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Abstract. The Galileo Orbiter carries a complement of fields and particles instruments designed to provide
data needed to shed light on the structure and dynamical variations of the Jovian magnetosphere. Many
questions remain regarding the temporal and spatial properties of the magnetospheric magnetic field, how
the magnetic field maintains corotation of the embedded plasma and the circumstances under which
corotation breaks down, the nature of magnetic perturbations that transport plasma across magnetic shells
in different parts of the system, and the electromagnetic properties of the Jovian moons and how they
interact with the magnetospheric plasma. Critical to answering these closely related questions are measure-
ments of the dc and low-frequency magnetic field. The Galileo Orbiter carries a fluxgate magnetometer
designed to provide the sensitive measurements required for this purpose. In this paper, the magnetometer
is described. The instrument has two boom-mounted, three-axis sensor assemblies. Flipper mechanisms are
included in each sensor assembly for the purpose of offset calibration. The microprocessor controlled data
handling system produces calibrated despun data that can be used directly without further processing. A
memory system stores data for those periods when the spacecraft telemetry is not active. This memory
system can also be used for storing high time-resolution snapshots of data.

1. Introduction

The Jovian magnetosphere envelopes the planet in a vast cocoon that extends more than
seven million kilometers from the planet in alf directions and deflects the solar wind in
its outward flow from the Sun. The gargantuan scale of the system is readily understood
as arising from a combination of factors: the low dynamic pressure of the solar wind
at the orbit of Jupiter, down by a factor of more than 25 from its level at 1 AU; the large
planetary radius, 11 times that of the Earth; the strong dipole magnetic moment of the
planet, more than four orders of magnitude larger than that of the Earth; and the
existence of a relatively dense, centrifugally accelerated plasma that acts to inflate the
magnetosphere from within.

The properties of this extraordinary magnetosphere were first revealed in the 1970s
when it was explored in flyby passes by four spacecraft: Pioneer 10 and 11, and
Voyager 1 and 2. For full reviews of the observations and interpretations of the
processes of importance in the magnetosphere, the reader should consult The Physics
of the Jovian Magnetosphere, edited by Dessler (1983) and Jupiter, edited by Gehrels
(1976) as well as review articles by Birmingham (1983) and Connerney (1987). The first
missions showed that the magnitude of the magnetic dipole momentis 4.2 R3 x 104 T,
or 4.2 x 10° nT at the level of the cloud tops near the equator (Acuna et al., 1983). This
is an order of magnitude larger than the magnetic field at the terrestrial surface. As at
Earth, the Jovian plasma contains ions of solar wind origin (see, for example, Krimigis
and Roeclof, 1983) and ions of ionospheric origin (see, for example, Belcher,
1983). Unique to Jupiter is the large population of heavy ions whose source is the
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Galilean moon, lo; these ions form a torus of relatively high plasma density near Io’s
orbit but they also diffuse out to form an important component of the plasma present
throughout the magnetosphere. The heavy ions, spun up to corotation velocity by
magnetic (j X B) forces related to the closure of field-aligned currents flowing between
the ionosphere and the magnetosphere (Hill, 1979), carry cross-field currents that distort
the magnetic field into a disk-like geometry at large distances (see the discussion in
Vasyliunas, 1983).

Although many features of the magnetosphere were identified by the first four space-
craft to make measurements within it, there are still many puzzles. For example, it is
not clear how the plasma, whose ultimate source is lo, is transported through the
magnetosphere. Over large spatial regions, the magnetic field imposes approximate
corotation, but it is thought that corotation breaks down at large distances in the evening
sector, and possibly more generally when new plasma is added at an unusually large rate.
The system appears to display large-scale temporal changes, but it is not clear whether
the changes are internally or externally driven and the time scales for many of the
changes are not understood. The Galileo mission will provide new data with which it
will be possible to map the Jovian magnetosphere, monitor magnetospheric dynamics,
and investigate magnetosphere-ionosphere coupling. The presence of Jupiter’s large
moons perturbs the plasma, and Galileo spacecraft investigations of the plasma inter-
action with the satellites will yield information about properties of both the plasma and
the moons themselves. For example, during the flyby of Io it will be possible to determine
whether or not Io has an internally generated magnetic field (Kivelson et al., 1979). By
remaining within the magnetosphere for years instead of weeks (as for a flyby mission),
the Galileo Orbiter will be able to study the structure and the time variability of the
system on both large and small scales. Finally, the spacecraft will make measurements
in the magnetotail near the midnight meridian where it may be possible to find evidence
of a planetary wind flowing away from Jupiter.

The lengthy (six year) interval of interplanetary cruise will also provide opportunities
for carrying out scientific investigations. During the flyby of Venus in 1990, particles and
fields instruments on the spacecraft acquired data of value to the study of the cloud-
covered planet. The magnetometer, in particular, provided data on the structure of the
bow shock and on upstream waves. Solar wind data in the vicinity of Venus will be
studied in conjunction with data from the Pioneer Venus Orbiter to provide insight into
the time constants for transport of plasma and fields through the ionosphere of Venus.
Studies of pick-up ions and of the electromagnetic signals from lightning on Venus will
also be carried out. The first flyby of Earth whose magnetic properties are well-known,
provided an excellent opportunity for calibration of the instrument. In addition, the data
collected promise to provide valuable insight into substorm processes and tail geometry.
They will be used for coordinated studies with observations from ground-based instru-
ments and from spacecraft operating in Earth orbit. During the interplanetary cruise
period, the solar wind will be monitored. Galileo measurements will provide a valuable
baseline for the study of the large-scale structure and evolution of the solar wind. For
this purpose, comparison with the data of the Ulysses spacecraft which will be in the
solar wind at different distances and latitudes will be of special interest.
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Magnetometer measurements are central to accomplishment of some of the primary
objectives of the mission. For example, properties of the satellites and their atmospheres
determine the strength of the field-aligned currents that flow in the magnetospheric
plasma surrounding them. During close flybys of the Galilean moons, the magnetometer
will need to identify relatively small changes (of order of nT) of field magnitude and
orientation in large background fields (roughly 2000 nT near Io) in order to characterize
the currents and thereby contribute to understanding the structure of the moons. Not
only must the magnetometer identify slowly varying features of the magnetic geometry,
it must also be capable of characterizing fluctuating fields of order 0.1 nT at rates below
and just within the low-frequency bands of the search coil magnetometer. Small
amplitude magnetohydrodrynamic waves are important in establishing plasma equilib-
rium in local regions of the magnetosphere while larger amplitude waves serve to couple
energy and momentum among its widely separated parts. Complete spectral coverage
will augment direct plasma measurements in providing the information needed to
understand plasma sources, transport and losses. To obtain useful data, it is essential
that the spacecraft noise level and the noise level of the magnetometer itself be low
enough not to mask the ambient signals. As well, linear response is required so that
measurements of fluctuating fields can be made accurately independent of the strength
of the average field (as high as 6000 nT near closest approach to Jupiter).

In addition to providing data of direct importance for scientific investigations, the
magnetometer performs a critical service function, providing the reference direction
essential to the meaningful analysis of the plasma and energetic charged particle
measurements. As the interpretation of all fields and particle measurements relies on
knowledge of the magnetic field direction and/or magnitude, it is essential that physic-
ally meaningful data from the magnetometer be available without delay following the
transmission of data from the spacecraft.

The design and development of the magnetometer instrument and its data-processing
system that provides scientifically useful data required the cooperation of many people.
The scientific investigations will rely on the contributions of many others. Table I lists
the principal team members and their responsibilities.

The magnetometer has been designed to provide highly accurate and stable measure-
ments of field vectors over an exceptionally broad dynamic range from the low values
characteristic of the distant solar wind and the distant magnetotail {(~0.1 to 1 nT) to
values larger than the largest anticipated (~6 x 10° nT) near closest approach to
Jupiter. So that small perturbations can be measured with great accuracy, the stray field
of all spacecraft systems were constrained to produce less than 0.1 nT magnetic
perturbations at the outboard sensor. Knowledge of sensor orientation after in-flight
calibration is better than 0.1°.

The design of the magnetometer on the Galileo Orbiter incorporates several innova-
tions that will enhance the scientific value of the measured data. In particular, the
Galileo magnetometer can provide calibrated data in ‘despun coordinates’ using
on-board data-processing. Such data can be used by investigators immediately upon
receipt without further delay for data analysis and proved extremely useful during the
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first flyby of Earth. The magnetometer also provides for storage of time-averaged data.
Thus, even during intervals when the spacecraft is not transmitting data to Earth, a
complete record of magnetic field data will exist.

TABLE I

Magnetometer Team
Institute of Geophyscis and Planetary Physics, UCLA

Principal investigator Margaret G. Kivelson

Co-investigators Paul J. Coleman
Charles F. Kennel
Robert L. McPherron
Christopher T. Russell
David J. Southwood
Raymond J. Walker

Project engineers Robert C. Snare
Joseph D. Means

Project computer specialists Neal Cline
Steven Joy
Todd King
Project science support Krishan K. Khurana

The design of the Galileo magnetometer evidently presented many challenges. The
requirement of high sensitivity is difficult to achieve on a complex spacecraft. Reliability,
essential because of the prolonged duration of the mission with a six-year cruise
preceding the beginning of the two-year mission, posed additional problems. Special
requirements on the data coverage and format required development of a new approach
to data-handling capabilities as noted above.

2. Critical Aspects of the Instrument Design

The design challenges described in the introduction were met in a variety of ways. We
chose to fly a boom-mounted dual triaxial fluxgate magnetometer with ring core sensors
in a flipper assembly.

We chose a fluxgate magnetometer because of its low power and its robustness, as
well as because our laboratory has had experience on many missions with successful
fluxgate operation. The ring core sensor was chosen because of its proven stability and
low noise. The flipper assembly was included so that the sensor along the spin axis can
periodically be rotated into the spin plane where its zero level can be checked. This
feature also offers some redundancy. If the sensor along the spin axis were to cease
operation, one of the two sensors could be rotated 90° to replace it. Then the three
vector components could still be measured, albeit only once per spin period.

The need for extreme sensitivity was recognized not only in the instrument design but
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also in the design of the spacecraft which has a long boom to isolate the primary set
of sensors from the magnetic fields generated by the complex spacecraft and its sub-
systems. A second set of sensors at a location roughly 3 as far from the spacecraft spin
axis as the primary set was incorporated to measure the large fields of the inner Jovian
magnetosphere and to assist in the identification of spacecraft fields (Ness er al., 1971).
Spacecraft fields will decrease in magnitude with distance from the spacecraft and will
often be related to specific spacecraft activities. Such magnetic fields can be character-
ized to first order by using data from both the inboard and outboard sensors if it is
assumed that the field sources are localized dipoles; the data can then be corrected by
removing the contributions of locally-generated fields.

The sensitivity of the magnetometer is needed not merely to measure small magnetic
fields but also to measure small variations of the field in a large background magnetic
field. This requirement cannot be met with an instrument that has low fractional
resolution in any one range but many operating ranges; instead the instrument must
have both a large dynamic range and high resolution. This need was met by using a high
precision A/D converter with 12-bit digitization and 15-bit accuracy. Averaging data
with this accuracy prior to telemetry increases the effective resolution of the measure-
ments. Our careful plans for achieving high sensitivity could be frustrated by the
presence of significant sources of oscillating spacecraft fields in the bandwidth of the
magnetometer. A careful program of magnetic testing, shielding, compensation, and
proper cable design for the entire spacecraft was undertaken to insure spacecraft
magnetic cleanliness and thus to preserve magnetometer sensitivity.

The requirement for extreme reliability was met in several ways. The use of separate
inner and outer sensor assemblies adds some redundancy and so does the flipper, as
mentioned above. In addition to guarding against failure, one also has to be aware of
changes in instrument operation. As the spacecraft spins, the gains and relative phases
of the sensors in the spin plane can be intercompared. The flipper can be used to bring
the spin axis-aligned sensor into the spin plane so its gain and phase can also be
determined. An internal calibrate signal referenced to the instrument’s A/D converter
is also included. This signal reveals any changes in the operation of the analog portion
of the magnetometer. The pointing of the sensors may change during the mission
because the sensors are mounted on the end of a very long boom whose orientation may
be temperature sensitive and may be affected by spacecraft maneuvers. Corrections for
such changes can be made by using the clearly measurable magnetic signal produced
by a fixed coil (called the MAG Cal Coil) mounted on the side of the spacecraft at the
end of the boom, as we discuss in a section on instrument calibration.

In many respects the design problems of the digital portion of the magnetometer are
similar to those found in building a high fidelity sound system. Signal fidelity must be
preserved. To preserve the signal, two aliasing problems must be addressed before the
signals are transmitted. First, signals outside the telemetry bandwidth, as given by the
Nyquist frequency (half the sample rate), must not enter the analog to digital converter.
This is accomplished by analog filtering before digitization. Secondly, on a spinning
spacecraft, signals in the ambient medium polarized clockwise and counterclockwise



362 M. G. KIVELSON ET AL.

about the spin axis are detected at different frequencies. Depending on signal condition-
ing in the telemetry process, the amplitude and phase relationship of these two circular
components of a single ambient signal can be altered. The signal processing procedures
adopted minimize the distortion of the low-frequency signal, a point to which we return
following a description of the on-board data processing.

The service function of the magnetometer requires that pertinent data be readily
available to other experimenters. Our solution is to calculate physically meaningful data
on-board the spacecraft and put those data into the telemetry stream. We can, by
command, despin our data on-board to produce high time-resolution despun data
required by other spacecraft instruments. We note that in order to obtain accurate
despun data, the instrument operation must be monitored carefully and calibration
constants in the instrument memory updated as necessary. As mentioned, we also
routinely obtain despun vector data averaged over approximately 30-s intervals and
transmit this information in the subcommutated data. When these data arrive at Earth,
they can be immediately displayed and used by all experimenters without further
computer processing. This feature supports rapid analysis of the data both for mission
planning purposes and for public information purposes.

Finally, the scientific requirement for continuous data in the face of possible inter-
mittent spacecraft tracking led us to store 200 vectors of averaged data for later
transmission. The available storage registers also permit us to use the full bandwidth
of the magnetometer to store limited intervals (7 s per hour) of 30 samples per second
data that we call snapshots for later transmission. The snapshot memory can store 210
vectors. In short, the design requirements for the Galileo mission were met with the
development of a sophisticated magnetometer with redundancy, cross-checks, internal
computational power, and data storage.

3. The Instrument

The magnetometer has a separate electronics box containing digital and analog elec-
tronics and power supplies, located in electronics Orbiter bay number three, and two
flipper assemblies and their ring core sensors mounted on a boom or ‘astromast’
deployed from a canister mounted on the science boom. Below we describe in more
detail these various sub-assemblies, the instrument modes, calibration methods, and the
on-board data processing.

3.1. SENSORS

The sensors (Figure 1) in each triad are oriented so that one is closely aligned along the
spin axis of the spacecraft and two sensors lie with orthogonal orientation in the
spacecraft spin plane. The individual sensors contain drive and sense coils surrounding
a magnetically permeable core. Currents in the drive coils drive the permeable core into
saturation twice during each drive cycle, symmetrically positive and negative. An
external field breaks the symmetry of the periodic core saturation, and sense coils
detect the resultant harmonics of the drive frequency. The amplitude of the even
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harmonics are proportional to the component of the ambient magnetic field along the
axis of the sense coils. The instrument senses the second harmonic signal, i.e., the
harmonic of largest amplitude. A feedback current that nulls the external field is applied
to a coil around the sensor so that the core operates in a zero field condition. Thus, the
amplitude of the feedback current is proportional to the component of the external field
along the sensor axis. The data system senses the analog voltage proportional to the
feedback current and converts it to a digital signal which is transmitted to Earth.

Fig. 1. Sensor assembly with cover removed showing mechanism. The bi-metallic springs with heaters that
actuate the flipper mechanism are at the top of the assembly.



364 M. G. KIVELSON ET AL.

The basic sensors are ring core fluxgate sensors similar to those described by Gordon
and Brown (1972). Each sensor assembly contains three orthogonally mounted fluxgate
sensors and a flipping mechanism. The flipper mechanism rotates two of the sensors
so that the non-spinning sensor parallel to the spacecraft spin axis may be exchanged
with one of those mounted in the spin plane of the spacecraft. As mentioned above, such
an exchange of sensor positions provides data for determination of the offset of the
sensor parallel to the spacecraft spin axis.

The flipping mechanism is similar in design to that developed at NASA Ames
Research center and used on Explorer 35, Pioneer 9, ISEE 1 and 2, and UK-AMPTE.
The mechanism uses electrically heated bi-metallic springs and a series of levers to
rotate the sensor shaft by 90° and back again. A photograph of one of the sensor
assemblies is shown in Figure 1.

The outboard sensor, mounted at the end of a deployable boom, is located 11.03 m
from the spacecraft spin axis. The inboard sensor is mounted on the same boom at a
distance of 6.87 m from the spacecraft spin axis. The locations can be seen in Figure 2.

+
N
>
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Fig. 2. A model of the Galileo spacecraft with labels defining axes.

The outboard sensors have dynamic ranges of +32nT and +512nT. The inboard
sensors have dynamic ranges of + 512 nT and + 16 384 nT. The limitation to 2 ranges
for each magnetometer assembly allowed us to optimize the design to achieve low noise
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levels and small offsets. The lower range of the outboard sensor was designed for use
in the solar wind and in the distant Jovian magnetosphere and magnetotail. The higher
range of the inboard sensor was designed for use in the inner magnetosphere of Jupiter,
i.e., within ~12 R; and to the closest approach at ~4 R,. The common +512nT
range, with resolution of 0.03 nT, is appropriate for the middle and outer magnetosphere
or the solar wind within 1 AU. This is the range that will be used for dual magnetometer
estimation of the spacecraft field. The magnetometer to be operated, i.c., inboard or
outboard and the desired dynamic range are selected by commands from the Earth.

3.2. ELECTRONICS

The electronics unit housed within the spacecraft contains the drive and sense elec-
tronics of the sensors, analogue-to-digital converters, a microprocessor, and power
conditioning and control circuitry. The electronic system is constructed of semi-
conductor circuits that will withstand the radiation environment of the Jovian magneto-
sphere. The analog circuits are constructed on double-sided printed circuit boards with
plated-through holes. The data system is constructed on planar stitchwire circuit cards.
The electronic circuit cards are mounted on a standard sub-chassis shelf which is
mounted in the Galileo electronic bay. The physical characteristics of the system are
given in Table II.

TABLE II

Instrument characteristics

Sensors

Mass 0.72 kg

Dimensions 8.1 cm (diameter), 16.0 cm (length)

Power 4.35 W for 4 min to activate flip
Electronics

Mass 398 kg

Volume 14.6 x 17.8 x 41.8 (cm)?

Power 39w
Dynamic Range

Inboard magnetometer +512nT and +16,384 nT
Outboard magnetometer +32nT and +512nT

The electronics unit contains an analog circuit board for each of the six fluxgate
sensors. These circuits provide sensor excitation currents, amplification, filtering, and
second harmonic detection. The magnetometer circuits are similar to those used for the
Pioneer Venus Magnetometer, reported by Snare and Means (1977). Changes were
made to adapt the circuits to radiation-tolerant semi-conductors and to reduce power
consumption. The output of each circuit is an analog voltage that is linear with the
measured magnetic field at the sensor. The data system contained in the electronics unit
is microprocessor controlled. Figure 3 shows a photograph of the electronics system.
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Figure 4 shows the block diagram of the system. In the block diagram those blocks
residing above the internal bus, i.e., central processor (CPU), read only memory (ROM),
and the random access memories (RAM), form a standard configuration micro-

Fig. 3. Electronic chassis of the magnetometer. The six analog magnetometer boards are on top of the
chassis. The digital data handling circuits are on the lower side.

processor system using the 1802 family of integrated circuits. The hardware multiplier
is a separate logic circuit that performs 8-bit multiplications at a high rate thus enhancing
the capability of the microprocessor to process data rapidly. The flipper control, analog
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power control, and internal calibrate circuits are switches that are set by the micro-
processor in response to ground commands. The power regulator and memory ‘keep
alive’ circuit are power conditioning circuits that receive power from the spacecraft’s
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Fig. 4. Functional block diagram of the experiment.

alternating current power bus. The multiplexer, analog to digital converter (MUX-ADC)
collects analog data under microprocessor control from the magnetometer circuits and
from internal monitors of voltage and temperatures.

4. Magnetometer Commands and Modes of Instrument Operation

Commands can be sent to the spacecraft to control instrument operation. Table II1I lists
the commands and the frequency with which routine commands will be sent. Interactive
commands are those that affect other subsystems on the spacecraft whereas non-inter-
active commands are internal to the MAG subsystem. Critical commands are those
which select either the inboard or outboard sensor to make the measurements and
determine whether the high-gain (low-range) or low-gain (high-range) measurements are
desired. These selections are made by specific command, not selected automatically, in
order to avoid a situation where changes in instrument mode are made in the middle
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of an important measurement. The selection of optimal averaging or snapshot mode
determines which sort of data will be stored in the instrument buffer (see the discussion
of these modes in the section on data processing). The memory load provides an
updated table for the coordinate transformation that converts measurements into
absolute field vectors in a specified orthogonal coordinate system. The remaining
commands are related to special procedures that give the parameters needed to convert
measurements into absolute field values in a known coordinate system. They are
discussed in the next section.

TABLE III

Instrument commands

Instrument mode Time or frequency

Interactive commands

Instrument power on/off On prior to boom deployment

Flipper power on/off Start/end flipper checks

Flip right, Flip left For flipper checks

Flip (a toggle command) (affects power consumption when activated)

Non-interactive commands

Inboard power on/off Few/orbit

Outboard power on/off

Inboard/Outboard sensor select Few/orbit

Hi range/low range select Few/orbit

Despin select (on/off) On change of sensor, flip position, gain,
averaging interval

Optimal averaging (on/off) When no real time or taped low rate data

Snapshot mode (on/off) off/on command every ~40 min

Memory load as needed to update The coordinate transform

matrix/averaging interval
Internal calibration coil signal (on/off)  Weekly during cruise, twice per orbit at Jupiter

Interactive (calibration) commands using programmed sequences

Offset checks/Flipping sensors Weekly
Constant slew once/orbit
MAG Cal Coil (on/off) Following major engine burns and twice per

orbit at Jupiter

The instrument processes data in two ways. In normal operation, the data processor
demodulates the data to remove the effect of spacecraft spin and resolves it into an
orthogonal system before transmitting the averages to the spacecraft data system. This
process is described in greater detail below. Alternatively, direct measurements from
each sensor can be sampled and averaged in even increments of time for transmission
to the spacecraft data system. The latter method would require ‘despinning’ of the data
on the ground and would be used only as a backup procedure or for instrument
calibration as discussed below.
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5. Determination of Instrument Offsets, Sensor Orientation and Gain

The internal calibrate signals drive prescribed currents through internal coils around the
sensors and are used to determine instrument gain. In addition, the measurement must
be corrected for slight misalignment of the sensors from the nominal orthogonal
orientations. For this purpose, the data are used without despinning. A small amplitude
modulation at the spacecraft spin period of the field in the sensor nominally aligned with
the spin axis indicates misalignment. The measurements can readily be corrected to
remove the oscillatory signal and obtain the true spin-axis component of the ambient
field. Sensors precisely in the spin plane will record fields modulated at the spacecraft
spin frequency. If offsets have been corrected and stray spacecraft fields are negligible,
such signals average to zero over integral numbers of spins for steady background fields
or if averaged over long times. Any non-vanishing average field in the sensors nominally
in the spin plane can be attributed to the rotation of spin plane sensors out of the spin
plane. By confirming that this spin average is proportional to the component of B along
the spin-axis, it is possible to confirm that corrections for offsets and stray fields from
the spinning part of the spacecraft have been made properly. The data can then be
corrected to yield the spin plane components of the ambient field. If the sensors in the
spin plane are perpendicular to one another, the signals are in quadrature. Misalignment
within the spin plane results in phase shifts. They can be readily identified and the data
further corrected. The procedure outlined here provides components of the field along
three orthogonal directions, but the absolute orientation of the axes in the spin plane
remains uncertain. The remaining uncertainty is removed by measurement of a reference
signal that identifies a direction within the spin plane. The signal is produced by a coil
rigidly mounted on the spacecraft.

The MAG Cal Coil (MCC) is mounted at the center of the lower ( + z) edge of the
boom with its axis aligned with the center line of the boom axis. Itis 220" x 18" roughly
rectangular coil of 117 turns. During MAG Cal Coil calibrations, the coil is driven at
one of several selected frequencies with amplitude (outboard) of 4.5 nT; (at 0.5 and
0.75 Hz the signal is a square wave, and at 1.5 Hz it is switched on for 2 of each cycle).
Because the frequency is known, the signal can be identified even if the field is not
entirely quiet. The flexible choice of frequency allows for the possibility of noise sources
on the spacecraft that may make it undesirable to operate in certain frequency bands.
All else being equal, higher frequencies are desirable because natural background noise
falls off with increasing frequencies. The MCC signal defines a reference direction in
space, thus providing the required information to allow the sensor orientations to be well
constrained.

The above procedure must be carried out for each sensor triad and for both flip
positions of the sensor triad.

Fields produced by systems mounted on the despun part of the spacecraft cannot
readily be differentiated from ambient fields. A special procedure has been designed to
permit measurements of the magnetic signal of the despun portion of the spacecraft.
Starting in dual spin mode, the relative spin rate of the despun portion of the spacecraft
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is gradually reduced until the spacecraft is in all-spin mode and the procedure is reversed
until the spacecraft is once again in the dual spin mode. The procedure takes approxi-
mately four hours. The procedure is initiated by the constant slew command and will be
carried out once per orbit at Jupiter.

Finally, offsets in the instrument itself can be identified by measurements made in the
known field of the Earth’s magnetosphere. This will be possible during the initial
post-launch period and during the two subsequent flybys of Earth. Standard methods
of identifying offsets through statistical analysis of tangential discontinuities in the solar
wind will also be used.

6. On-Board Data Processing

A flow diagram of the data processing is shown in Figure 5. The system uses a 12-bit
analog-to-digital converter that has been trimmed such that each bit is accurate to at
least % of the value of the least significant bit. The data, sampled at 30 samples s ~?, are
filtered to provide 16-bit words, tests have demonstrated that these words are accurate
to the 15th bit. This filtering is performed by the microprocessor system using a recursive
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Fig. 5. Data processing flow diagram. O-1 to O-4 are types of data readout available. When tracking is
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second. DSP-AVER-CONST and DSP-AVER-CTRL are parameters defined in the instrument command
log; their use is discussed in the text.
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filter, a form selected for economy of implementation. The recursive filter algorithm is
of the form,

Vi =(-A)V{~ "+ 4V}, )

where V{ is the (output) value calculated from measurements prior to measurement j
and V/ is the (input) value read in at measurement j. The value of 4 is set at 1 for the
filter at this stage of the data processing. This filter gives a transfer function (not used
in on-board processing) of the form,

Q. | . @)
(1 + 7nQ,) - exp(-infif,)

The relationship of 4 in Equation (1) to Q, of Equation (2) is given by the expression,

()=

A = nQC , (3)
I+ 7€,
where Q.= f./f,, and f, = Nyquist frequency = 2DT)~', f.=the filter corner
frequency and DT is the data sampling interval, 55 s. This gives f, ~ 1.6 Hz, i.e., the filter
cuts off frequencies above the telemetry Nyquist frequency, 2.25 Hz. At frequencies well
below f, (including the range from dc through low multiples of the spin frequency) T
is close to unit amplitude and has a small imaginary part.

The special problems associated with detection of signals in the ambient medium that
are circularly polarized about the spin axis was alluded to in the introduction. A filter
that is not flat for frequencies in a range between dc and low multiples of the spin
frequency can distort ambient signals, especially near the spin frequency. The signal
processing of Equation (1) does not distort signals in this range which lies well below f, .
Next the data are corrected by subtracting the sensor offsets from the data and multi-
plying the data by a coordinate transformation matrix. This matrix contains sensor gain
and pointing information. The correction routine yields accurate data at 3 vectors each
25 (4.5 v/s) in true spacecraft coordinates. The information for the corrections, i.e.,
offsets and matrix values, is computed on the ground and sent via the command system
as a direct memory load to the microprocessor memory.

In Figure 6, one hour of data is used to illustrate the results obtained by the different
paths to the read-outs (O-1 to O-4) represented on the right side of Figure 5. The data
are decimated to 3 vectors each 2 second for the low rate science data output which
follows the path to O-2. These data may be commanded to be either in spacecraft
coordinates or to be despun data in inertial coordinates. The spacecraft coordinates are
defined with the spin axis + z pointing in the anti-Earth direction; the magnetometer
boom is the +y axis, and the + x-axis completes the right-hand triad as shown in
Figure 2. Figure 6(a) illustrates the non-despun data for the one hour sample interval.
In this form, the data in the two spin plane directions (x and y) are modulated at the
spacecraft spin period. These data were acquired at an early phase of operations and
the spin-axis-aligned component, z, and the field magnitude show very small amplitude



372 M. G. KIVELSON ET AL.

ripples at the spin period. Even this small amplitude ripple is later removed in ground
data processing. Improved parameters have been developed and are now in use for
on-board calibration.

To obtain magnetic field data in inertial (/) coordinates, the data are despun on board
by multiplying the spacecraft (sc) frame B, and B, by sine and cosine functions
generated from spacecraft roll information.

B, =B, cos-B, sing, 4
B, =B, sn0+B, cos@, )
BZI = stc ‘ (6)

The angle 6, the spacecraft roll angle, is measured from the projection onto the
spacecraft spin plane of a southward pointing vector normal to the ecliptic plane.

Galileo Magnetometer Normal LLRS Data Readout
October 31, 1989
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Fig. 6. One hour of data taken shortly after Galileo launch (00:00 to 01:00 UT on 31 October, 1989)

illustrating different data formats available. (a) The low rate science data (4.5 vectors per second) in the

spacecraft coordinate system. (b) The low rate science data of (6a) rotated into an inertial coordinate

system. The despinning could have been done on board. (¢) The despun averaged data processed on the

spacecraft and transmitted as part of the low rate science data at a rate of 1 vector/(30% s). (d) The same

data as in (a) presented as if the instrument had been in the optimal average mode with a sampling rate
of 1 vector/(8 min). (¢) A 7-s ’snapshot’ within the hour. Here the samples are at 3‘7, s intervals.
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Galileo Magnetometer Despun LRS Data Readout in S/C Coordinates
October 31, 1989
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Galileo Magnetometer Despun Vector Readout in S/C Coordinates
October 31, 1989
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Galileo Magnetometer Optimal Averager Readout in S/C Coordinates

October 31, 1989
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Galileo Magnetometer Simulated Snapshot Data Readout
October 31, 1989
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Therefore, in inertial coordinates positive B, , points south, normal to the ecliptic plane,
positive B, lies in the ecliptic plane in the sense of Jupiter’s orbital motion and positive
B_, is in the anti-earth direction. Figure 6(b) illustrates the results for the same input
data if the instrument were operating in the despin mode. Note that the z-component,
virtually aligned with the spin axis, and the total field have not changed but the large
modulation at the spin period has disappeared.

Following the path in Figure 5 to O-3, despun data are again filtered and 2 vectors
each minute (actually each 602 s) are provided in the subcommutated data. The filter
is of the form given in Equation (1), with 4 = 512/32768. Figure 6(c) illustrates this
lower resolution record for the same time interval. These subcommutated despun data
are provided continuously, even when the main instrument output data are provided in
spacecraft coordinates and give physically useful information directly from the experi-
ment data record without any further processing.

For periods of up to a week during the cruise mode on the journey to Jupiter, the
spacecraft data system may not be collecting data from the science instruments. During
such times, the magnetometer will be left on. Then, following the path of Figure 5 to
0O-4, despun data will be averaged over times longer than the basic 30 s intervals and
stored in memory. The averaging constant, 4 in Equation (1), is selected so that the
memory will contain time and attitude information and 200 evenly spaced data points
for the planned period between telemetry readouts. Commands set the parameter
DSP-AVER-CONST of Figure 5, where 4 = (DSP-AVER-CONST)/32768 and the
parameter ranges from 1024 for 1-min time resolution through 1 for 16-hr time
resolution. This mode of operation is referred to as the optimal averaging mode.
Figure 6(d) illustrates the output of the optimal average mode at 8-min time resolution
for the same time interval.

The instrument memory can alternatively be used for recording short bursts of high
speed data at 30 samples per second. This mode, called the snapshot, will be used for
trying to capture transient events such as shocks or to increase the Nyquist frequency
of the magnetometer measurements in order to provide a continuous spectrum of
plasma waves from DC to frequencies that overlap the lowest frequency band of the
Plasma Wave System (PWS). In Figure 5, this mode follows the path to O-1. The
snapshot data come from the output of the digital averager at 30 samples per second.
By inverting the operation of Equation (1), the original unfiltered input data are
retrieved. The highest time resolution samples are not equispaced in time, the time-
interval separating digitized values of the vector components is approximately 0.2 ms
and the time lapse between successive vector samples is fixed at 33.3 ms. The buffer
memory which contains the snapshot data (210 48-bit vectors and a time record) is
continuously read out at 16 words per minute. The memory readout appears in the
subcommutated MAG data. A seven second burst within the sample time interval is
illustrated in Figure 6(e). As the spacecraft spin period is 20 s, the x- and y-components
are modulated by the spacecraft spin, evident as a portion of a sinusoid.
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7. Data Format

The low rate science data format contains three vector sets of x, y, z samples and a
sub-commutator word. Each word is 16 bits in length and the readout provides 160 bits
each 2 of a second for a total readout of 240 bps. The time interval between the first
and second, and second and third vectors is 233 ms. The time interval between the third
vector and the first vector of the next minor frame is 200 ms. This slight asymmetry of
sampling could not be avoided because of incongruity between telemetry and instrument
data rates. Ground processing can be used to remove the undesirable features of
non-uniform sampling when necessary for refined analysis. The approach is to break
the non-equispaced time series of n elements into three equispaced time series of lower
time resolution (666 ms). The elements of the three series are composed of elements
3i-2, 3i-1, or 3i, respectively, where i = 1, 2, ..., n/3. Each series is Fourier transformed.
The concept of frequency folding is used to relate these Fourier transforms to the
transform of an equispaced time series of 222 milliseconds resolution. The procedure
requires the inversion of a set of 6 X 6 equations. Inverse Fourier transformation then
produces the desired equispaced time series. Details are provided in Appendix 1.
The subcommutated data consist of 91 words, corresponding to a data rate of
(602 5)~ . The sub-commutator contains 2 readouts of despun averaged data, 16 words
of stored buffer data; the remainder is housekeeping information to determine the status
of the instrument. Included in the housekeeping data are various power supply voltages,
a readout of all commands, matrix values and all memory-stored constants that are
transferred to the instrument from the command system, and memory checksums.

8. Performance

8.1. INSTRUMENT NOISE LEVELS

The magnetometer sensors and sensor electronics have been selected to achieve the
lowest noise possible. However, as is true with many magnetometers, the limiting factors
in instrument noise are the digitization noise of the analog-to-digital converter and
electronic noise. The technique of averaging 12-bit data to obtain 16-bit words was used

TABLE 1V

Instrument noise performance

Range Measured Digitization Measured
(nT) Resolution (nT) noise (nT? Hz ™ 1) noise (nT2Hz 1)

12 bit 16 bit at 1 Hz at 0.01 Hz
+ 16384 8 1 1.9%x10-2 1x107! <10°!
+512 : x 58 x107% 1x10°3 <4x10"2
+32 & 11024 3.6x10°° 5%x10°° <2x10-2
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on magnetometers for ISEE 1 and 2 and successfully reduced digitization noise as
described further by Russell (1978).

Table IV shows the resolution for each dynamic range of the magnetometer. The third
column displays the calculated digitization noise for the 16-bit average. The noise
measured in the laboratory at 1 Hz and at 0.01 Hz is shown in the last columns. The
instrument noise may be lower than the table entries as ambient noise sources cannot
be completely eliminated in the laboratory tests. The noise level at 1 Hz is close to the
calculated digitization noise in the low dynamic ranges of the instrument. For the larger
dynamic range of + 16 348 nT, the electronic noise of the system raises the measured
noise above the digitization noise at | Hz by approximately one half decade. In this
range, 1 nT corresponds to 300 uV which is of the order of the electronic noise of the
circuits. Appropriately selected data from flight operation will be used to provide
improved estimates of instrument noise levels.

Khurana et al. (1991) have shown that the power in the quietest spectra obtained from
data in the lobes of the Jovian magnetosphere (where the + 32 nT range is relevant) is
of order 1 nT?> Hz~ " near 0.01 Hz. The lobe power falls off approximately like the
inverse frequency, consistent with levels near 102 nT? Hz ~ ! near 1 Hz, which will be
readily detectable above instrument noise levels.

8.2. IN-FLIGHT CALIBRATION

The magnetometer assemblies were calibrated repeatedly in the laboratory prior to
launch, providing excellent initial calibration parameters which were loaded into the
instrument memory prior to launch. Data from flight operation revealed that the
calibration parameters in the flight configuration could be further improved. Appendix 2
describes the approach developed for in-flight calibration and gives examples of its
application. Calibration must be done separately for the different operating modes of
the instrument of which there are 8 (two sensor assemblies each with two flip orien-
tations and two ranges). The calibration uses low rate science data (3 s sample ~*) of
which only limited intervals were available during the first year of operation; only two
of the operating modes were fully calibrated before the first flyby of the Earth; for these
modes, the calibrated data have achieved the desired levels of accuracy. The MAG Cal
Coil wave form has been studied but the analysis of absolute sensor orientation has not
been completed at this time.
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Appendix 1. Redigitization of Magnetometer Data

Because of a mismatch between the instrument and spacecraft clock cycles, the
magnetometer data received from the spacecraft in the low-rate science mode are not
equispaced. The spacecraft returns 3 vectors every 0.666 s. The time spacing (4¢)
between vectors 1 and 2 and vectors 2 and 3 is equal to 0.233 s, but the spacing between
vectors 3 and 4 is equal to 0.200 s. Many applications (e.g. fast Fourier transforms, auto-
and cross-correlations, convolution, etc.) require equispaced data. If one incorrectly
assumes that the data are equispaced then the input signal is distorted. The distortion
of the input signal increases with increasing input frequency, the most severe distortion
occurring near the Nyquist frequency (2.25 Hz).

0 T T

L
1

-

Log Amplitude (Arb. Units)

-3 1 2

Frequency (Hz)
Fig. A1-1. Top panel: Amplitude spectra of the unequispaced series F(t) (broken line) and the equispaced
time series digitized at 0.222 s resolution (solid line). Middle panel: Amplitude spectra of the linearly
interpolated redigitized time series (broken line) and the equispaced time series (solid line). Botiom panel:
Amplitude spectra of the time series redigitized by the present scheme (broken line) and the equispaced
time series (solid line).
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To study this effect, we sampled a sinusoidal signal of frequency f =1 Hz with
At =0.222s and at the irregular spacings of our magnetometer. The fast Fourier
transforms of the two time series (treated as if the data were equispaced) are shown in
the top panel of Figure Al.1. It can be seen that in the transform of the irregularly
spaced series (dashed curve), there are ghosts of the input frequency at 0.5 Hz and 2 Hz
in addition to the peak at 1 Hz. The transform of the equispaced data (solid curve) show
only a peak at 1 Hz. If one linearly interpolates the irregularly spaced data at
At = 0.222 s, ghosts still appear in the Fourier transform (Figure Al.1 middle panel),
though their amplitude is diminished.

We have devised a redigitization scheme that takes advantage of certain properties
(frequency folding, phase shifting) of the Fourier transforms to minimize the signal
distortion. The technique consists of breaking the original time series into three equis-
paced lower resolution (0.666 s) time series and recombining them in the frequency
domain so that the inverse Fourier transform would vield an equispaced time series at
At = 0.222 s. In our process we split the original time series F(¢) into three time series
G,(t), i =1, 2 3 such that

G,(¢) contains points 1,4, 7, 10 ... ... ,

G,(t) contains points 2, 5, 8, 11 ... ... ,
and
G, () contains points 3, 6,9, 12 ... ....

Notice that series G, and G, are equispaced with Ar = 0.666 s but are shifted from G,
by 0.233 s and 0.466 s, respectively. The objective is to combine the series G, G,, and
G, to obtain a redigitized equispaced (4¢ = 0.222 s) time series that we denote by G(¢).
If the Nyquist frequency of G(z)is f,, = 2.25 Hz then the Nyquist frequency of the lower
time resolution series is fy« (= 0.75 Hz). If G(¢r) had power in frequencies above fy,
then that information would be folded into frequencies below fy in the spectra of G,(2).
In general the aliased power at a frequency f < f,. can be written as (Kanasewich,
1975)

PAN= 3 PU -2 -

o0

_P(f)+ 3 P( - 2nfy) + Y P(S + 2nfi). (1)

n=1 n=1

As we are interested only in frequencies up to 3f., we will include terms only up to
In] =1 in the above equation. Then G,(f) (the Fourier transform of G,(¢)) is given by

G (f) = G()+ G(f = 2fp) + G/ + 2/ ) - @

For Fourier transforms G,(f) and G5(f), the frequency folding occurs in the same way
but their elements also suffer a phase shift in accordance with the fact that for a Fourier
transform pair, a shift of 7in the time domain translates into ‘a phase change of 27/t
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in the frequency domain. Therefore,

Go(f) = GU) €2+ G(f = 2fye) €27 =¥ 4 G(f 4 2 ) 27 2,

(3)
Ga(f) = GU) €™ + G(f = 2ye) €470 =5 1 G(f + Ofya) €470 = 2%,
)
Complex equations (2) to (4) can be rewritten in the matrix form as
R(G())
HAG(f))
26, | _
HG,(f))
A(G5(f))
HAG5(f)) (5)

1 1 1 0 0 0 A(G())

0 0 0 1 1 1 R(G(f — 2f =)
| cosa cosp cosy -—sina -—sinf -—siny R(G(f + 2fy+))
| sina sinp  siny cos o cos B cos y HG(f)) i

cos 2o cos 2B cos2y -—sin2a -—-sin2f -—sin2y HG(f = 2f )
sin20 sin2f sin2y cos2o cos2f  cosly HG(f + 2f\)

where o = 27f1, = 27(f — 2f,)T v = 27(f + 2fy+)T, and £ and .# denote the real
and imaginary parts of the functions. There are six unknowns and six equations. By
inverting the set of Equations (5) one can reconstruct the spectrum of G(f’) which will
have frequencies up to f = 3fy+. The bottom panel of Figure Al.1 shows (dashed
curve) the Fourier transform constructed in this way. Notice that the ghosts of the
primary input frequency have vanished in the reconstructed spectrum and that the
aliased power changes the amplitude below the Nyquist frequency by a negligible
amount. An inverse Fourier transform of the reconstructed spectrum yields the desired
equispaced data.

Appendix 2. In-flight Calibration of the Magnetometer Assemblies by Non-linear
Optimization

Galileo is scheduled to reach Jupiter in December 1995. The long idle time between the
fabrication of the magnetometer and the launch of the spacecraft provided ideal
opportunities to calibrate the magnetometer assemblies in the laboratory repeatedly with
very high accuracy. Three different calibrations were performed over a period of four
years and the gains and the relative angles of the magnetometer assemblies were
obtained with an accuracy of 1 part in 10%.

With the launch of the spacecraft in October 1989, operational data became available
and the matrices available from the ground calibrations were tested and improved
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further. A scheme based on non-linear optimization through a gradient search method
(Bevington, 1969) was adopted to obtain the elements of the coupling matrix and the
offsets. To illustrate the scheme, let us assume that the data from the spacecraft are
obtained in a rotating coordinate system (1, 2, 3) so that the measured components of
the magnetic field are (B,, B,, B;). We identify directions 1, 2, and 3 as the ‘look’
directions of the sensors which are measuring field components almost along the two
orthogonal spin plane directions of the spacecraft coordinate system (x and y) and along
the spin axis (z), respectively. The objective is to calculate the magnetic field in a rotating
coordinate system that is truly orthogonal with Z strictly along the spin axis. The
calculated field B = (B,, B,, B,) must also be corrected for offsets and gains. This
requires us to know the elements of a 3 x 3 matrix (called a coupling matrix) and the
offsets (O,, 0,, 05) in the three sensors so that we can calculate

€1y C12 Ci3 B, -0, B,
€21 Cop €23 B,-0,]={8,]). (1)
C31 C33 C33 B; - O, B,

The data are then despun into an inertial coordinate system (X, ¥, Z) to obtain (B,
By, B).

Data in this frame should normally not contain power at f;,, the spin frequency,
or its harmonics at levels above background. The elements of the coupling matrix and
the offsets are varied in order to minimize the amplitude of the spin ripple and its
harmonics in one or more components of the vector field B in the inertial coordinate
system (X, Y, Z) using enough data that power from fortuitous ambient signals at f,;,
is very small. One starts with some assumed values (either 0 for the minor elements and
the offsets and 1 for the diagonal elements, or the parameters obtained from laboratory
calibrations) and calculates the harmonic power. Then using a gradient search routine,
one searches nearby regions of parameter space for the parameter set that minimizes
the power at the spin frequency and twice the spin frequency in the data in the inertial
coordinates. It can be shown that only 8 of the 12 unknowns in the above equation can
be determined from schemes that minimize power at spin-related frequencies. For
example, small changes in the element ¢;; which multiples the term (B; — O;) make no
first-order change in the amplitude of the spin ripple in B, because the term (B — O;)
itself contains very little spin ripple. Similarly, it can be shown that by using this
technique, one can improve the estimate of ¢, or ¢,; or a linear combination of them,
but not both. The same is true of the pair ¢,; and ¢,,. Offset O; also cannot be
determined from this method because an offset in the spin-direction sensor does not
produce any spin ripple in the inertial coordinate system. This means that 4 parameters
must be determined by other methods. Our initial approach is to set ¢;, and O, to zero
and ¢, and ¢4 to values obtained from laboratory calibrations. We optimize the other
8 parameters. The Galileo magnetometer can flip sensor 3 from the spin axis into the
spin plane. Data from the flipped configuration enables us the improve estimates of 0.
It can be shown that the effect of fixing ¢,, but letting ¢,, vary is equivalent to varying
the gain of sensor 2 in terms of the known gain of sensor 1. Calibration coils internal
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to the magnetometer will be used to test the constancy of the sensor gains over time.

Once the elements of the coupling matrix have been obtained, we know the relative
angles of the three sensors, but the information on the absolute orientation of the sensor
assembly around the spin axis cannot be obtained by reducing spin-related power. To
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Fig. A2-1. Despun data obtained using the matrix and the offsets from the non-linear optimization
technique.

obtain the orientation of the assembly relative to the spacecraft axes, an external
calibration coil mounted on the spacecraft is used. This coil generates a precisely
known square wave that provides a spacecraft-fixed reference direction in the spin
plane. This procedure yields further improvements in the elements ¢, and. c,; .

We have successfully tested this scheme for several modes of Galileo magnetometer
operations. The relative angles of the sensors obtained from this scheme are within 0.1°
of the angles obtained from the laboratory calibrations. The optimization program itself
is very simple and less than 10 min of computer time is required on a Microvax work
station to obtain all 8 parameters from 5 hours of input data. To illustrate the quality
of the output despun data, we show the application of the method to a data set obtained
from Galileo about two weeks after the launch when the spacecraft was in the solar
wind. Figure A2.1 shows the despun data with the best matrix and offsets obtained from
the optimization scheme described above. The spin ripple in all three components is
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below the ambient background noise in the data. This accuracy was achieved when only
a few days of magnetic data with spacecraft attitude information were available to
determine the matrix elements and the offsets. Further improvements in the parameters
can be anticipated when quieter intervals become available for examination.
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