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Weak current sensors play a vital role in nuclear physics, quantum metrology, cryophysics, biomedicine, atmospheric
measurement, and the semiconductor industry. In this paper, a weak current sensor based on the magnetoelectric (ME)
effect is developed, consisting of a current—-magnetic field conversion coil and an ME sensor composed of an ME sensing
unit and a low-noise preamplifier. The equivalent magnetic field noise of the ME sensor at the resonant frequency of
15.96 kHz is 44.8 fT/+/Hz, and the conversion coefficient is improved by optimizing the current-magnetic field conversion
coil to suppress the equivalent current noise introduced by the ME sensor and the external environment. The weak current
sensor has excellent linearity and current sensitivity, and the equivalent current noise at the resonant frequency reaches
8.4 pA/+v/Hz, which is 4 orders of magnitude lower than that of conventional ME current sensors.

Keywords: magnetoelectric (ME) effect, weak-current detection, weak current sensors
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1. Introduction

The detection of weak current at the pico-ampere or
even femto-ampere level is a critical enabling technology
for frontier scientific research and advanced engineering
applications.[!! For instance, scanning tunneling microscopy
relies on precise measurement of weak tunneling current to
achieve atomic-scale resolution imaging.'?! In quantum device
research, accurate detection of current generated by single-
electron transistors or quantum dot systems is essential for in-
vestigating quantum tunneling phenomena. 3! Furthermore, in
experiments involving dark matter and neutrino detection, iso-
lating faint fA-level signals from rare particle interactions ne-
cessitates ultra-sensitive current measurement techniques.!
However, current detection presents severe challenges, includ-
ing extremely low signal-to-noise ratio and complex environ-
mental interference.l’! The accuracy of signal extraction and
processing capabilities directly determines the resolution and
reliability of advanced instrumentation.

Weak current sensors based on current—magnetic field
conversion coils and weak magnetic field sensors exhibit ad-
vantages of low power consumption and low noise.®! Among
existing technologies, the superconducting quantum interfer-
ence device (SQUID) achieves an equivalent magnetic field
noise (EMN) of 0.15 T/ VHz, making it one of the most
sensitive magnetic field sensors available.!”] As the preferred
solution for detecting weak current from transition-edge sen-
sors, SQUID current sensors have found widespread appli-
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cation in astronomical detection, particle physics, and radi-

8-101 Antonio Vettoliere et al. reported

ation measurement. !
a SQUID current sensor with double-washer schemes in ei-
ther parallel or series, achieving an equivalent current noise
(ECN) as low as 1 pA/vHz-2 pA/v/Hz['"! Zhi Ni et al.
developed and fabricated an LTS SQUID gradiometer using
direct writing lithography technology, achieving an ECN of
approximately 0.6 pA/+/Hz.['?l Ethan Kleinbaum et al. pro-
posed a 0.5-pA/ v/Hz SQUID current sensor and further re-
duced the ECN to 2.3 fA/v/Hz using a superconducting core-
less transformer with a gain of 212.'3] However, SQUID
current sensors necessitate operation under ultra-low temper-
ature conditions, while the requisite cryogenic refrigeration
apparatus exhibits substantial volumetric constraints and pro-
hibitive cost implications.!'*! Although weak current sensors
based on Hall sensors,!!>] magnetoresistive sensors,!'® and
fluxgates!!”] have shown important application value in their
respective application ranges, their ECN is relatively high,
which cannot compare with SQUID current sensors.

The magnetoelectric (ME) sensors exhibit an optimal
EMN of 3 fT/ v/Hz at resonant frequency, rendering them ex-
ceptionally well-suited for weak current detection.'®! Dong
et al. fabricated a compact quasi-ring type ME current sen-
sor, demonstrating the EMN and ECN of 6 pT/ vHz and
94 nA/ /Hz at the resonant frequency;m] Yu et al. described
the design and the implementation of a new structure for an
AC current sensor based on an ME laminated composite slice,
achieving the ECN of 15 mA /v/Hz.!?"1 Zhang and Or devel-
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oped a novel gradient-configuration ME current sensor em-
ploying paired magnetoelectric composite materials, which
has the ECN of 0.6 1A /v/Hz-14.3 mA /v/Hz in the frequency
range of 1 Hz—170 kHz.>!] Although the EMN of ME sensors
at resonant frequencies closely approaches that of SQUID, the
ECN of ME current sensors fabricated using this principle re-
mains significantly higher than that of SQUID current sensors.
Obviously, given the application prospects of ultra-sensitive
ME current sensors, theoretical research on noise suppression
has become increasingly urgent.

In this work, a weak ME current sensor is proposed, en-
compassing a current—-magnetic field conversion coil and an
ME sensor consisting of an ME sensing unit and a low-noise
preamplifier. Based on the mechanism of current—-magnetic
field—voltage conversion, corresponding signal and noise mod-
els are established to analyze the mechanism of noise genera-
tion and develop noise suppression methods for weak current
detection. Afterwards, the low-noise current-magnetic field
conversion coils are prepared, and their current noise intro-
duced by the internal resistance is calculated. The magnetic
field signal is then converted into an electrical signal using
an ME sensing unit and a low-noise preamplifier. The results
show that the weak current sensors based on the ME effect can
achieve the ECN of 8.4 pA/ vHz at the resonant frequency,
which is 4 orders of magnitude lower than that of the tradi-
tional ME current sensor.

2. Implementation of the ME current sensor

The ME current sensor encompasses a current—magnetic
field conversion coil and an ME sensor composed of an ME
sensing unit and a low-noise preamplifier, as shown in Fig. 1.
The finite-length solenoid Coil;,, as a current-magnetic field
conversion coil, can convert the measured current signal fieg
flowing through it into a magnetic field signal, with an inter-
nal resistance R and an inductance L. The ME sensing unit was
placed at the central position inside the solenoid coil to convert

(a)
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=

magnetic field signals into electrical signals. Since this elec-
trical signal is extremely weak, it needs to be further amplified
by a low-noise preamplifier.
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Fig. 1. Schematic diagram of weak current sensor based on ME effect.

The solenoidal coils are fabricated by tightly winding
0.5-mm diameter copper enameled wire onto cylindrical poly-
carbonate frames (inner diameter: 50 mm, outer diameter:
60 mm, length: 200 mm).
(Coil I-Coil 1V) feature a layer number (m) of 2, with lengths

Four prepared solenoidal coils

(D) of 5 mm, 25 mm, 100 mm, and 200 mm, and the number
of turns (n) of each layer of the coil is 10, 50, 200, and 400,
respectively, and its substance is shown in Fig. 2.

Coil I

Coil IT Coil IIT

Fig. 2. The solenoid coils (Coils I-IV) with turns of 10, 50, 200, and
400 are tightly wound with copper enameled wire of 0.5 mm in diameter
on the coil frame with an outer diameter of 60 mm.

Fig. 3. (a) Structure diagram of ME sensing unit, (b) physical diagram of ME sensing unit, and (c) low-noise preamplifier.

The ME sensing unit consists mainly of a piezoelectric
layer and a magnetostrictive layer. The piezoelectric layer is
composed of five piezoelectric fibers (Pb(Zr,Ti;_,)O3, PZT
TJ-60HD, Yunfu Ceramic Crystal Electronic Components Co.,

Ltd.) with dimensions of 40 mm (length) X2 mm (width)
x0.2 mm (thickness) arranged in parallel. Two interdigital
electrodes with a spacing of 850 um were bonded to the upper

and lower sides of the piezoelectric layer using epoxy resin

097502-2
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(West System 105 & 206), followed by polarization of the
piezoelectric layer. Finally, four Metglas amorphous alloy rib-
bons with dimensions of 150 mm (length) x15 mm (width)
%26 um (thickness) were adhered to the upper and lower sur-
faces of the interdigital electrodes. The schematic diagram
and physical diagram of the ME sensing unit are shown in
Figs. 3(a) and 3(b). Since the direct electrical signal from the

a low-noise preamplifier circuit with high input impedance is
typically connected to its output for signal amplification and
impedance conversion, as shown in Fig. 3(c). The low-noise
operational amplifier adopts AD795 of Analog Devices, with
the feedback capacitance Cr of 100 pF and the parallel feed-
back resistance Ry of 200 MQ. The detailed fabrication pro-
cess of the ME sensing unit and the low-noise preamplifier can

ME sensing unit is very weak and has high output impedance,  be referred to our previous work.?>23!
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Fig. 4. The ME sensor (a) changes in response to AC test magnetic field under different DC bias magnetic fields, (b) magnetic field voltage
coefficient, (c) output voltage varies with the frequency of the input magnetic field, (d) output voltage noise and equivalent magnetic field noise.

Next, the ME sensor was placed in a magnetically
shielded room for performance testing. The signal with a fre-
quency of 1 Hz to 25 kHz was generated by an AC current
source (6221, Keithley, USA) into the Helmholtz coil Coileg,
which consists of a rectangular coil pair with a side length
of 450 mm, the number of turns of 40, and a coil spacing of
200 mm. A DC bias magnetic field Byi,s was applied through
the coil with a diameter of 200 mm, 140 turns and a resis-
tance of 11.3 Q. The axes of the Helmholtz coil and the bias
magnetic field coil were aligned, with the ME sensing unit po-
sitioned at the center of both coil axes, maintaining consistent
alignment between the coil axis direction and the sensor’s lon-
gitudinal direction. To determine the optimal bias field value
of the ME sensing unit, firstly, the Helmholtz coil Coileg was
made to generate an AC test magnetic field of 0.8 uT with
frequencies gradually increasing from 10 Hz to 20 kHz. The
bias magnetic field coil generated a DC bias magnetic field
Bhias that gradually increased from 0 to 2080 uT. The output

voltage signal of the ME sensor measured by an oscilloscope
(DSO-X 4034A, Agilent, USA) is shown in Fig. 4(a). The
voltage output of the ME sensor initially increases and then
decreases with the increase of Bpjas. When Bypias = 583 uT,
the maximum output voltage of the ME sensor is 2.47 V at
the frequency of 15.96 kHz, corresponding to the magnetic
field voltage coefficient (ogg) reaching the maximum value of
3088 kV/T. Due to the low magnetic field voltage coefficient
under a zero-bias magnetic field, the ME sensing unit was po-
sitioned between two permanent magnets which can generate
a 583-uT bias magnetic field to operate under the optimal bias
magnetic field. Subsequently, the Helmholtz coil generated a
138-nT AC test magnetic field with frequency sweeping from
1 Hz to 25 kHz. The dynamic signal analyzer (35670A, Agi-
lent, USA) was employed to measure the value of the output
voltage signal of the preamplifier circuit, and the o of the
ME sensor in the range of 1 Hz-25 kHz is shown in Fig. 4(b),

with an inset displaying ogg near the resonant frequency. It
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can be seen from the figure that the ogg of the ME sensor
reaches a peak value of 3059 kV/T at the resonant frequency
of 15.96 kHz. Then the linear interval of the sensor was mea-
sured, with the frequency of the AC test magnetic field fixed
at the resonant frequency of 15.96 kHz, and the magnetic field
intensity gradually decreased from 40 pT to 20 fT. The out-
put voltage of the ME sensor linearly decreased from 90 uV
to 0.27 uV and then no longer decreased, and the limit of de-
tection (LoD) of magnetic field intensity was 45 fT. The same
method was used to test the minimum magnetic field detection
limits of the ME sensor at different frequencies, and the results
are shown in Fig. 4(c). Finally, the EMN of the ME sensor was
measured in the absence of an excitation magnetic field signal,
and the voltage noise of the ME sensor at 1 Hz-25 kHz was
measured by the dynamic signal analyzer, as shown in the red
curve in Fig. 4(d). The voltage noise divided by the o yields
the EMN of the ME sensor in a range of 1 Hz to 25 kHz. As
shown in the blue curve in Fig. 4(d), the EMN of the sensor
reaches 44.8 fT/+/ Hz at the resonant frequency of 15.96 kHz,
which is consistent with the minimum LoD of magnetic field

at the resonant frequency.

3. Theoretical analysis
3.1. Working principle of the ME current sensor

The working principle of the ME current sensor is based
on the magnetic effect of the current and the ME effect.
Through the combination of these two effects, the measured
current can be converted into the corresponding voltage sig-
nal. The current—magnetic field conversion coil converts the
current fies; flowing through it into a magnetic field Bieg =
Oleoitliest, Where O is the current—magnetic field conversion
coefficient. The ME sensor converts the magnetic field Bieg
into a voltage Viest = OMELest, and avg is the magnetic field
voltage coefficient. The sensitivity of the ME current sensor
is the conversion coefficient o¢ = g Ooi) between the input
current /ieg and the output voltage Viess = Otliest. The radius r of
the finite length solenoid Coil;;, is 30 mm, the number of layers
m is 2, the number of turns of each layer is n, the total number
of turns is N = nm, the enameled copper wire diameter d is
0.5 mm, the coil length is [ = dn, and U is the vacuum perme-
ability. Assuming the input current is fieg, then for different
coil turns n, the current—-magnetic field conversion coefficient
is[24]

Biegt Uonm Uonm

- - . (1)
Tiest \/47‘2 —+ 2 \/47’2 + (dn)2

From the above equation, when dn < 2r, Qoii = Unm/2r,

Ocoil =

and O, increases linearly with the number of turns n of each

layer of coils, when 2r is close to dn, O slowly changes

with the number of turns of the coil n, when dn > 2r, O =
unm/dn = um/d, i no longer changes with the number
of turns of the coil n. The solid black line in Fig. 5 shows
the relationship between the ¢, calculated by Eq. (1) and
the n, and the (. increases linearly with the number of coil
turns n, and finally remains almost constant. The black square,
red dot, blue triangle, and green inverted triangle represent the
Ooil Of the coil (Coil I-Coil IV) with turns n of 10, 50, 200,
and 400 turns obtained by Mag-13MSQ60 are 0.27 mT/A,
1.26 mT/A, 3.87 mT/A, and 5.44 mT/A, respectively, which
are consistent with the theoretical calculation value. There-
fore, if you want to increase the 0, of the solenoid coil, you

can reasonably increase the number of coil turns 7.

10-2E
F B Coil I
® Coil IT
A Coil IIT
~ 10-3k v Coil IV
<
3
Z_é
3 10-*

sl a1l L1
10 100 102 103
Turns of coil n

_5 FE———
10()

Fig. 5. The simulation and actual measurement of the solenoid coils’
(Coils I-1V) current—-magnetic field conversion coefficient.

3.2. Coupling and suppression of multisource noises

Figure 6 shows the multisource noise coupling mecha-
nism of the ME current sensor. The internal resistance R
of the solenoid coil Coil;, will introduce the current ther-
mal noise I, which is converted into magnetic field noise
Beoil = Ocoitlcoil through the solenoid coil. The magnetic field
noise B is coupled with the ambient magnetic field noise
Bambient to the ME sensor, converted into output voltage noise.
Meanwhile, the intrinsic magnetic field noise By of the ME
sensor is converted into output voltage noise, so the total out-
put voltage noise is Vour = 0ME (Beoil + Bambient + Bme). The
ECN of the total output voltage noise of the ME current sen-
sor is fiy = Vout/ & = OME (Beoil + Bambient +BME) /& = Leoil +
Bambient/ Ocoil = BME/ Otcoil- Thus, to reduce the ECN £, of the
current sensor, it is necessary to minimize the thermal cur-
rent noise .o introduced by the internal resistance R of the
solenoid coil, the ambient magnetic field noise Bampient, and
the intrinsic magnetic field noise By of the ME sensor and
increase the 0. of the solenoid coil.

The intrinsic magnetic field noise By of the ME sensor
measured in Fig. 4(d), along with the current—-magnetic field
conversion coefficient 0. measured in Fig. 5, can be used to
calculate the ECN Iyg = BumE/ Okoil, as shown by the solid line
in Fig. 5.
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Fig. 6. Multisource noises coupling
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Fig. 7. (a) Equivalent model of current noise introduced by solenoid coil.
(b) The solid line represents the ECN g of the ME current sensor is ob-
tained by dividing the magnetic field noise By by the current—magnetic
field conversion coefficient @; of the coil, and the dashed line represents
the simulation result of the current noise I introduced by the internal
resistance R of the coil.

The solenoid coil Coil;, internal resistance R will intro-
duce current thermal noise I ;!

Lo [ TR 4kTNp )
VR (V) (2mL)”

Among them, p is the resistance value of one turn of the
coil, k is the Boltzmann constant, 7 is the room temperature

300 K, L is the inductance of a solenoid coil, and its calcula-
[26]

tion method

L UoTr*N? | 3)

[40.9004r

where r is the radius of the finite length solenoid, N is the total
number of turns, and [ is the coil length. From the above for-
mula, we can numerically calculate the relationship between
the internal resistance R of the solenoid coil introducing the
current thermal noise I, with frequency, as shown in the

dashed line in Fig. 7(b).

mechanism of the ME current sensor.

Without considering the ambient magnetic field noise
Bambient> as shown in Fig. 7(b), for these four solenoid coils,
the thermal noise I . of the internal resistance R introduced
by the solenoid coils Coilj, is much smaller than the ECN Iy
introduced by the intrinsic magnetic field noise Byg of the ME
sensor, I < IME = BME/ Ocoil- Therefore, to obtain a low-
noise current sensor, the O,y of the solenoid coil should be
increased as much as possible, such as reasonably increasing
the number of coil turns, decreasing the coil radius, and other
parameters, so as to effectively reduce the ECN of the current
sensor. Here, the solenoid coil Coil IV, with 2 layers and 400
turns of a single-layer coil, has the 0 of 5.44 mT/A and is
used in a low-noise ME current sensor.

4. Results and discussion

The performance of the ME current sensor IV, compris-
ing the solenoid coil IV with a total of 800 turns and an ME
sensor, was systematically evaluated. An AC current source
was used to apply a current signal of 15.96 kHz (the resonant
frequency of the ME sensor) to the solenoid coil, and the val-
ues of the current signals were set sequentially to 10 nAy,
20 nApp, 30 nApp, and 40 nA;,. Despite interference from
other frequency signals, the voltage signal waveform of the
ME current sensor IV after undergoing 10*-voltage amplifi-
cation still allowed the observation of corresponding voltage
signal waveforms on the oscilloscope, as illustrated in Fig. 8.

The frequency of the test current Iy applied by the
AC current source was fixed at the resonant frequency of
15.96 kHz, which was gradually reduced from 40 nAp,. The
spectrum information of the output voltage Vs of the ME cur-
rent sensor IV was recorded by the dynamic signal analyzer.
A 15.96 kHz current signal as low as 60 pAp, (21.21 pAys)
can be clearly observed, as shown by the blue curve in Fig. 9.
The relationship between the value of the test current fie; and
the value of the output voltage V.t of the ME current sensor
IV is shown in Fig. 10. With the decrease of the test current at
the resonant frequency, the output voltage of the ME current
sensor linearly decreases to about 270 nV and then no longer
decreases; at this time, the LoD of the test current signal is
about 10 pApms.
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Fig. 9. The output voltage of the ME current sensor IV is observed
under the dynamic signal analyzer when the value of the input current
drops from 180 pAp;, to 20 pAp, at a frequency of 15.96 kHz.
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Fig. 10. The linear variation of the output voltage and input current
of the ME current sensor IV at different frequencies and their limit of
detection are measured by the dynamic signal analyzer.

The slope of the linear relationship between the output
voltage Viest and the test current g is shown in Fig. 10,
which is the current—voltage conversion coefficient o of the
ME current sensor IV. It can be concluded that its linear-
ity R? reaches 0.99982. By varying the frequency of the

test current, the frequency response curve of the ME cur-
rent sensor IV conversion coefficient ¢ with frequency can
be measured, as shown in Fig. 11(a). Notably, the current—
voltage conversion coefficient of the ME current sensor IV
is 17.36 V/mA at the resonant frequency of 15.96 kHz. In
the absence of an excitation current signal, the ME current
sensor was placed in the magnetic shielded room, and the
voltage noise of the ME current sensor I'V at 1 Hz—25 kHz was
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Fig. 11. ME current sensors [-IV at 1 Hz-25 kHz (a) current-voltage
conversion coefficient and (b) equivalent current noise.
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measured by the dynamic signal analyzer. The voltage noise is
divided by the current—voltage conversion coefficient ¢ to ob-
tain the ECN, as shown by the green curve in Fig. 11(b). The
ECN in th frequency range of 400 Hz-25 kHz is no higher
than 10 nA/v/ Hz, and the ECN in the frequency range of
1 Hz—400 Hz is no higher than 600 nA/v/Hz. In addition,
the illustration in Fig. 11(b) shows the ECN of the sensor at
14 kHz—-18 kHz, the ECN of the ME current sensor IV reaches
8.4 pA/v/ Hz at the resonant frequency, which is basically
consistent with its minimum current detection limit. Simi-
larly, the ECN at the resonant frequency of the ME current sen-
sors I, II, and III, which compose of solenoid coils with total
turns N of 20, 100, and 400 and ME sensors is 197 pA /v/ Hz,
46 pA/v/ Hz, and 12.3 pA/+/ Hz respectively, as shown by
the black, red and blue curves in Fig. 11(b).

To evaluate the environmental interference immunity of
the ME current sensor, the noise levels of the current sensor IV
inside and outside the shielded room were compared, as shown
in Fig. 12. Although the ME current sensor IV is interfered
with by the external magnetic field outside the shielded room,

the interference is basically concentrated below 1 kHz, and the

ECN at its resonant frequency can still reach 11.5 pA/+/ Hz.

Table 1 shows the comparison with other current magnetic
field sensors. Although the performance is average at low
frequencies, the ME current sensor in this paper at the reso-
nant frequency is similar to that of the SQUID current sensor,
reaching the pA level, which is four orders of magnitude lower

than traditional ME current sensors.
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Fig. 12. The ECN measured inside and outside the shielded room using
the ME current sensor IV.

Table 1. Performance comparison of different current sensors.

Current noise

Ref. Sensors
1Hz 10 Hz 1 kHz Other frequency
[11] coil, + SQUID NA 1pA/v Hz 1 pA/v Hz 1-2 pA/v/ Hz@5 Hz~10 kHz
[12] coili, + SQUID 7pA/v/ Hz 3pA/vHz 1.5pA/vHz  1-100 pA/v/ Hz@0.2 Hz~51.2 kHz
[13] coili, + SQUID 3.8pA/vVHz 42pA/vV/Hz  1.6pA/VHz 0.5-4.2 pA/v/ Hz@1 Hz~1 kHz
coili, with transformers + SQUID 18 fA/v/ Hz 20 fA/v/ Hz 8 fA/v/ Hz 2.3-20 fA// Hz@1 Hz~1 kHz
[15] magnetic core + Hall 04mA/v/Hz 03mA/vVHz 03mA/vHz 30 uA/+/ Hz@1 MHz
[16] magnetic core + TMR 70 uA/v/ Hz 20 uA/v/ Hz 4 uA/vV/ Hz 2.5 uA/v/ Hz@2.5 kHz
[17] magnetic core + Fluxgate NA NA NA 200 pA/v/ Hz@50 Hz
[19] coily, + ME 920 nA/+v/ Hz NA NA 94 nA /v Hz@f;
[20] coili, + ME NA NA NA 15mA/v/ Hz@f;
[21] coily, + ME 20mA/vHz 05mA/vVHz  30puA/vHz 0.6 pA/vV/ Hz@F;
[27] magnetic core + ME NA NA NA 0.43 uA/v/ Hz@ f;
This work coily, + ME 40nA/v/ Hz 87nA/v/ Hz 3nA/v Hz 8.4pA/V Hz@f;

fr: the resonance frequency of the ME sensor.
5. Conclusion

We have developed an ME current sensor comprising a
current—-magnetic field conversion coil and an ME sensing
unit integrated with a low-noise preamplifier, enabling indi-
rect current—voltage conversion. The coupling mechanisms of
current noise were thoroughly analyzed to optimize the sys-
tem’s performance. The current ME sensor was systematically
characterized, achieving the ECN of 8.4 pA/ v/ Hz at its res-
onant frequency of 15.96 kHz, with the ECN values below
10 nA/+/ Hz in the 400 Hz-25 kHz frequency range and be-
low 600 nA/ v/ Hz in the frequency range of 1 Hz—400 Hz.
Finally, if the ME conversion coefficient of the ME sensing
unit is further increased by increasing the number of layers of

Metglas, or a transformer is added at the input end, it is com-

pletely possible to achieve the measurement of weak current
signals of several hundred fA levels at the resonant frequency.
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