-noise is of order up to fifty uVrms at
the various acquisition system inputs (referring to a full-scale of +12.5 V for SP and £25 V for
VBB). The tick-noise is produced by cross-coupling from switching signals to the sensitive
sensor lines that carry the seismic signal, which are routed in parallel through the sensor
feedback boards and the 3-meter-long tether down to the sensor assembly. The aggressor signals
belong to temperature measurements that are driven by the AC. Currents are being sent through
various thermistors in the VBB sensors and their front-end electronics to measure the resulting

voltages representing the temperatures. These measurements are cycled through the thermistors,
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i.e., the signals are switched to each of the thermistors one after the other, every second. This on-
off current switching produces transients on the sensor lines at a 1 s repetition rate, resulting in
the observed tick-noise. A detailed investigation on the flight spare acquisition and control
electronics confirmed that the shapes of the tick-noise could be traced back to the switching
instants of the different temperature measurement channels. The tick-noise is most evident
during periods of low seismic noise and appears as peaks in the frequency spectrum or as
horizontal lines in spectrograms. The tick noise is also prominent in spectrum density charts of
longer measurements, where the frequency bins become very narrow, because all its energy is
concentrated in a few bins. Examples of tick-noise are shown in Figure 12 and discussed in more

detail in the following section.

Investigation and characterization

From the beginning of operations on Mars, the tick-noise was monitored as one of the routine
health-check tasks of the SEIS instrument. First on a weekly basis, then every month, the VBB
and SP velocity signals are stacked and the amplitude spectra calculated. Then they are manually
compared with previous stacks. The objective is to identify, over long term, any instability or
continuing trend of tick-noise’s amplitude or shape. The following information summarizes the
findings so far.

In Figure 12 we see the amplitude spectra and in Figure 13 the stacked waveforms of the SEIS
velocity channels, recorded in 2019 and 2020 with a 20 Hz sampling rate and configured in high
gain, the most common configuration for continuous acquisition on Mars. The left side of
Figure 12 shows frequency spectra of the recordings of the three SP channels over 24 hours. The
rms (root-mean-square) amplitudes of the tick-noise, calculated from the samples of the stacked
signal, vary from channel to channel in the range of 3.9 to 7.5 uV, at a SP full-scale range of

+125V.



497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

Figure 13 left side shows the tick-noise shapes resulting from stacking the signals of SP
recordings on 2019-07-22, 2020-01-03 and 2020-08-28. The stacked signal is always 1 second
long, i.e., the number of samples in the stack equals the sampling rate. Note that the peak
amplitudes do not change significantly over one year’s period between the different recordings.
The shapes and amplitudes of SP1 and SP3 are rather invariant over time. The SP2 has a much
smaller peak and thus shows larger variation due to the presence of the overall-noise.

The amplitude spectrum charts in Figure 12 right side show the VBB channels, recorded on
2020-07-04 over 24 hours. The rms amplitudes of the tick-noise vary from channel to channel
from 7.5 uVms up to 49 UVms, the latter due to the significantly larger peak on VBB2. The VBB
full-scale range is £25 V.

Figure 13 right side shows stacked VBB waveforms from 2019-06-04, 2020-01-03 and
2020-07-04. As for the SP channels, the peak amplitudes do not change significantly over one
year’s period between the different recordings. The shape and amplitude of VBB2 is almost
identical. VBB1 and VBB3 have no distinct peak and show some degree of shape variability, as
the signal is very small w.r.t. the overall noise.

The VBB channels configured in low gain are rarely used and only for special purposes.
Therefore, there are only short records available. To assess how the tick noise affects this
configuration, waveforms for all three VBB channels were recorded for 40 minutes on

January 19, 2020. No 1-Hz peaks are visible in the spectra of VBB1 and VBB2 because they fall
below the noise floor of the sensors. VBB2 shows a peak at 1 Hz, of which the rms amplitude is
17.6 pVrms, thus roughly a factor of three smaller than the 49.2 pVrms of VBB2 in high gain.
This reflects the gain difference between high and low gain (see P. Lognonné, 2019) and
indicates that the crosstalk injection point is in front of the gain stage. The gain selection is part

of the velocity signal output amplifier of the VBB sensor feedback electronics and thus just in
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front of the acquisition electronics. In the remaining VBB channel configuration modes, i.e.,
VBB engineering (ENG) at high and low gain, and SP low gain, the tick-noise is not visible due
to the higher sensor noise floor.

In the commissioning phase, the tick-noise appeared as well with a frequency of 0.1 Hz when the
temperature measurements were configured to run at a rate of 10 seconds. The effect and root
cause is the same as described above. The project decided that this configuration should no
longer be used for the science operation of the instrument.

Tick-noise removal

We suggest removing the tick-noise by subtracting the repetitive 1 Hz signal from the recorded
waveform in the time domain. In a first step, we determine the tick-noise waveform by stacking
consecutive 1-second chunks from the continuous waveform (i.e., the number of samples per
chunk equals the sampling rate). Through this stacking process, the random noise is averaged
and thus reduced while the periodic tick-noise is averaged to its amplitude. The result is a
waveform of 1 second length, which contains the disturbing tick-noise waveform (see Figure
13).

The stacking process can be expressed in following equation:

7)

YL sample(t+sampleRatexm)

stackSample(i) = ,n=1..number of stacks

8)

waveform in seconds

number of stacks =
sample rate

9)
Number of samples in stacked waveform = sampleRate

The longer the waveform we are processing, the better the averaging of the random noise and the

cleaner the shape of the tick-noise we obtain.
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In a second step, the offset (i.e., the mean of the samples) is removed from the stacked
waveform, as it is not a part of the disturbing signal.
In a third step, this tick-noise waveform is subtracted from the continuous waveform second by
second in exact phase. After subtraction, the resulting waveform is tick-noise free.
The waveform correction becomes:
10)
corrSample(i) = sample(i) — stackSample(i — sampleRate *xm) ,form =0..n—1
To achieve a successful removal of the tick-noise, one must take into account the following
considerations:
a) Use continuous waveforms without gaps
b) Subtract exactly in phase, i.e., subtract the stacked waveform from the same 1 second
long chunks that were used in the stacking process
c) The quality of the tick-noise removal depends on the averaging process. Although the
suggested tick-noise removal works well with records as short as 20 minutes, longer
waveforms are providing improved results
The result of the tick-noise removal works well for most waveforms, including waveforms with
sampling rates of 100 Hz. However, the removal may not work satisfactory on shorter
waveforms with large drift and/or numerous glitches (Scholz et al., 2020). The stacked
waveforms will not be accurate and therefore the tick-noise removal becomes insufficient.
Running the removal process on a strongly drifting signal without high-pass filtering results in a
waveform with only slightly reduced tick-noise. Filtering of the waveform before stacking, for
example with a first-order high-pass filter with a corner frequency at 0.1 Hz, leads to an

improved result.
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Numerous glitches and strongly varying noise amplitudes prevent the waveform from being
averaged properly, making the correction imperfect. A significant improvement can be achieved
by using only those data chunks for the stacking process that contain no glitches or only glitches
with small amplitudes. This is implemented by calculating the variance of each 1-second chunk
and comparing it to a defined threshold value. The threshold has to be found experimentally. In
the example in Figure 14, a variance threshold of 10** was chosen to obtain a more accurate peak
shape (chart on the right hand side). Approximately 11% of 2880 data chunks exceeded the
threshold and were not used for the stacking process.

Figure 15 shows the resulting waveform with the removed tick-noise. Re-stacking an already
"cleaned up" waveform reveals remaining tick noise with an RMS amplitude less than 1 count.
This tick-noise residual can be further reduced by applying a dither, i.e., by adding a random
fraction of a count to each sample, before writing to the mini seed file. For example, applying a
dither of £0.5 count (peak to peak) to the waveform in Figure 15 reduces the remaining tick-
noise rms amplitude from 0.29 counts to 0.0073 counts.

Alternative approaches for removing the tick noise could be used, for example, a method in the
frequency domain could replace the spectral amplitudes at the peaks with the mean of immediate

neighboring frequency bands.

Conclusions

Electronics development for planetary space projects is challenging. The enormous vibration
imposed during launch and the large shocks while landing on the planet mechanically stress the
electronics assembly. The performance must be maintained despite the large temperature
variations during operations. The space radiation environment outside the protective

magnetosphere of Earth can have damaging effects on the electronics components. Limited
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power available for planetary missions requires careful balancing and tradeoff between low
power design and performance. In order to ensure the successful operation, the requirements
with respect to the environment in which the electronics has to perform and sustain are therefore
very stringent. The equipment is thoroughly tested before it is accepted for the mission, using
temperature ranges that extend well beyond those expected during the real operation. The design
must take into account the limited choice of electronics components that are sufficiently thermo-
mechanically robust and radiation tolerant. Compromises were made, such as accepting an
increased noise at higher frequencies by selecting the 24-bit ADC for the acquisition that in turn
has the required radiation tolerance, which was already proven in flight prior to this mission.
SEIS electronics was successfully commissioned and has now been operating for more than two
years on Mars without any anomalies, acquiring seismic data with a resolution and a dynamic
range that is unprecedented in planetary seismology.

The described tick-noise artefact is an unwanted signal that was discovered in the integration
phase of the development process, too late to take remedial action. The cause is not a problem of
a specific point in the electronics, but rather a problem related to the large instrument layout
(acquisition electronics — 3m-tether — sensor assembly). Fortunately, the tick-noise is stable and

this paper proposes a method that shows its successful removal by post-processing the data.

Glossary
AC Acquisition and Control electronics
ACQ Acquisition Electronics board
ADC Analog-to-Digital Converter
APSS Auxiliary Payload Sensor Suite

C&DH Command and Data Handling unit



616 CTL Control Electronics board

617 DC Power Distribution and Conditioning Electronics board
618 DMM Digital Multi-Meter

619 E-Box Electronics Box

620 FIR Finite Impulse Response filter

621 FPGA Field Programmable Gate Array

622 FLASH non-volatile memory

623 FM Flight Model

624 HP? Heat Flow and Physical Properties Package

625 INL Integral Non-Linearity

626  InSight Interior exploration using Seismic Investigations, Geodesy and Heat Transport
627 LOBT Local On-Board Time

628 LVL Leveling Structure

629 LVL-MDE Leveling Motor Drive Electronics

630 PDDU Power Distribution & Drive Unit

631 PDS Planetary Data System

632 RISE Rotation and Interior Structure Experiment
633 RWEB Remote Warm Enclosure Box

634 SCIT Scientific Temperature

635 SCLK Spacecraft Clock

636 SEIS Seismic Experiment for Interior Structure
637 SA Sensor Assembly

638 SP Short Period sensors

639 SP-FB SP Feedback board
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uTC Universal Time Coordinated
VBB Very-Broadband sensors
VVBB-FB VBB Feedback board

WEB Warm Electronics Box

WTS Wind and Thermal Shield

Data and Resources — see detailed information below

Tick-Noise Removal Implementation in MATLAB and PYTHON code

The function TICKREM is provided in MATLAB and PYTHON code, available for download in
the electronic supplement to this article. It reads a mini seed file, corrects it and writes another
mini seed file. For mini seed read and write, the MATLAB version calls the functions
RDMSEED and MKMSEED, downloadable from MathWorks web site

[https://ch.mathworks.com/matlabcentral/fileexchange/28803-rdmseed-and-mkmseed-read-and-

write-miniseed-files].

The read and write file names and corresponding directory paths can be specified in the
arguments. The stacking and the removal process is performed in double precision floating point,
but rounded to integer before writing to the mini seed file. The result is written to the same
SEED compression format as read (Note: only Steim1 and Steim2 are implemented).

There are three other arguments that control the correction function. The argument [hp_filt] sets
the corner frequency of the first-order high-pass filter in Hz. The value [0] will switch-off the
filter, the recommended default value is [0.1] Hz. The argument [var_threshold] defines the
threshold that defines up to which variance level the waveform chunk is used for the stacking
process. Chunks with a variance level higher than [var_threshold] are disregarded (refer to

section [Tick-noise removal]). The recommended default value is [10%]. Finally, the argument
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https://ch.mathworks.com/matlabcentral/fileexchange/28803-rdmseed-and-mkmseed-read-and-write-miniseed-files

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

[dither], which further reduces the residual of the tick-noise by applying and thus randomizing
the waveform. The recommended value is [1.0], which corresponds to a dither of £0.5 count. The
value set to zero will switch-off the dither.

The default values are suitable for most waveforms.

The InSight mission raw and calibrated data sets are available via NASA’s Planetary Data
System (PDS; National Aeronautics and Space Administration Planetary

Data System, https://pds.nasa.gov/; InSight Mars SEIS Data Service (2019)). Data are delivered

to the PDS according to the InSight Data Management Plan available in the InSight PDS archive.

All datasets can be accessed at https://pds-geosciences.wustl.edu/missions/ insight/index.html.
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List of Figure Captions

Figure 1 Artist’ rendering showing a cutaway of the SEIS Sensor Assembly (SA) and the Wind
and Thermal Shield (WTS). The leveling structure (LVVL) was delivered by Max-Planck Solar
System Research in Gottingen, Germany (MPS), the VBB sensor by the Institut du Physique du
Globe in Paris, France, the SP sensors by Imperial College in London, UK, and the Wind and
Thermal Shield (WTS) and tether by Jet Propulsion Laboratory (JPL) in Pasadena, USA. Credit:
NASA/JPL-Caltech/CNES/IPGP (NASA InSight WeD SIte).........c.covverveivesreereenesseessseisneenees 41
Figure 2 SEIS Electronics Box (E-Box) outside view, physical configuration and electrical
interconnections. The picture upper left shows the Flight Model (FM) unit, in preparation for the
thermal test. Dimensions: 244 mm (height), 170 mm (width), 344 mm (length); weight ~5 kg; E-
Box was delivered by ETH Zurich in Switzerland. The exploded view of the E-Box shows the
board configuration: three VBB-FB feedback boards (delivered by IPGP); one SP-FB feedback
board (delivered by Oxford University); one motor drive electronic board LVL-MDE (delivered
by MPS); one ACQ acquisition board (partially duplicated) and two duplicated control
electronics boards CTL; two duplicated DC power boards, condition the primary +28 V to all
secondary voltages needed by the sub-systems (delivered by ETHZ). Figure credit to Syderal
SA, Switzerland, the manufacturer of the E-Box. The Block Diagram (lower part of the figure)
shows the interconnections within the SEIS instrument and to the external units Command &
Data Handling C&DH, the Power Distribution and Drive Unit PDDU and the Auxiliary Payload

Sensor Suite APSS (Banfield, 2018) .........coiiiiiiiiieiieeee e 42
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Figure 3 Acquisition chain with the anti-alias filter steps (block diagram on top). The charts
show the attenuation of the individual filters (left) and the attenuation combined (right) for the
velocity chain at 20 HZ QULPUL FALE. .........ceiiiiiieeee s 43
Figure 4 FIR filter stages for the VBB and SP velocity channels (upper diagram) and for the
VBB position and scientific temperature (SCIT) channels (lower diagram).........cccccoeevveriennenne. 44
Figure 5 Acquisition Noise Breakdown of VBB velocity channel. (P. Lognonné, 2019)............ 45
Figure 6 Noise Performance of VBB channels, compared to the acquisition system noise. VBB
position channels (left chart) at a sample rate of 1 Hz; recordings from 2019-10-18 at 20:00 for
59 min on Mars and recordings obtained at board level test on 2014-10-04 for 59 min. VBB
velocity channels (right chart) at a sample rate of 100 Hz; recordings from 2020-02-04 at 17:52

for 15 min on Mars (event and recordings obtained at board level test on 2014-10-16 for 15 min

Figure 7 Noise Performance of SP velocity channels during cruise and on Mars, compared to the
acquisition system noise; sample rate = 100 Hz; recordings from 2019-01-12 at 05:10 for 15 min
on Mars, from 2018-07-16 at 15:48 for 7 min during cruise, and recordings obtained at board
level test 0N 2014-10-16 TOr 15 MIN....c.oiiiiiiiieiece e e e e e nae e 46
Figure 8 Linearity Measurement: Principal configuration (block diagram) and measurement
(=TT LSS 47
Figure 9 Scientific Temperature (SCIT A) time-series and ASD, measured on a fixed resistor
instead of a thermistor. Sampling rate = 1 Hz; 2 h time-series; this measurement has been

performed in the final test campaign of E-Box FM before delivery to CNES for SEIS integration.

Figure 10 Sampling strategy to record signals with frequencies up to 100 Hz (simulating a

sampling rate of 200 Hz from two separate 100 Hz recordings). (Upper row) The VBB data will
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be acquired with the standard anti-alias filter (0-50 Hz low-pass filter) when down-sampling the
signals digitized at 500 Hz to 100 Hz. (Lower row) The SP data will be filtered with a 50-100
Hz band pass filter, which results in the SP data being folded one time. For the reconstruction of
the 0—100 Hz bandwidth (corresponding to 200 Hz sampling; see rightmost sketch), the aliased
SP data are folded back before adding the VBB and SP data together. Due to the periodicity of
the Fourier transform, down-sampling to 100 Hz will cause the signal to be periodically repeated
along the frequency axis at a spacing of 100 Hz (so-called aliases). The different filters used for
the SP and VBB channels ensure that the aliases do not overlap, so that they can be individually
isolated and used for the reCONSIIUCTION. .........ccuiiiiiiii e 48
Figure 11 The drift of the LOBT versus the SCLK in the second reporting period from 2019-10-
1410 2020-10-05... ettt bbbt nhe e bt e e be e nne e 49
Figure 12 Left side: Amplitude spectra of SP1, SP2 and SP3 channels at high gain and 20 Hz
sampling rate; 24 h time-series; start time 2020-08-29 00:00:00 UTC; tick-noise amplitudes
calculated from the samples of the stacked signal: SP1=7.2 uVrms, SP2 = 3.9 uVrms, SP3 =7.4
pVrms. Right side: Amplitude spectra of VBB1, VBB2 and VBB3 channels in high gain and 20
Hz data rate; 40 min time-series; start time at 2020-07-04 14:50:00; tick-noise amplitudes
calculated from the samples of the stacked signal: VBB1 = 7.5 pVrms, VBB2 = 49.2 uVrms,
VBB3 Z14.2 UVIIMNS ...ttt bbbt bbbt bt nn et 50
Figure 13 Left side: Stacked waveforms for SP1, SP2 and SP3 at high gain and 20 Hz sampling
rate; recordings from 2019-07-22 (18 hours), from 2020-01-03 (48 hours) and from 2020-08-28
(24 hours). Right side: Stacked waveforms for VBB1, VBB2 and VBB3; recordings from 2019-
06-04 (48 hours), 2020-01-03 (48 hours) and 2020-07-04 (48 NOUIS) .......cccevveierierenenesiinieniens 51
Figure 14 Comparison of the stacked waveform, SP1, recorded on 2019-01-12 at 05:07:26 for 48

min, with 100 Hz sample rate, high-pass filter with 0.1 Hz corner frequency; left: all available
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Figure 15 Corrected SP1 data, high-pass filter with 0.1 Hz corner frequency, accepting waveform
chunks for the stacking process only with a variance below variance level 10™ counts, as in
Figure 14 on the right side. Data recorded on 2019-01-12 at 05:07:26 for 48 min, with 100 Hz
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Figures, with captions below each figure — high resolution figure files are not needed
for the review process. They will be requested after your paper is accepted for

publication.

Double-walled thermal enclosure
(RWEB)
Wind and Thermal Shield (WTS)

Very-Broad-Band sensor
(VBB) in vacuumed sphere

Figure 1 Artist’ rendering showing a cutaway of the SEIS Sensor Assembly (SA) and the Wind and
Thermal Shield (WTS). The leveling structure (LVL) was delivered by Max-Planck Solar System Research
in Gottingen, Germany (MPS), the VBB sensor by the Institut du Physique du Globe in Paris, France, the
SP sensors by Imperial College in London, UK, and the Wind and Thermal Shield (WTS) and tether by Jet
Propulsion Laboratory (JPL) in Pasadena, USA. Credit: NASA/JPL-Caltech/CNES/IPGP (NASA InSight
Web Site)
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911 Figure 2 SEIS Electronics Box (E-Box) outside view, physical configuration and electrical
912 interconnections. The picture upper left shows the Flight Model (FM) unit, in preparation for the thermal
913 test. Dimensions: 244 mm (height), 170 mm (width), 344 mm (length); weight ~5 kg; E-Box was delivered
914 by ETH Zurich in Switzerland. The exploded view of the E-Box shows the board configuration: three
915 VBB-FB feedback boards (delivered by IPGP); one SP-FB feedback board (delivered by Oxford
916 University); one motor drive electronic board LVL-MDE (delivered by MPS); one ACQ acquisition board
917 (partially duplicated) and two duplicated control electronics boards CTL; two duplicated DC power boards,
918 condition the primary +28 V to all secondary voltages needed by the sub-systems (delivered by ETHZ).
919 Figure credit to Syderal SA, Switzerland, the manufacturer of the E-Box. The Block Diagram (lower part
920 of the figure) shows the interconnections within the SEIS instrument and to the external units Command &
921 Data Handling C&DH, the Power Distribution and Drive Unit PDDU and the Auxiliary Payload Sensor
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Figure 3 Acquisition chain with the anti-alias filter steps (block diagram on top). The charts show the
attenuation of the individual filters (left) and the attenuation combined (right) for the velocity chain at

20 Hz output rate.
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934 Figure 5 Acquisition Noise Breakdown of VBB velocity channel. (P. Lognonné, 2019)
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937 Figure 6 Noise Performance of VBB channels, compared to the acquisition system noise. VBB position
938 channels (left chart) at a sample rate of 1 Hz; recordings from 2019-10-18 at 20:00 for 59 min on Mars and
939 recordings obtained at board level test on 2014-10-04 for 59 min. VBB velocity channels (right chart) at a
940 sample rate of 100 Hz; recordings from 2020-02-04 at 17:52 for 15 min on Mars (event and recordings
941 obtained at board level test on 2014-10-16 for 15 min
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Figure 9 Scientific Temperature (SCIT A) time-series and ASD, measured on a fixed resistor instead of a
thermistor. Sampling rate = 1 Hz; 2 h time-series; this measurement has been performed in the final test
campaign of E-Box FM before delivery to CNES for SEIS integration.
500 Hz 100 Hz
Alias Alias . — Full signal
@ \ Signal recorded by VBB — VBB filter
> / Signal recorded by SP 3P filter
/ \_
" twa Reconstructed signal at 200 Hz
Alias Alias
w

4 | b \ | £ WIS EIN

100 50 0 50 100 400 50 0 50 100 100 50 O 50 100
Frequency (Hz) Frequency (Hz) Frequency (Hz)

Figure 10 Sampling strategy to record signals with frequencies up to 100 Hz (simulating a sampling rate of
200 Hz from two separate 100 Hz recordings). (Upper row) The VBB data will be acquired with the
standard anti-alias filter (0-50 Hz low-pass filter) when down-sampling the signals digitized at 500 Hz to
100 Hz. (Lower row) The SP data will be filtered with a 50-100 Hz band pass filter, which results in the SP
data being folded one time. For the reconstruction of the 0—100 Hz bandwidth (corresponding to 200 Hz
sampling; see rightmost sketch), the aliased SP data are folded back before adding the VBB and SP data
together. Due to the periodicity of the Fourier transform, down-sampling to 100 Hz will cause the signal to
be periodically repeated along the frequency axis at a spacing of 100 Hz (so-called aliases). The different
filters used for the SP and VBB channels ensure that the aliases do not overlap, so that they can be
individually isolated and used for the reconstruction.
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Figure 12 Left side: Amplitude spectra of SP1, SP2 and SP3 channels at high gain and 20 Hz sampling rate;
24 h time-series; start time 2020-08-29 00:00:00 UTC,; tick-noise amplitudes calculated from the samples
of the stacked signal: SP1= 7.2 pVrms, SP2 = 3.9 pVrms, SP3 = 7.4 pVVrms. Right side: Amplitude spectra
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7.5 uvrms, VBB2 = 49.2 uVrms, VBB3 =14.2 pvVrms
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987 Figure 13 Left side: Stacked waveforms for SP1, SP2 and SP3 at high gain and 20 Hz sampling rate;
088 recordings from 2019-07-22 (18 hours), from 2020-01-03 (48 hours) and from 2020-08-28 (24 hours).
989 Right side: Stacked waveforms for VBB1, VBB2 and VBB3; recordings from 2019-06-04 (48 hours),
990 2020-01-03 (48 hours) and 2020-07-04 (48 hours)
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Figure 14 Comparison of the stacked waveform, SP1, recorded on 2019-01-12 at 05:07:26 for 48 min, with
100 Hz sample rate, high-pass filter with 0.1 Hz corner frequency; left: all available data is stacked, right:
variance level set to 10* counts; 328 of 2880 1-second chunks were rejected
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Figure 15 Corrected SP1 data, high-pass filter with 0.1 Hz corner frequency, accepting waveform chunks
for the stacking process only with a variance below variance level 10** counts, as in Figure 14 on the right
side. Data recorded on 2019-01-12 at 05:07:26 for 48 min, with 100 Hz sample rate.
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