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Abstract: Transient magnetic field sensors are used in various electromagnetic environment mea-
surement scenarios. In this paper, a novel magnetic field sensor based on a digital integrator was
developed. The antenna was a small B-DOT loop. It was designed optimally for the simulation.
The magnetic field signal was digitally integrated with the improved Al-Alaoui algorithm, resulting
in less integration error. To compensate for the bandwidth loss of the optical fiber system, we
specially designed an FIR (finite impulse response) filter for frequency compensation. The circuit
was described, and the transimpedance amplifier was specially designed to ensure the low noise
characteristic of the receiver. The sensitivity of the sensor was calibrated at 68.2 A-m~!/mV, the dy-
namic range was 50 dB (1-300 kA /m), the linear correlation coefficient was 0.96, and the bandwidth
was greater than 100 MHz. It was tested and verified under the action of an A-type lightning current.
The sensor exhibited high-precision performance and flat amplitude-frequency characteristics. There-
fore, it is suitable for lightning positioning, partial discharge testing, electromagnetic compatibility
management, and other applications.

Keywords: magnetic field sensor; digital integration; frequency equalization; lightning electromag-
netic environment; calibration

1. Introduction

Electromagnetic pulse measurement is an important tool in lightning positioning,
electromagnetic compatibility, and partial discharge research. The strong transient elec-
tromagnetic field environment caused by lightning strikes can interfere with or damage
aircraft electromechanical systems—this is called the indirect lightning effect. Compared
with traditional aluminum alloy and other metal materials, the composite material has
poor electrical conductivity, which leads to a decrease in the electromagnetic shielding
performance of the aircraft’s skin, which may make aircraft vulnerable to damage in ex-
treme weather such as lightning and may cause catastrophic accidents. For the study of the
electric and magnetic field distribution of key positions inside aircraft under a lightning
electromagnetic environment, various types of electromagnetic field sensors have been
developed worldwide in recent years. These sensors use antennas to induce electromag-
netic pulse signals and electro-optical conversion technology to transmit measurement
signals through optical fibers. This measurement method has a strong anti-interference
ability and wide response frequency [1,2]. We are confident that the measurement range of
electromagnetic sensors will be larger, the frequency band will be wider, and the sensitivity
will be higher with the development of science and technology [3].

The magnetic field sensors have matured day by day. Baum proposed a variety of
electromagnetic field sensors [4], and Kanda performed detailed calculations on them [5].
For magnetic field sensors, integration is generally required. Current magnetic field
sensors use analog integrators or perform digital integration on an external computer.
Analog integrators are generally composed of passive components or operational amplifiers.
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The integration error resides in the low- and high-frequency bands, and it is difficult to
overcome integration drift [6]. Chao used the Mobius strip loop as the B-DOT antenna, then
used the upper computer software for integration. The sensor’s bandwidth was expected
at 500 MHz [7]. Kong also used the upper computer software for integration, using a
multi-gap loop as B-DOT antenna, and the sampling rate of the sensor was able to reach
up to 2 GS/s [8]. The integration on the external computer is not real-time and flexible,
and it cannot solve the problem of DC drift, which is unfavorable for electromagnetic
environment measurement. Jin used digital integration technology on the Rogowski coil
so that the amplitude-frequency response error did not exceed 103 dB, and the phase-
frequency error did not exceed 1° [9], whereas Han used a data acquisition card for
digital processing and integration, and its error was low to 10~4% [10]. At present, digital
integrators are used on low-frequency equipment such as Rogowski coils and current
transformers. However, there are few reports on ns-level transient current or magnetic
field measurement applications. There are still many issues worthy of study in terms of
measurement accuracy and anti-interference capability.

Optical fiber systems can exhibit channel unevenness and low-pass characteristics,
and equalization techniques are often used to offset part of the nonlinear fading in these
systems. These techniques can be divided into hardware equalization technology and
software equalization (digital equalization) technology. Hardware equalization technology
is generally realized by a circuit using RC electronic components. Software equalization
technology generally uses digital filters to equalize the signal path. Analog equalization
has the disadvantages of limited bandwidth, weak anti-interference ability, and lack of
flexibility and is not suitable for the transmission of transient signals. Wei designed a
digital amplitude-frequency equalizer to make the power amplifier fluctuate less than 1 dB
in the 2020 kHz [11], whereas Kavehrad [12] and Falconer [13] used digital equalization
for OFDM to improve communication efficiency. In indoor visible light communication,
Long used carrier-free amplitude-phase modulation with digital filtering and frequency
equalization technology to reduce the complexity in the system [14]. Digital equalization
technology has been widely used in the communication field with its unique flexibility.

In response to the need for transient magnetic field measurements generated by
lightning, we designed a B-DOT sensor with a rise time of fewer than 1 ns. It was combined
with a digital integrator and optical fiber transmission system to construct a transient
magnetic field measurement system with high precision. Carbon fiber-reinforced plastics
(CFRP) and aluminum (AL) alloy materials were tested and verified. Section 2 introduces
the working process of the system. Section 3 optimizes the design of the antenna. Section 4
introduces the digital integrator algorithm. Section 5 analyzes and designs the key circuits.
Sections 6 and 7 include calibrating and testing the sensor. Finally, a conclusion is provided
in Section 8.

2. System Specification

The purpose of the system design is mainly to measure the electromagnetic radiation
generated by lightning. As shown in Figure 1, the system is mainly composed of three parts:
an antenna, a transmitter, and a receiver. After the magnetic field signal is received by
the antenna, it undergoes broadband amplification, digital integration, and electro-optical
conversion and is transmitted by a single-mode optical fiber to the receiver. The receiver
contains a photoelectric conversion circuit and a broadband amplifying circuit, which
finally sends the signal to an oscilloscope or spectrum analyzer for observation. To prevent
electromagnetic interference, both the transmitter and receiver are shielded with thick
aluminum alloy to ensure that the shielding effectiveness (SE) is greater than 100 dB. The
energy of artificial lightning waves is mainly concentrated below a few hundred kHz,
which is consistent with the energy spectrum distribution of natural lightning waves. To
make the sensor applicable to a wider range, we set the bandwidth target at 100 MHz.
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Figure 1. System block diagram.

3. Modeling and Simulation of Antennas

Since a load of a magnetic field sensor is typically 50 (2 or 75 () (as determined by the
characteristic impedance of the transmission cable), the turning frequency of the sensor is
relatively high. Most magnetic field sensors measure the rate of change in a magnetic field,
similar to a B-DOT sensor. As shown in Figure 2, to avoid differential output, we used a
shielding ring sensor with unbalanced output. The induced voltage generated at the gap
of the shielding ring leads to the load on the right half of the coaxial cable, and the output
can be directly connected to the coaxial cable through an SMA connector. The radius of the
ring is a, and b is the radius of the coaxial cable. The entire ring is a shielded symmetrical
structure with strong anti-interference ability.

Figure 2. Structure and photo of the B-DOT.

The equivalent circuit of the antenna is shown in Figure 3 [15]. U is the voltage
induced by the antenna, which is proportional to the equivalent magnetic flux; Ry, Ly, and
Cy are the resistance, inductance, and capacitance of the antenna itself, respectively; Ry, is
the load resistance; and Uy is the voltage on the load terminal.
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Figure 3. The equivalent circuit diagram of B-DOT.
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The transfer function is

~ Ux(s) 1

H) = 0165) ~ LoCo  (RoCo + Lo/Ri)s + (1 £ Ro/RL) )
where s is a complex variable.
By ignoring Ry and Cj, there is
1
H(s) = Lot @
The turning frequency is
fo= s ©

According to the frequency response characteristics, the turning frequency determines
the measurement method of the impulse magnetic field. The B-DOT sensor can work in
three modes: differential mode, transition mode, and self-integration mode. Only when
the frequency of the measured magnetic field is lower than the turning frequency is the
output signal of the antenna proportional to the differential of the magnetic field.

The antenna was simulated in the CST STUDIO 2017 microwave studio (Darmstadt,
Germany). We mainly investigated the influence of antenna size and load on antenna
performance [16]. As shown in Figure 4, the antenna was modeled first. The inner diameter
of the loop antenna was 20 mm, and the outer diameter was 22 mm. The material included
coaxial cable and oxygen-free copper. The base was rectangular and made of FR-4 epoxy
glass fiber.
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Figure 4. The model of antenna.

We set a plane wave source with linear polarization. It was 0.3 m away in the w
direction. A rectangular pulse wave was selected as the plane excitation wave; as shown in
Figure 5, the rise time and fall time were both 1 ns, and the duration was 10 ns. The time
range was set to 14 ns, and the frequency range was set to 0-100 MHz.

It can be obtained by simulation: the upper limit frequency of the sensor was mainly
determined by the size of the sensor. The larger the antenna diameter, the lower the upper
limit frequency (corresponding to the rise time), as shown in Figure 6. The lower limit
frequency of the sensor was mainly determined by the load resistance Ry.. The larger the
values of Rp, the lower the lower limit frequency. A photo of the antenna is shown in
Figure 2 (a =20 mm, b = 2 mm).
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Figure 6. The relationship between the antenna size and the rise time (r = a).

4. Improvement of Digital Integrator

The analog integrator relies too much on temperature drift and time drift character-
istics and exhibits poor accuracy in low- and high-frequency bands. In contrast, digital
integrators are stable, reliable, and highly repeatable. Common digital integration algo-
rithms include rectangular, trapezoidal, and Simpson. Al-Alaoui integrated the trapezoidal
and rectangular integral algorithms according to the ratio of 1:3 to obtain the Al-Alaoui in-
tegral algorithm. The transfer function is Equation (4), and T is the sampling interval [9,17].
The frequency characteristic curve of the Al-Alaoui algorithm is close to the ideal integral
curve, but the error increases as the frequency increases, as shown in Figure 7.

B i. 727248277 42712

H(z) 8 1—z10

(4)

— Al-Alaoui
- = =ldeal

Magnitude(dB)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
w/m

Figure 7. Amplitude-frequency curve with the comparison of improved Al-Alaoui integration
algorithm and ideal integration algorithm.
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To solve the problem of DC drift in the input signal, we introduced the attenuation fac-
tor k value in the Al-Alaoui algorithm. The change in the k value will affect the integration
error and adjustment time.

5T 727248z 74z 12
H(z) = 8° 1—kz—10 ©)

To accurately illustrate the influence of k on the amplitude response error, we used
MATLAB (MathWorks, 2015b, Natick, MA, United States) to calculate the response with
different k values, and the result is shown in Figure 8. The larger the value of k, the smaller
the error between the algorithm and the ideal algorithm, but the longer it will take to
reach the steady state. At the same time, to a certain extent, the DC component caused by
the initial value not being zero will be significantly attenuated effectively. Through the
phase-frequency response curve, when k was from 0.98 to 1 and not 1, the high-frequency
band was almost unaffected. Comprehensively, the k value was determined to be 0.98, and
the amplitude-frequency error was less than 0.1 dB at this time.
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100 1 1 ) ) I 1 ) ) )
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Normalized frequency
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Figure 8. Frequency response corresponding to different k values with (a) amplitude-frequency
response and (b) phase frequency-response.
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A time-domain circuit model was built to observe the effect of the integration al-
gorithm when k = 0.98, as shown in Figure 9. Lowpass filter was used to simulate the
frequency characteristics of the optical fiber system; T is 10 us in Equation (5). In the
module, ul is a discrete sine wave, u2 is the signal after integration, and u3 is the output of
the system. From the simulated waveform, when the DC offset was 0.01 V and k = 0.98, the
attenuation of the DC offset generated was zero only after two cycles. It was proven that
adding the attenuation factor to the transfer function had a certain inhibitory effect on the
DC offset.

—» Lowpass
Lowpass Filter
ul

E %z-12 >

f“"h,j I 7228z %z | | ‘ u2 C]
1+098z-10 1 >

Gain Discrete Filter Discrete FIR Filter
Sine Wave seove

u3

Subtract

-100 - I I 1 I I I I I |
0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

ISVAVAVAVAVAVAVAN

0 0.005 0.01 0.015 0.02 0.025 0.035 0.04 0.05
Time (seconds)

(b)

Figure 9. Comparison of integration effects with (a) Simulink model and (b) waveforms.

5. Circuit Design
5.1. Transmitter

The transmitter mainly included three parts: a broadband preamplifier, a digital
integrator, and an electro-optical converter, as shown in Figure 10. The preamplifier was a
Texas Instruments OPA690; its gain-bandwidth product reaches 400 MHz, and the slew
rate can reach 1800 V/ps. It is well suited as an input driver for the ADC. Controlling its
enabled terminal can effectively reduce the DC drift of the op-amp. The Spartan-6 is a
low-cost, low-power FPGA from Xilinx Products (San Jose, CA, United States). The ADC is
an Analog Devices AD9208, which is a 14-bit 3 GSPS analog-to-digital converter. The DAC
is an AD9778, which has an update rate of 1 GSPS and 14-bit resolution. The electro-optical
conversion adopts a BFG591 broadband triode with a characteristic frequency reaching
7 GHz. We adopted a common emitter connection. The tube was an LSDLD131 DFB
(distributed feedback) laser diode, and the wavelength was 1310 nm.
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Antenna
XILINX Spartan6 Receiver
AD9208 » DFB laser diode |———>
AD9778 BFG591
i Preamplifier Digital integrator Electro-optical converter

Figure 10. The principle of the transmitter.

5.2. Digital Integration and Frequency Equalization

A schematic diagram of the FPGA top-level module is shown in Figure 11. The
top-level module instantiated the following three modules: a DA data sending module
(da_wave_send), a digital integration module (digital_integrator), and an AD data receiving
module (ad_wave_rec).

ad_wave_rec:u_ad_wave_rec

ad_data[7..0] [>

ad_otr[ ad_clk
digital_integrator:u_ digital_integrator
L da_wave_send:u_da_wave_send
digital_int
sys_clk [ da_clk
da_data[7..0]

sys_rst_n|
Figure 11. The schematic of the top-level module.

Due to the coupling capacitance, stray capacitance, and stray inductance in the circuit,
the low-frequency characteristics of the system were not ideal; in addition, there were
still some errors in the high-frequency part of the digital integrator. To ensure that the
signal was not distorted as much as possible, we adopted a frequency equalization method
to weaken their influence. We used an FIR digital filter because it has the advantages
of stable amplitude-frequency characteristics and a strong adaptive ability to avoid the
defects of analog filters in practical applications. The basic unit used to implement the
FIR filter algorithm includes a storage unit, multiplication unit, an adder, and delay unit.
For different compensation filtering effects in different frequency bands to be achieved,
a design method of frequency sampling needs to be adopted to design the filter [18,19].
The filter order was 1024, and the coefficients of the filter can be easily designed using
FDATOOL (Natick, MA, USA) in MATLAB. After determining the basic implementation
structure of the FIR filter, we determined the MAC (multiply accumulation) function on
the Xilinx FPGA. The photo of the digital integrator is shown in Figure 12.

Figure 12. The photo of the digital integrator.
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5.3. Receiver

The photodiode type was an InGaAs PIN; the tube was set at a wavelength of 1310 nm,
the conversion coefficient was approximately 1 A/W, and the actual incident light power
was 500 uW, and thus the resulting photocurrent was approximately I, = 500 pA. The
desired output was 4 V, and thus it was necessary to amplify this current by 8 x 10° )
(transresistance coefficient). It is appropriate to use two-stage amplification, including
first-stage transimpedance amplification and second-stage inverting amplification. The
magnification of the second stage was set to 80, and then the magnification of the first stage
was 10* O, that is, the feedback resistance was 10 kQ). The op-amp was an OPA659, and its
gain-bandwidth product can reach 350 MHz; the input noise was as low as 8.9 nV/+v/Hz,
which is suitable for photoelectric amplification. The diode’s dark current Ip, terminal
capacitance C;, and parallel resistance Ry, directly affect the selection and the size of the
noise [20,21].

According to

f — (Rf + Rsh)
P ZHRfRSh(Ct + Cl‘ + Cf)

(6)

Cris the phase compensation capacitor; because Ry, is much larger than R¢, Equation (6)
is simplified as
£ = 1
P 27R¢(Ci + G + Cf)

@)

According to Equation (7), the value of the compensation capacitor can be calculated.
The equivalent circuit is shown in Figure 13.

Figure 13. The model of the transimpedance amplifier.

In terms of power supply, the transmitter was powered by a high-energy density
lithium battery to ensure the signal-to-noise ratio of the transmitter. The photodiode is
very sensitive to power noise, and therefore the receiver power supply adopted a linear
regulator + low noise LDO + CLC filtering. The linear regulator was LM1086CT + LM333T,
and the LDO was LT3042 + LT3093, which made the output noise of the entire power
supply less than 1 mV, as shown in Figure 14 [22].

The entire sensor is shown in Figure 15. The transmitter adopted a cylindrical design
to reduce the disturbance to the surrounding electromagnetic field. Its dimensions were
60 x 60 x 5 mm (diameter x height x thickness).
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Figure 15. The actual sensor.

6. Calibration of the Sensor

The IEEE Std 1309-2013 provides three calibration methods: the transfer standard
method, standard field method, and reference sensor method [23]. The standard field
method mainly uses calculable field strength for calibration. The sensor to be calibrated is
placed in a reference field. The reference field is within the frequency band and dynamic
range involved in the calibration work. The measured input parameters are calculated and
combined to obtain the calibration. This approach replaces the real value with an accurate
theoretical value. This article adopted this calibration method.

The calibration principle is shown in Figure 16. The sensor was placed in the middle
of a single-turn coil, and the current generator generated a square current of 0.1-10 kA. A
Rogowski Coil (self made) was used for measuring current. We took the theoretical value
(H =1/2r, H: magnetic field strength, I: current, r: coil radius) calculation as the true value
used for calibration.

As shown in Figure 17, under a 50 ps square current, the magnetic field signal was in
good agreement with the current waveform. The magnetic field signal changed slowly in
the flat top, but the rise time deviation was within 1%.
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Sensor Rogowski Coil

Rectangular Oscillscope

Current Pulse
Generator

Figure 16. The calibration of magnetic field strength.
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Figure 17. The calibrated waveforms.

6.1. Dynamic Range and Linearity

The sensor had a wide dynamic range, from 1 kA /m to 300 kA /m, at approximately
50 dB. Figure 18 shows that the dynamic range of the sensor was improved, especially
when the output voltage was in the middle value (1.0-3.5 V), and the linear correlation
coefficient was 0.96. The average sensitivity was 68.2 A-m~!/mV with linear fitting.

350 T T T T T
300 .
250 | 4
200 | .
150 | .

100 | -

M-field (kA/m)

50 | 4

oF 4

50 1 1 1 1
-1 0 1 2 3 4 5

Output Value of the sensor(V)

Figure 18. The dynamic range of measurement.
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6.2. Bandwidth

A Keysight E5061B (Santa Rosa, CA, United States) network analyzer was used to
measure the frequency characteristics of the system. Figure 19 shows the measurement
result of the bandwidth. The bandwidth reached the expected 100 MHz, and the actual
cutoff frequency was 200 MHz. Due to the frequency compensation, the amplitude-
frequency response curve was very flat.

[ Lidde IR BB ALY BEERIR A Abb BRS04 BRI A b TR A btte IS S bde FEEEIR A | "':
35 4
o
T 30} 4
[}
©
2
':Q -~ B
3
25}
20 FEFTRTITY EPETITTY BT RTTTTTY EEPRTTTITY RErETSTrr | e | PETTTTY ST T B
10% 10" 90% 10 10 2 10°::10%. 10" 10°
Frequency(Hz)

Figure 19. The bandwidth of the sensor.

6.3. Uncertainty Analysis

The measurement uncertainty characterizes the evaluation of the range of the mea-
sured true value. The uncertainty of the sensor measurement mainly comes from two
aspects: one is the theoretical calculation of the field source, due to the uncertainty caused
by the inaccurate measurement of the coil, the inhomogeneity of the field, and the ambient
temperature; the other is derived from the test environment, changes in the azimuth angle
of the antenna, field distortion caused by the placement of the sensor, measurement error
of digital oscilloscope, etc. [24]. Finally, it is necessary to synthesize the above measure-
ment uncertainty components to obtain the synthetic standard uncertainty and extended
uncertainty at different frequency points. The uncertainty results calculated at 10 MHz are
shown in Table 1.

Table 1. Uncertainty sub-table at 10 MHz.

Uncertainty Component Maximum Distribution Inclusion Relative Standard
y P Deviation (%) Factor (k) Uncertainty (%)
Uncertainty of impulse current 0.2 uniform V3 0.115
Uniformity of field 0.4 uniform V3 0.231
Linearity of the sensor 0.8 uniform V3 0.462
Disturbance of the sensor to the field 1.28 uniform V3 0.739
Measurement error of the coil radius 0.5 normal 1 0.500
Positioning error 2 uniform V3 1.155
Measurement error of Rogowski coil 0.24 normal 1 0.240
Repeatability 0.37 normal 1 0.370
Measurement error of oscilloscope .
(channel 1) 0.28 uniform V3 0.162
Measurement error of oscilloscope 0.28 uniform NG 0.162

(channel 2)

Total relative standard uncertainty u. 1.63
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From the uncertainty estimate, we could see that five standard uncertainties had a
greater contribution to the composite uncertainty, four were uniformly distributed, and
one was normally distributed. Therefore, the composite standard uncertainty should be
close to the uniform distribution, and the corresponding confidence probability is 95%; if
the inclusion factor k = 1.65, the expanded uncertainty is

U. = ku, = 2.69 8)

7. Sensor Application

To study the electromagnetic SE of the CFRP, we used an A-type wave current (peak
time of 6.4 ps, half peak time of 69 us, and current peak value of 100 A) for lightning
electromagnetic environment testing [25]. As shown in Figure 20, the current was injected
into a cubic box made of CFRP and AL alloy. The parameter of the CFRP was four layers,
and the laying direction was 45°/0°/—45°/90°. The AL alloy model was 7075, the side
length of the box was 300 mm, the thicknesses were both 1 mm, and the path was face-to-
face penetration; the electromagnetic field signal of the inner center point was measured. It
can be seen in Figure 21 that the two magnetic field signal waveforms were the same as the
current waveforms, but the magnetic field strength in the CFRP box was slightly smaller
than that of the AL box, and there was a negative spike at the beginning. This was because
the CFRP conductivity was three orders of magnitude lower than that of AL, and its SE
was lower than that of AL. The electromagnetic wave reflection in the box was weaker.
Therefore, the magnetic field strength in the CFRP box was less than that in the AL box as
a whole.

Figure 20. Electromagnetic environment test site (oscilloscope model: Tektronix DPO3014, current
sensor model: Pearson 5664).

1.0 T T T T T
08 -
06 Current T
——— CFRP box 1
s 0.4 ——ALbox | 1
e 02F E
ol
g 00} -
02k -
-0.4
06 [ 1 1 1 1
-10 0 10 20 30 40 50

Time(us)

Figure 21. The test waveforms of the electromagnetic environment.



Sensors 2021, 21, 4268 14 of 15

8. Conclusions

In this paper, a new type of magnetic field sensor was developed, which included
a transmitter and a receiver. In the transmitter, the B-DOT antenna was used, and the
signal processing used the improved Al-Alaoui digital integration algorithm and the FIR
filter frequency equalization method, which not only effectively resisted the DC drift
but also made the amplitude-frequency characteristics relatively flat. In the receiver, the
photoelectric receiving circuit was carefully designed, and an ultralow noise power supply
was used to make the noise floor of the device less than 1 mV. Compared with other
magnetic field sensors, due to the optimization of the digital integrator and low-noise
design, it had higher measurement accuracy. In addition, the frequency equalization made
the frequency band wider; thereby, the measurement uncertainty was reduced.

After experimental testing, the magnetic field waveform and the impulse current
waveform were found to be in good agreement. The dynamic range of the sensor was
50 dB (1-300 kA /m), the linear correlation coefficient was 0.96 (68-250 kA /m), the total
relative standard uncertainty was 1.63, and the bandwidth was greater than 100 MHz.
This approach can be used for lightning electromagnetic environment measurements,
electromagnetic radiation measurements in substations, and other occasions where the
transient magnetic field needs to be measured. Because the antenna adopts the SMA
(Sub-Miniature-A) interface, it is convenient to replace antennas of different sizes or even
electric field antennas to indirectly measure the current or electric field.
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