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Baseline optimization of SQUID gradiometer for
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SQUID gradiometer techniques are widely used in noise cancellation for biomagnetic measurements. An appropriate
gradiometer baseline is very important for the biomagnetic detection with high performance. By placing several magne-
tometers at different heights along the vertical direction, we could simultaneously obtain the synthetic gradiometers with
different baselines. By using the traditional signal-to-noise ratio (SNR) as a performance index, we successfully obtain an
optimal baseline for the magnetocardiography (MCG) measurement in a magnetically shielded room (MSR). Finally, we
obtain an optimal baseline of 7 cm and use it for the practical MCG measurement in our MSR. The SNR about 38 dB is
obtained in the recorded MCG signal.
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1. Introduction
All biomagnetic measurements face the common chal-

lenge of detecting the extremely weak biomagnetic signal
from very strong environmental interference. As a magnetic
sensor with very high sensitivity, a SQUID gradiometer is
widely used for the biomagnetic applications, such as magne-
tocardiography (MCG), fetal MCG, magnetoencephalography
(MEG), etc.[1–3] A gradiometer measures the spatial difference
of the magnetic field, which has substantially higher sensitiv-
ity to nearby biomagnetic sources than the distant environmen-
tal ones. Taking the first-order gradiometer for example, it is
comprised of two coils wound placed in the opposite directions
with a distance b in between, usually called the baseline length
of the gradiometer. For the ambient noise suppression, a short
baseline gradiometer is better than the longer baseline one be-
cause of the reduced sensitivity to distant sources. However,
the signal amplitude of interest is also reduced to a greater ex-
tent because the compensation coil far from the sources also
detects the relatively strong signal under a shorter baseline.
Therefore, an appropriate gradiometer baseline is vitally im-
portant for the biomagnetic detection with high performance.

In order to optimize the gradiometer baseline, two kinds
of methods were previously studied. One is pure computer
simulation by using empirical parameters.[4,5] Although ef-
fective, it is lacking in experimental validation. Therefore,

in practical applications, the experimental method is widely
employed. It was performed by measuring and comparing
the gradiometer response repeatedly under different baselines,
which was adjusted after each measurement.[6–8] However, the
environmental field changes with time. As a result, the ex-
perimental conditions may be changed with measuring time.
Therefore, this method is influenced by the environmental
characteristics to some extent.

In this paper, we introduce a baseline optimization
method by using synthetic gradiometers. By placing several
magnetometers at different heights along the vertical direction,
the responses of synthetic gradiometers with different base-
lines can be obtained simultaneously. By using the traditional
signal-to-noise ratio (SNR) as a performance index, we suc-
cessfully obtain an optimal baseline for MCG measurements.

2. Baseline optimization method
Figure 1 shows the systemic measurement scheme for

baseline optimization. In order to reduce the influence of the
pick-up coil size, magnetometers of the same type are selected,
each with a pick-up area of 10 mm×10 mm. The signal mag-
netometer M0 is placed at the bottom of a dewar near the bio-
magnetic source. By assembling reference magnetometers Mi

at different heights along the axial direction, the synthetic gra-
diometer can be obtained with different values of baseline bi.
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The synthetic gradiometer output BGi can be expressed as

BGi = BZ0 − k1·BZi − k2·BX − k3·BY , i = 1 ∼ n, (1)

where BZ0 and BZi are the outputs of M0 and Mi; BX and BY

are the outputs of magnetometers along the horizontal XY di-
rection. The orthogonality of the XY magnetometers and Mi is
achieved by mechanical adjustment with a high precision. The
k1, k2, and k3 are the synthesis coefficients, which are obtained
by the least-square algorithm.[9] Considering the fact that the
directions of M0 and Mi cannot be configured to be absolutely
parallel to each other, two XY SQUID magnetometer refer-
ences are added to compensate for the gradiometer imbalance.
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Fig. 1. (color online) Measurement scheme for baseline optimization.

We introduce the SNR as an index to optimize the gra-
diometer baseline. In order to supply an MCG signal with
stable amplitude, the simulated MCG signal is adopted. It
is generated by a small coil driven by a simulated ECG sig-
nal through a digital-to-analog (D/A) converter, as shown in
Fig. 1. The diameter of the coil is 10 mm, similar to that of
one magnetic dipole. The distance between the coil and liquid
helium cryostat is set to be comparable to the real MCG mea-
surements. Figure 2 shows the definitions of the signal and
noise amplitude used for SNR calculation. The signal BS is
the peak-to-peak amplitude of the QRS-wave, while the noise
BN is defined by the peak-to-peak amplitude of the 0.2-s sec-
tion before the P-wave. Then SNR is given by

SNR = 20log10
BS

BN
. (2)

During the SNR calculation, the simulated MCG driving
system may inevitably introduce extra noise. In order to elim-
inate the noise influence, the virtual SNR (vSNR) is also ob-
tained for comparison based on the calculated BS using the
Biot–Savart law and measured BN with the driving system off-
line.

By using the above methods, the optimized gradiometer
baseline is obtained for the MCG measurements in an MSR.

0 0.5 1.0 1.5 2.0
-40

0

40

80

120
BN

M
a
g
n
et

ic
 f
ie
ld

/
p
T

Time/s

B
S

1.0 1.1 1.2

-0.5

0

0.5

Fig. 2. (color online) Definitions of signal and noise amplitude used for
SNR calculation.

3. Measurement and simulation results

During the measurements, six axial reference magne-
tometers are used to obtain different baselines of 3 cm, 7 cm,
12 cm, 18 cm, 24 cm, and 28 cm. Figure 3(a) shows the mea-
sured BS and BN under different gradiometer baselines. The
BS increases as the baseline lengthens and reaches a stable
value after the baseline has lengthened to 24 cm. The BN ap-
pears to have some fluctuations with an average noise level of
2 pT. Based on the BS and BN, the SNR is calculated and the
results are shown in Fig. 3(b). The optimal baseline with a
maximum SNR is 7 cm in our MSR. Considering the fact that
the performance of SQUID could be affected by environment
noise, the SNR value may be different case by case; however,
the tendencies of SNR under the specific application environ-
ment would be consistent.

Figure 4(a) gives the calculated BS and three groups of
the repeatedly measured values of noise BN. With a certain
distance between the coil and the cryostat, the calculated BS is
unchanged. The measured BN shows a steady trend with a lit-
tle difference under different baselines, which is similar to the
result in Fig. 3(a). It can be concluded that the noise influence
from the driving system can be ignored. Figure 4(b) shows
the calculated values of vSNR under different baselines. Two
of the three groups show that their optimal baselines are both
24 cm, while one is 7 cm. However, all three groups of the
vSNRs at 7 cm are much more stable and repeatable than that
at 24 cm. The differences may be attributed to the real-time
change of the environmental fields. Although the values of BN

for different baselines are different, the trends of BN are con-
sistent. Considering the availability efficiency of helium and
practical applications, the optimal baseline of 7 cm is better,
which is consistent with the measurement results.
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Fig. 3. (color online) (a) Measured signal and noise (b) SNR.
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Fig. 4. (color online) (a) Calculated signal and measured noise (b)
vSNR.

Based on the optimal baseline, figure 5 shows the real-

time MCG signal of a volunteer. The BS is about 146 pT and
the BN is about 1.8 pT. The SNR of about 38 dB is obtained.
As the baseline optimization depends on the characteristics of
the biomagnetic sources and environmental noises, it needs to
do the optimization on a case-by-case basis.
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Fig. 5. (color online) Recorded MCG signal of a 28-year old male adult.

4. Conclusion and outlook
We developed a gradiometer baseline optimization

method by establishing a synthetic gradiometer system and us-
ing SNR as a performance index. An optimal baseline of 7 cm
is obtained and used for the practical MCG measurement in
our MSR.

As the gradiometer baseline is strongly correlated with
the characteristics of the biomagnetic sources and environ-
mental noise, this paper just gives a general solution. This
method can also be applied to the baseline optimization of
the higher order gradiometer and other biomagnetic measure-
ments in shielded or unshielded environments.
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