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Abstract: Pico-Tesla level high sensitivity magnetic sensor has been developed using FeCoSiB amorphous wire as the core of a 

coil, but the low frequency noise of the magnetic sensor is somewhat high, and some applications of magnetic sensors, such as 

magnetic microscope or deep defect detection, require that the sensors have low noise at low frequency. To reduce the noise, it is 

necessary to know the noise sources of the magnetic sensor. By measuring the noise spectrum of each part of the magnetic sensor 

with FeCoSiB amorphous wire was measured, it was found that the white noise of the magnetic sensor was mainly determined by 

the noise of the preamplifier and the low frequency noise was mainly determined by the low frequency noises of the DC bias current 

and AC bias current of the FeCoSiB magnetic sensor. To reduce the low frequency noise of the magnetic sensor caused by the bias 

current noise, an electrical gradiometer composed of two magnetic sensors sharing the same DC bias current and AC bias current 

was developed. The results proved that the gradiometer was not only effective to reduce the low frequency noise caused the bias 

current, but also effective to reduce the environmental noise caused by the 50 Hz line interference. Using the gradiometer, an eddy 

current testing (ECT) system were constructed, and the deep defect with the depth of about 8 mm in an aluminum plate was 

successfully detected by the ECT system. 
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1. Introduction 

Room temperature pT-level high sensitivity magnetic 

sensors have been developed [1-5]. Although these sensors 

are not so sensitive compared with superconducting quantum 

interference device (SQUID) and on optical pumping 

magnetic sensor [6, 7], due to the small sizes and the easy 

operation, room temperature high-sensitivity magnetic 

sensors have found applications of bio-magnetic sensing [8], 

communication [9], nondestructive evaluation [10, 11] and 

automotive [12]. For some applications of magnetic sensors, 

such as the magnetic microscope [13] or the deep defect 

detection using eddy current testing (ECT) method [14], 

magnetic sensor with low noise at low frequency is needed. 

For ECT method, low frequency has big penetration depth, 

and is used to detect deep defect. To reduce the noise of the 

magnetic sensor, the investigations of the dependence of 

noises are important [15, 16]. 

The high-sensitivity magnetic sensors using a coil with the 

(Fe0.06Co0.94)72.5Si2.5B15 (FeCoSiB) amorphous wire as the 

core were reported [17-19] and the white noise spectrum of 

about 6 pT/√Hz was achieved. Different from normal MI 

sensors, the amorphous wire of this kind of magnetic sensor 

had no any electrical connection with the cable. A DC current 

and an AC current were used to supply the bias magnetic 

fields to the sensor through the coil coupled with the 

amorphous wire. When the DC bias magnetic field was 

adjusted near to the saturation magnetization point of the 

amorphous wire, the inductance of the coil changed with the 

applied magnetic field, then the amplitude of the AC signal 

also changed with magnetic field. After a demodulator, the 

output changed with magnetic field. For this magnetic sensor, 

only one coaxial cable was used to connect the sensing 

element and the driving circuit. The simple structure of this 

magnetic sensor was useful for some industrial applications. 

But the low frequency noise of this kind of magnetic sensor 

was higher than normal MI sensors. To further improve the 

magnetic field resolution of the magnetic sensor, it is 

necessary to know the noise source of the magnetic sensor 

with FeCoSiB amorphous wire. 
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This kind of magnetic sensor includes high frequency 

circuit and low frequency circuit. It is not easy to determine 

the noise contribution of each part of the sensor system. In 

this paper, the steps to determine the noise contribution of 

each part of the sensor system are given. And an electrical 

gradiometer was developed to reduce the low frequency 

noise of the magnetic sensor. Different from normal electrical 

gradiometer [20-22] with independent driving circuits for 

two sensors, the two sensors of this gradiometer shared the 

DC bias current and the AC bias current. 

2. Measuring the Noise of Each Part of 

the Magnetic Sensor 

2.1. Block Diagram of the Magnetic Sensor with FeCoSiB 

Amorphous Wire 

Figure 1 shows the schematic block diagram of the 

magnetic sensor with the ferromagnetic amorphous wire of 

FeCoSiB. It measured the vector magnetic field along the 

direction of the amorphous wire. The FeCoSiB amorphous 

wire with the diameter of 0.1 mm and the length of 5 mm was 

used. The coil wound round the amorphous wire was 30 turns 

using the cooper wire of φ0.1 mm. The outer diameter and the 

inner diameter of the coil were about 1.5 mm and 0.5 mm 

respectively. The magnetic sensor was biased by a DC current 

of about 50 mA and an AC current of 1 MHz with the 

amplitude of about 10 mA. To isolate the DC bias current, the 

AC bias current and the signal, the inductor LD and the 

capacitors C1, C2 were used in the circuit. To increase the 

signal amplitude, a resonant circuit, which was composed of a 

capacitor C and an inductor L, was used. With the resonant 

circuit, the signal amplitude was increased by about 10 times. 

By adjusting the DC current, the amorphous wire was biased 

near the saturation magnetization, then the 1 MHz signal 

amplitude of the coil changed with the applied magnetic field. 

The demodulator, composed of a diode, a 1 kΩ resistor and a 

capacitor C3, was used get the amplitude of the 1 MHz signal. 

The preamplifier for the 1 MHz signal was made by AD829 

and the gain was about 20 dB. The low frequency amplifier 

after the demodulator was made by an operation amplifier of 

OP275 and the gain of the AMP was about 46 dB. The best 

magnetic field resolution of about 6 pT/√Hz was achieved for 

the magnetic sensor with the optimized parameters. In this 

paper, easily achieved 9 pT/√Hz magnetic sensors were used. 

 

Figure 1. Block diagram of the magnetic sensor with amorphous wire. 

2.2. Total Voltage Noise Spectrum of the Magnetic Sensor 

The noises produced by the amorphous wire, the AC current, 

the DC current, the preamplifier, and the amplifier all have 

contributions to the total output signal noises of the magnetic 

sensor. From my experiment, the diode for the demodulator 

has less contribution to the total noise, so the total voltage 

noise spectrum of the magnetic sensor can be expressed by 

following equation: 

�� = ���,���	
 + ��,�
 + ��,�
 + ��,��	���
 + ��,���
   (1) 

Where, VN is the total output voltage noise spectrum of the 

magnetic sensor. VN,Wire is the noise produced by the FeCoSiB 

amorphous wire. VN,AC is the noise contribution caused by the 

AC bias current noise. VN,DC is the noise contribution caused 

by the DC bias current noise, VN,Preamp is the noise contribution 

by the preamplifier. VN,Amp is the noise contribution by the 

amplifier. The noise contributions of the Amp, DC bias 

current, AC bias current, preamplifier and the sensor element 

could be measured. A vector signal analyzer of HP89441A 

was used to measure noise spectrums. To reduce the influence 

of the environmental noise, the measurements were done in a 

3-layer permalloy shielding box. 

Figure 2 shows the total voltage noise spectrum of the 

magnetic sensor with FeCoSiB amorphous wire. The white 

noise of the output signal was about 10 µV/√Hz and the low 

frequency noise at 2 Hz was about 45 µV/√Hz. 

 

Figure 2. Total voltage noise spectrum of the output signal of the magnetic 

sensor with FeCoSiB amorphous wire. 

2.3. Noise Spectrums at Different Conditions 

To measure the noises caused by the AC current and DC 

current, amplifier is necessary, so firstly, the noise produced 

by the amplifier was measured. Figure 3(a) shows the method 

to measure the noise produced by the amplifier. The Amp 

was made of OP275 and the gain of the Amp was about 46 

dB. A resistor of 1 kΩ was connected to the input of the Amp, 

which was similar with the real circuit. Figure 3(b) shows the 

voltage noise spectrum of the output of the Amp. The white 

noise of the output signal was about 1.5 µV/√Hz and the low 

frequency noise at 2 Hz was about 8.8 µV/√Hz. 
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Figure 3. (a). Method to measure the noise spectrum of the Amp. (b). Voltage 

noise spectrum of the Amp output signal caption of the figure. 

The DC bias current of the magnetic sensor was supplied 

by a DC voltage through a resistor. It is an important noise 

source of magnetic sensor. The DC voltage may make the 

Amp overload. To measure the noise from the DC power, a 

capacitor is normally needed to isolate the DC voltage [23]. 

Figure 4(a) shows the method to measure the noise spectrum 

of the 5V DC voltage. A big capacitor of 220 µF was used to 

isolate the DC voltage, the cut off frequency of the CR high 

pass filter was about 0.7 Hz. Figure 4(b) shows noise 

spectrum of the output signal. The white noise of the output 

signal was about 2.3 µV/√Hz and the low frequency noise at 

2 Hz was about 70 µV/√Hz. 

 

Figure 4. (a). Method to measure the noise spectrum of the DC voltage. (b). 

Voltage noise spectrum of the output signal. 

The 1 MHz AC bias current of the magnetic sensor was 

supplied by a 1 MHz signal generator through a resistor. To 

measure the noise caused by the amplitude fluctuation of the 

1 MHz AC bias current. A diode with the low forward 

voltage of about 0.25 V was used to change the amplitude of 

the AC voltage to a DC voltage. Figure 5(a) shows the 

method to measure the noise spectrum of the 1 MHz AC 

voltage. If the AC voltage is bigger enough, the working 

point of the diode has less influence. In this experiment, the 

amplitude of the AC voltage was ±5 V. Two resistors of 330 

Ω were used and the amplitude of the AC voltage to the 

diode was about was ±2.5 V, which was similar with the real 

amplitude of magnetic sensor. A low pass filter (LPF) was 

used after the diode and the cut off frequency of the LPF was 

about 6 kHz. Figure 5(b) shows the noise spectrum of the 

output signal. The white noise of the output signal was about 

2.1 µV/√Hz and the low frequency noise at 2 Hz was about 

18 µV/√Hz. 

 

Figure 5. (a). Method to measure the noise spectrum of the AC voltage. (b). 

Voltage noise spectrum of the output signal. 

To measure the noise contribution of the preamplifier, the 

preamplifier was connected to an inductor of 2 µH, which was 

similar with the inductance of the magnetic sensor with 

amorphous wire. Figure 6(a) shows the method. The AC bias 

current was kept to be same as that of the real magnetic sensor, 

but the DC bias current was adjusted to zero. Figure 6(b) 

shows the noise spectrum of the output signal with the 2 µH 

inductor. The white noise of the output signal was about 10 

µV/√Hz and the low frequency noise at 2 Hz was about 21 

µV/√Hz. 

 

Figure 6. (a). Method to measure the noise spectrum of the preamplifier. (b). 

Voltage noise spectrum of the output signal. 
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2.4. Noise Contribution of Each Part of the Magnetic 

Sensor 

The contributions of the noise of each part of the magnetic 

sensor system to the total output noise were calculated. For 

the noise contribution of the DC bias, the DC bias voltage 

produced a noise current through a resistor, then produced a 

noise of magnetic field through the coil wound around the 

amorphous wire and caused the noise of the output signal. 

The equation (2) was used to calculate its contribution to the 

total noise. 

�� = �� ∙ ������
 − ����
             (2) 

Where, VDCAmp was the noise spectrum of the DC bias 

voltage shown in Figure 4(b), VAmp was the noise spectrum of 

the Amp shown in Figure 3(b), k1 was a factor changing the 

DC bias voltage to the output voltage. The measured value of 

k1 was about 0.45. The noise spectrum of VDCAmp included the 

noise of the DC bias voltage and the noise of the Amp, so 

equation (2) was used to calculate the noise spectrum of VDC. 

Figure 7(a) shows the calculated noise spectrum of VDC 

Using equation (2). The white noise at 200 Hz was about 1 

µV/√Hz. The low frequency noise was about 2 µV/√Hz at 20 

Hz and 31 µV/√Hz at 2Hz. 

The contribution of the AC bias current was calculated by 

the equation (3). Where, VACAmp was the noise spectrum of 

AC bias voltage shown in Figure 5(b), VAmp was the noise 

spectrum of the Amp shown in Figure 3(b), k2 was a factor to 

represent the ratio of the real AC signal amplitude of the 

magnetic sensor and the AC signal amplitude used to 

measure the noise spectrum. In our experiment, k2 was equal 

to 1, because the measured AC signal amplitude was chosen 

to be similar with the real AC signal amplitude of the 

magnetic sensor. Figure 7(b) shows the calculated noise 

spectrum of VAC. The white noise at 200 Hz was about 1.7 

µV/√Hz. The low frequency noise was about 1.7 µV/√Hz at 

20 Hz and 16 µV/√Hz at 2Hz. 

�� = �
 ∙ ������
 − ����
            (3) 

The contribution of the preamplifier was calculated by 

equation (4). Where, VACAmp was the noise spectrum of AC 

bias voltage shown in Figure 5(b), VPreampACAmp was the total 

noise spectrum of the preamplifier, AC bias and the Amp, 

shown in Figure 6(b). Figure 7(c) shows the calculated noise 

spectrum of the preamplifier VPreamp. The white noise at 200 

Hz was about 9 µV/√Hz. The low frequency noise was about 

10 µV/√Hz at 20 Hz and 31 µV/√Hz at 2Hz. 

���	��� = ����	�������
 − �����
       (4) 

 

 

Figure 7. (a). Calculated voltage noise spectrum produced by the DC bias current. (b). Calculated voltage noise spectrum produced by the AC bias current. (c). 

Calculated voltage noise spectrum produced by the preamplifier. (d). Calculated voltage noise spectrum produced by the FeCoSiB amorphous wire. 
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The contribution of the amorphous wire to total noise of 

the sensor was calculated by equation (5). Where, 

VPreampACAmp was the total noise spectrum of the preamplifier, 

AC bias and the Amp, shown in Figure 6(b), VDC was the 

noise spectrum caused by the DC bias current, shown in 

Figure 7(a), Vsensor was the total noise spectrum of the 

sensor shown in Figure 1. Figure 7(d) shows the calculated 

noise spectrum of VWire. The white noise at 200 Hz was about 

4 µV/√Hz. The low frequency noise was about 6.6 µV/√Hz 

at 20 Hz and 14 µV/√Hz at 2Hz. 

����	 = ���	����
 − ���	�������
 − ��
       (5) 

Table 1 lists the noise contribution of each part of 

magnetic sensor to the total noise at the frequency of 2 Hz, 

20 Hz and 200 Hz (white noise). Because of the low 

frequency Amp was at the last stage of the driving circuit, it 

had smallest contribution to the total noise of the magnetic 

sensor. For the white noise (at 200 Hz). The preamplifier had 

the biggest contribution to the total noise of the magnetic 

sensor. For the low frequency noise at 20 Hz, the noises of 

the preamplifier and the FeCoSiB amorphous wire had bigger 

contributions than those of the DC bias current and the AC 

bias current. For the low frequency noise at 2 Hz, the noises 

of the DC bias current and the preamplifier had bigger 

contributions than those of the AC bias current and the 

FeCoSiB amorphous wire. 

According to the experimental results, the signal amplitude 

should be increased to reduce the white noise of the magnetic 

sensor, and decrease the low frequency noise of the DC bias 

current to reduce the low frequency noise of the magnetic 

sensor 

Table 1. Voltage noise spectrum of each part of the magnetic sensor. 

 
Noise at 2 Hz 

(µV/√Hz) 

Noise at 20 Hz 

(µV/√Hz) 

Noise at 200 Hz 

(µV/√Hz) 

Amp 8.8 1.8 1.5 

IDC 31 2 1 

IAC 15 1.7 1.7 

Preamp 31 10 9 

FeCoSiB wire 14 6.6 4 

3. Developing Gradiometer to Reduce the 

Low Frequency Noise of the Magnetic 

Sensor 

3.1. Setup of the Gradiometer 

Electrical gradiometer is commonly used to reduce the 

environmental noise when the magnetic sensor is used in 

unshielded environment [20, 21]. Figure 8 shows the principle 

of the electrical gradiometer composed of the two magnetic 

sensors. The output of the gradiometer is the subtraction of the 

outputs of the magnetic sensor 1 and the magnetic sensor 2. 

The environmental noise produces the same outputs for the 

two magnetic sensors, so it is eliminated after the subtraction. 

 

Figure 8. Electrical gradiometer composed of two magnetic sensors. 

The electrical gradiometer was used to reduce the 

influence of the noise of the bias current for our magnetic 

sensor. Figure 9 shows the schematic block diagram of the 

electrical gradiometer composed of two magnetic sensors. 

Different from normal electrical gradiometer, the two 

magnetic sensors in our gradiometer shared the same bias DC 

current and AC current. The second magnetic sensor was 

used as a reference sensor to reduce the noise contribution of 

the bias current. 

 

Figure 9. Schematic block diagram of the electrical gradiometer composed of 

two magnetic sensors sharing the same DC bias current and AC bias current. 

Two similar sensors made of FeCoSiB amorphous wire 

were used. The distance between the two sensors was about 5 

cm. The DC bias current and the AC bias current were used 

to bias the magnetic sensor 1 and the magnetic sensor 2. Each 

sensor had its own preamplifier, demodulation, and the 

amplifier. The output of the gradiometer was the subtraction 

of the outputs of the two magnetic sensors. Because the 

sensor 1 and sensor 2 were biased by the same DC bias 

current and the AC bias current, the noises of the bias 

currents caused the similar outputs of the sensor 1 and the 

sensor 2. After the subtraction, the influence of the noises of 

the bias currents could be eliminated. 
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3.2. Noise Spectrum of the Gradiometer 

To measure the magnetic field noise spectrum of the 

magnetic sensor, a Helmholtz coil was used to do the 

calibration. The output voltage of the gradiometer for the 

applied magnetic field with the amplitude of 1 µT was 

measured. It was about 1.05 V/µT. Using this value, the 

magnetic field noise spectrums could be easily calculated 

from the output voltage noise spectrum of the magnetic 

sensor. Figure 10 shows the magnetic field noise spectrums 

of the magnetic sensor and the gradiometer measured in a 

magnetic shielding box. Compared with the magnetic field 

noise spectrum of the magnetic sensor, the gradiometer had 

lower noise at low frequency. This result proved that It was 

effective for the gradiometer to reduce the low frequency 

noise caused by the bias DC current or AC current. 

 

Figure 10. Magnetic field noise spectrum measured in a magnetic shielding 

box. (a). Noise spectrum measured by the magnetic sensor. (b). Noise 

spectrum measured by the gradiometer. 

The magnetic field noise spectrum was also measured in 

unshielded environment. Figure 11 (a) shows the noise 

spectrum measured by the magnetic sensor. The peaks on the 

noise spectrum were 50 Hz interference and its harmonics. 

Figure 11 (b) shows the noise spectrum measured by the 

gradiometer. Not only the low frequency noise was reduced, 

bus also the 50 Hz interference was also reduced by about 30 

times. 

 

 

Figure 11. Magnetic field noise spectrum measured in an unshielded 

environment. (a). Noise spectrum measured by the magnetic sensor. (b). Noise 

spectrum measured by the gradiometer. 

4. Application System Using the 

Electrical Gradiometer of the 

Magnetic Sensor 

4.1. Setup of the ECT System Using Gradiometer 

For the deep defect detection using eddy current testing 

(ECT) method, normally lower excitation frequency is used 

to get bigger penetration depth of eddy current. And the 

signal produced by deep defect is very small, so magnetic 

sensor or gradiometer with low noise at low frequency is 

needed. An eddy current testing (ECT) system was developed 

using the gradiometer. Figure 12 shows schematic block 

diagram of the ECT system. The excitation magnetic field 

was produced by a double-D coil with the diameter of 2 cm 

and 20 turns. The direction of the magnetic field produced by 

the double-D coil was vertical. To detect the deep defect, a 

lower excitation frequency of 170 Hz was used. The 

amplitude of the excitation current was about 100 mA. The 

double-D coil was fixed to the bottom of the FeCoSiB 

magnetic sensor 1 of the gradiometer and the position was 

adjusted to make output of the gradiometer smallest. 
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Figure 12. Setup of the eddy-current NDE system using gradiometer. 

4.2. Defect Detection Using the ECT System with the 

Gradiometer 

The ECT specimen was prepared using aluminum plates. A 

horizonal artificial crack defect with the length of about 1 cm 

was made in a 1mm thick aluminum plate, and it was covered 

by another aluminum plate with the thickness of 8 mm. An 

X-Y stage was used for the scanning. The measurement was 

done without shielding. Figure 13 shows the signals 

produced by the defect when the scanning direction was 

perpendicular to the direction of the crack. 

 

Figure 13. Signal of a crack defect with 8 mm depth detected by the 

electrical gradiometer composed of two FeCoSiB magnetic sensors. 

5. Discussion 

The achieved best magnetic field resolution of GMI 

magnetic sensor at white noise range was about 1 pT/√Hz 

[24]. The 1/f noise was about 10 pT/√Hz at 10 Hz. Using the 

gradiometer composed of the GMI magnetic sensor with a 

pickup coil and a reference coil, they even tried to measure 

magnetoencephalogram (MEG) signals under no shield 

environment. For GMI magnetic sensor, the intrinsic 

magnetic field noise was estimated to be 8.4 fT/√Hz [15], 

which is far smaller than the noise of a real GMI sensor. A 

reasonable estimation of pT/√Hz level was given [25]. 

Although the operation principle of the sensor in this paper is 

different from the normal GMI sensor, it is also very difficult 

to accurately estimate the intrinsic noise of this kind 

magnetic sensor. Here, a simple estimation was given. The 

impedance of the coil with the amorphous wire core was 

about 3 Ω at 1 MHz. The thermal noise level was estimated 

to be about √(4kBTR) ≈ 0.22 nV/√Hz, where kB is the 

Boltzmann's constant, T is the temperature, R is the 

impedance of the coil with the amorphous wire core. The 

quality factor of the LC resonant circuit was about 10. After 

the LC resonance circuit, the noise was amplified to 2.2 

nV/√Hz and the resistance was amplified to 300 Ω. From the 

datasheet of AD829, its equivalent input voltage noise 

spectrum is about 1.7 nV√Hz and the current noise spectrum 

is about 1.5 pA/√Hz. Thus, the total noise was about 

√(2.2
2
+1.7

2
+(1.5×0.3)

2
) ≈ 2.8 nV√Hz. After the LC resonant 

circuit, the signal amplitude was about 100 mV/Gauss, so the 

theoretical magnetic field noise spectrum of the magnetic 

sensor was estimated to be about 2.8 pT/√Hz, which had the 

same order as that of a real magnetic sensor. Considering of 

the contributions of the DC bias current noise and AC bias 

current noise, this value was reasonable. 

6. Summary 

In a summery, the noise contribution of each part the 

magnetic sensor with the FeCoSiB amorphous wire was 

investigated. The bias current noise had the main 

contribution to the low frequency noise of the magnetic 

sensor. To reduce the low frequency noise, an electrical 

gradiometer composed of two magnetic sensors with the 

same bias DC current and AC current was developed. The 

results proved that the gradiometer was not only effective to 

reduce the low frequency noise caused the bias current, but 

also effective to reduce the influence of the line interference. 

An ECT system was constructed using the gradiometer and 

the deep defect with depth of about 8 mm in the aluminum 

plate was successfully detected. 
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