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Superconducting Quantum Interference Device (SQUID) can provide an ultrahigh magnetic sensitivity for the biomagnetic meas-
urements. In this paper, a SQUID bootstrap circuit (SBC) gradiometer was designed and fabricated. Using the SBC gradiometer, 
magnetocardiography (MCG), fetal MCG and magnetoencephalography (MEG) signals were detected in a magnetically shielded 
room. 
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Superconducting quantum interference devices (SQUIDs) 
have been widely used to detect the very weak biomagnetic 
fields from picotesla (pT) down to femtotesla (fT), such as 
human magnetoencephalography (MEG), magnetocardiog-
raphy (MCG) and fetal MCG [1]. Besides the high sensitive 
SQUID sensors which are needed for successfully imple-
mentation of biomagnetic measurements, the other key 
problem is to detect such weak signals under an environ-
ment with very strong background fields. At present, dif-
ferent SQUID systems are employed: SQUID magnetome-
ters for the measurements performed in super magnetically 
shielding rooms (MSRs) or SQUID gradiometers with dif-
ferent antenna figurations in moderate MSRs or unshielded 
environments [2,3].  

In this work, we report a helium-cooled gradiometer based 
on a novel SQUID named SQUID bootstrap circuit (SBC) 
[4–6]. By using the SBC gradiometer, biomagnetic meas-
urements was performed in a moderate MSR. Besides MCG 
and MEG signals, fetal MCG signals were also detected. 

SBC is a voltage-biased SQUID direct readout scheme. 
By increasing the SQUID flux-to-current coefficient and the 
dynamic resistance with two branches, the flux-to-voltage 
coefficient (∂V/∂Φ)SBC of SBC is enhanced to suppress the 
noise from the preamplifier. 

Figure 1(a) shows a schematic diagram of our designed 
SBC. Using a voltage feedback coil of inductance L2 and a 
shunt resistor Rs in series, the (∂V/∂Φ)SBC can be enhanced 
by increasing the dynamic resistance. In order to suppress 
the external magnetic noise in the SBC chip area, a du-
al-loop washer-SQUID of a gradiometer configuration was 
designed. The input coil couples external magnetic flux to 
the SQUID by connecting a first-order axial wire-wound 
antenna, as shown in Figure 1(b). The antenna has a config-
uration of 1:1 with a baseline of 50 mm and 18 mm in di-
ameter. In order to enhance the noise suppression, a thin 
niobium shielding tube was used to cover the SQUID chip, 
as indicated in Figure 1(b).  

Figure 1(c) shows the measured field spectral density of 
the SBC gradiometer in our MSR. The noise level was 
measured to be 5 fT/ Hz  at 100 Hz. 
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Figure 1  SBC gradiometer. (a) Schematic diagram of the designed SBC; 
(b) photograph of the gradiometer module; (c) noise spectrum of the SBC 
gradiometer. 

Based on the SBC gradiometer, a biomagentic measure-
ment system was set up in our MSR. The SBC gradiometer 
was mounted in a special nonmagnetic glass fiber cryostat. 
The distance between the lower pick-up coil of the antenna 
and the outside bottom of the cryostat is 16 mm. In order to 
reduce the external magnetic disturbances, the data acquisi-
tion and processing system was placed outside the MSR. By 
using the SBC system, MCG, fetal MCG and MEG signals 
were detected. 

The inset of Figure 2 shows the real-time MCG signals 
of an adult recorded with a sampling rate of 2560 Hz. The 
bandwidth is 0.1–150 Hz. By averaging data of 40 cycles, 
MCG signal with a signal to noise ratio of 40 dB was ob-
tained. The R peak of the MCG signal was approximately 
40 pT (Figure 2). 

The inset of Figure 3 shows the recorded real-time fetal 
MCG signal with a sampling rate of 1 kHz. The gestational 
age of the fetus is 30 weeks. The high-frequency noise and 
baseline drifts were removed by combination of a 90 Hz  

 
Figure 2  Averaged MCG signal of 40 cycles (inset: real-time signal). 

 
Figure 3  Averaged fetal MCG signal of 30-week gestination fetus from 
36 cycles (inset: real-time signal). 

low-pass FIR filter and the wavelet transformation. Figure 3 
shows the averaged fetal MCG signal of 36 cycles. Com-
paring to the above measured adult MCG signal, the fetal 
MCG signal was weak and only about 0.8 pT.  

For the MEG measurement, auditory evoked magnetic 
field was detected. The stimulus was a pure sinusoidal tone 
with a frequency of 1 kHz, a duration of 100 ms and an in-
terval of 1.1 s. The inset of Figure 4 shows the averaged 
MEG trace by 100 times with a sampling rate of 375 Hz. 
High frequency noise was removed by a low-pass filter of 
35 Hz. From the trace, the prominent N100m peak can be 
clearly recognized [7]. The amplitude was about 0.14 pT. 

From the above results, amplitudes of all the measured 
signals were smaller than those reported before [8–10]. For 
the MCG and fetal MCG signals, the smaller results attrib-
ute to the shorter gradiometer baseline of 50 mm [11], 
which is also the reason why the maternal MCG signal was 
not observed during the fetal MCG measurements. For the 
MEG signal, it is because of the non-specially designed 
MEG cryostat [12].  

In conclusion, a SBC gradiometer with a noise level of 

5 fT/ Hz  at 100 Hz was developed and applied for the 
biomagnetic measurements. Besides the MCG and MEG  
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Figure 4  Auditory evoked magnetic field averaged by 100 times (inset: 
signal without filter). 

signals, a fetal MCG signal was also measured for the first 
time in China. Further optimization of the SBC gradiometer 
and development of a multichannel biomagnetic system will 
be studied in the near future. 
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