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Abstract: This paper describes the design, construction

system to detect fluctuations in the arnbient field. This paper

and testing of a 3-axis induction coil magnetometer
intended for use as an arnbient field sensor in an
electromagnetically screened magnetocardiography

concentrates on construction

laboratory.

METHOD

INTRODUCTION

The ambient field sensor is a 3-charurel induction coil
magnetometer, constnrcted as a stand-akrne battery powered

The human magnetocardiogram (MCG) is extrernely
weak, reaching no more than a few tens of picoTesla during
the peak of the QRS complex, several orders of rnagnitude

unit with built-in charging circuit. Its pick-up coils are

smaller than fluctuations in the ambient field in a typical
laboratory environment. For this reason noise reduction is a

particularly important issue

in the design of

MCG

insffuments and recording facilities.
There are two conventional solutions to the problem of
noise reduction. The first approach involves screening the
recording environrnent by constructing a shielded room from
high-permeability magnetic rnaterial. The second rnethod
uses specially designed gradiometer pick-up coils to render
the MCG instnrment less sensitive to noise fields, allowing
recording hr an unscreened environment.

Both solutions have significant limitatiorn. A
magnetically screened room is an efficient solution, but it is
expensive, costing in excess of $250,000. A screened room
can also restrict the use of MCG in a truly clinical setting

it

rnay be inappropriate for some patients to be
moved into the screened room. The use of gradiometers in
where

completely unscreened environment may also be effective,
but requires careful balancing of the pick-up coils to achieve
sufficient noise reduction. Balancing procedures may be
cornplicated and time-consuming, making this option
irnpractical if a large number of recording channels are
involved.
a

At the Ragnar Granit Institute an alternative noise
reduction scheme is being investigated. It involves the
construction of an elecffomagnetically screened environment
in which the MCG laboratory is surrounded by a coil-set
which cancels the DC and AC components of the ambient
field. It is anticipated that this approach will eliminate the
need for expensive magnetic screening and simultaneously

reduce the requirements for gradiometer balancing
dernanded by conventional unscreened MCG systems. A
reduction in the cost of MCG recording equipment would
have a significant effect on the use of MCG in clinical
practice by increasing its diagnostic benefit-to-cost ratio.

There are three elements

in the

electromagnetic

screening system under development at the Ragnar Granit
Institute: 1) a laboratory-sized coil-set for field cancellation
2) power electronics to drive the coil-set and 3) a sensor

of the ambient field

sensor

system.

wound on ferrite bobbins with an outer diarneter <tf 22.5mrn
and are mounted orthogonally on a 30mm square perspex
block so as to measure the 3 components (X,Y,Z) of the
ambient field. Two coil types have been constructed and
tested. The first type is wound from 0.l2mm diarneter
enamelled copper wire and has an inductancc of 0.5H and
a resistance of 200O. The second type, wourd on the same
kind of former, but using 0.05mm wire, has an inductance
of l2H and a resistance of approximately 5kQ. For both
coil types, inductances of the three chamels have been
rnatched to better than 0.5 %. The coils arc linked to the
sensor electronics by a screened cable which corulects fo the
front panel of the magnetometer via a miniature 6-way
video connector.
The first element of the sensor electronics is a low-noise
input stage comprising a non-inverting amplifier based on an
OP27 op amp. The purpose of this stage is to provide a high
impedance input for the induction coil and a small amount
of voltage gain (r0). The input stage is followed by second
stage preamplifier (PGA204) with digitally switched gains

of x1, xl0, xl00 and x1000.
The next element is al input clipping detecfor which
lights an LED if the output of the second stage amplifier
exceeds 90% of the supply voltage (+/-15V). Because the
current induced in the pick-up coils is proportiorlal to the
time derivative of the ambient field, high frequency fields
may cause saturation in the input stages of the electronics,
particularly at high gain. The clipping indicator is thus a
useful feature to prevent distortion in the later stages of the
circuit.

After arnplification, the input signal is integrated to
correct for the frequency dependence of the induction coil
response. The integrator is built using an AD549 op amp
which features a very low input bias current. A large value
resistor (10MQ) is also included in the feedback path to
ensure that a small amount of negative feedback at DC.
These two features help reduce the baseline drift of the
integrator.

The integrator is followed by an output amplifier. Like
the second stage pre-amplifier, this is constructed from a
PGA204 op amp and has digitally switched gains of
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x10, x100 and x1000. Optionally, the output can be fed to
a filter board comprising three 8th order Bessel low-pass
filters. These have -3dB points at 1000H2, 100H2 and lOHz
respectively and can be selected via a DG508 analogue
switch IC. The output of each channel can also be fed to a
meter driver circuit which powers a cerfire-zero panel meter.
An output clipping detector is also included.
RESULTS

The induction coil rnagnetometer has been calibrated
using a low-frequency uniform magnetic field generated by

a long

solenoid (770 turns, diameter 1l0mm, length
x l0 a T/A). The maximum sensitivity to
axial fields is approximately 200mV/nT for the 0.5H coils
and 470rnV/nT for the 12H coils. The directionality of the
I l00mm, B = 8.72

induction coils has also been tested by applying fields in the
transverse direction. Here it is found that the 0.5H coils
offer significantly better insensitivity to transverse fields,
giving a transverse field rejection ratio (response to axial
field)/(response to transverse field) of better than 170. The
12H coils typically have a transverse field rejection ratio of
less than 30.
The transfer function of the detection system has also
been investigated. The lower -3dB point of the amplitude
response occurs at approximately 0.5H2. This is determined

primarily by the value of bypass resistor used

in

the

integrator feedback path. The larger the resistor, the lower
the -3dB point. The perfonnance of the magnetometer at
higher frequencies is affected by resonance effects in the
input stage. The pick-up coils and the cable linking the coils
to the electronics together with the input amplifier form an
LCR circuit, which resonates at a characteristic frequency
dependent on the inductance of the pick-up coil. This effect
is shown in Figures la and b, which represent the amplitude
and phase response of the magnetometer, measured at the
olltput of the integrator. It can be seen that the amplitude
response is initially flat and the phase shift between the
applied magnetic field and the magnetometer output is zero.
As the frequency of the applied test field is increased, the
circuit goes through resonance, during which the phase of
the output changes rapidly. When 12H pick-up coils are
used, resonance occurs at approximately 1.8kHz and when
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0.5H pick-ups are used the resonant frequency

is

9kHz.

Resonance is less pronounced for the lower inductance coils.

As the frequency of the test field is flirther increased the
arnplitude response decreases rapidly to zero.
DISCUSSION

In a typical MCG laboratory variations in the ambient
magnetic field are primarily due to man-made noise sollrces,
stray fields from mains operated equipment and distortions
in the earth's static field caused by moving ferromagnetic
objects. These disturbances may give rise to AC noise fields
with amplitudes in excess of 100nT. With its maximum
sensitivity of between2}} and 470mV/nT, the induction coil
magnetometer developed at the Ragnar Granit Instinrte
exceeds the sensitivity requirements for the measurement of
the environmental noise field.
However, sensitivity is not the only criterion by which
the performance of the induction coil magnetometer must be
evaluated. In its role as the sensor in a feedback system for
field cancellation, the characteristics of its ffansfer function,
the directionality of its pick-up coils and noise caused by

drift in the integrator circuit are also important. Precise
cancellation of the ambient field depends on accllrate
sensing of the ambient field with minimal phase shift over
as wide a frequency range as possible, so that the sensed
signal may be fed-back via the coil-set exactly out of phase
with the environmental field.

According to these criteria, the induction coil
magnetometer developed here performs well. It has good
directionality (when using 0.5H pick-up coils) and has been
designed to minimise noise generated by integrator drift. Its
passband is nominally flat and significant phase shifts do
not occur below a frequency of 600H2 if 0.5H pick-up coils
are used. Phase shifts start to become apparent above 200H2
when using 12H pick-up coils. With the exception of mains
harmonic noise, which may extend to several hundred Hefiz,
the rnajority of environmental noise is confined to lower
frequencies (below 50Hz). Both 0.5H and l2H coils exhibit
zero phase shift at low frequencies, but the lzH coil

configuration may not provide sufficiently good phase
performance for accurate cancellation of higher mains
harmonics (above 200H2).
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