
 
 

 

 
Sensors 2023, 23, 5859. https://doi.org/10.3390/s23135859 www.mdpi.com/journal/sensors 

Communication 

A Vectorial Current Density Imaging Method Based on 
Magnetic Gradient Tensor 
Yangjing Wu 1, Mingji Zhang 1,*, Chengyuan Peng 1, Zehuang Zhang 1, Yichen He 1, Wenwei Zhang 1  
and Liang Chang 2 

1 Sino-German College of Intelligent Manufacturing, Shenzhen Technology University,  
Shenzhen 518118, China; yangjing.wu@foxmail.com (Y.W.); 2070412005@stumail.sztu.edu.cn (C.P.); 
zehuang.zhang@foxmail.com (Z.Z.); yichen_he@foxmail.com (Y.H.); zhangwenwei@sztu.edu.cn (W.Z.) 

2 State Grid Liaoning Electric Power Co., Ltd., Huludao 125000, China; ln_hld_sgcc@126.com 
* Correspondence: zhangmingji@sztu.edu.cn; Tel.: +86-755-23256198 

Abstract: Magnetic current imaging is deemed an emerging powerful technique for visualizing 
electrical currents in electronic devices. However, the existing magnetic-field-based Fourier 
Transform back-evolution method is limited by its mono-function of imaging the magnitude of 
current density in devices under test, and subject to background noise distortion. Here, we 
developed a novel vectorial current density imaging method based on the detection of the magnetic 
field gradient generated by current carrying conductors. A closed form solution of current density 
inversion was analytically derived and numerically verified. Experiments were conducted by 
scanning tri-axial fluxgate sensor over different shapes of electrical wires. The results show that a 
current density resolution of 24.15 mA/mm2, probe-to-sample separation of 2 mm, and spatial 
resolution of 0.69 mm were achieved over a maximum scanning area of 300 mm × 300 mm. Such a 
method is verified to be capable of simultaneously imaging both magnitude and directions of 
current density, which is a promising technique for in situ noninvasive inspection for the power 
electronic and semiconductor industry. 

Keywords: magnetic current imaging; magnetic gradient tensor; current density inversion;  
closed-form inversion; nondestructive testing 
 

1. Introduction 
The current flows in power electronic devices not only reflect the electromagnetic 

compatibility, joule heating sources, and impedance performances of devices under test 
(DUT), but also determine the fault hazard, reliability, as well as stability of the electronic 
system. 

State-of-the-art electronic device detection relies on lumped parameter 
measurements of the current–voltage (I–V) curve, impedance spectrum, contact resistance 
and S parameter, etc., by connecting the test probe to the circuit net or node. These lumped 
parameters are believed to be useful in identifying the running status of DUT, but are 
uncapable of indicating the abnormal reason and fault position. 

Magnetic current imaging (MCI) is a powerful measurement tool to visualize the 
current flows in DUT by non-invasively sensing the magnetic signature [1]. This novel 
technique provides a spatial distribution of the current density (CD) in an image manner 
to quantitively and straightly localize abnormal positions, as illustrated in Figure 1. 

Magnetic current imaging was firstly proposed for bio-magnetic detection, and 
applied in an integrated circuit test by Bradley J. Roth and E. F. Fleet, respectively [2,3]. 
Existing MCIs primarily use Fourier transform back-evolution for the vertical component 
of the magnetic field above the DUT to reconstruct its two-dimensional CD magnitude 
distribution [4,5]. The superiorities of in situ, visibility, and non-invasive conditions 
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promoted MCI applications in the fields of integrated circuit fault diagnosis, 
superconductor magnet analysis, and lithium-ion battery health prognosis [1,6–8].  

 
Figure 1. Schematic diagram of vectorial current density imaging based on magnetic signature. 

Benaiah D. Schrag et al. used magnetic tunnel junction sensors to image the CD 
magnitude in a self-made application-specific integrated circuit. Current and spatial 
resolutions of 1 mA and 1 mm, respectively, were achieved over probe-to-sample 
separation of a 4 mm scanning area of 2 × 2 mm2. This work discussed the imaging quality 
dependence on measurement noise and separation distance, however, lacked a technical 
solution [9]. J. Gaudestad et al. implemented a μm-level resolution of CD and successfully 
localized the die level short-circuit used in giant magneto resistance sensors [6]. Pauli 
Kehayias et al. imaged the surface current density magnitude in 555 timer IC by 
measuring magnetic fields using a quantum diamond microscope, achieving the highest 
micron-scale spatial resolution and few-micro-Tesla magnetic sensitivity in a 1 × 1 μm2 
pixel at a probe-to-sample separation of 26 μm [10]. M. Sumi and N. Satoh obtained the 
CD contribution on a Cockcroft–Walton circuit, a Schottky rectifier and a multi-layered 
ceramic capacitor. An electric short circuit spot was successfully observed by magneto-
impedance sensor within an operation area of 50 × 50 mm2 [11]. Mark G. Bason et al. 
achieved internal CD magnitude imaging in lithium-ion batteries using fluxgate sensor 
arrays within a scanning area of 150 cm2 to give a spatial resolution of 5 mm [7]. Felix 
Brauchle et al. demonstrated the discovery of cuts and erroneous weld spots inside 
lithium-ion cells using anisotropic magnetic resistance sensors with a current resolution 
of 0.15 mA, with a probe-to-sample separation of 7.8 mm. On the other hand, the accuracy 
of CD in this work is 227 mA/cm2 at a local resolution of 4 mm2 [12]. Their CD imaging 
results intuitively distinguished CD pattern differences between a normal and faulty 
status, however, were unable to offer CD directions [13]. E. Marchiori et al. showed the 
CD in the superconducting qubit circuit using a superconducting quantum interference 
device (SQUID) to give a resolution of 3 mA and a probe-to-sample separation of 600 nm 
[8].  

The emergence and development of MCI enable a new insight to reveal the essential 
electrical property of the DUT. However, the latest MCI technique is limited in providing 
CD magnitude pattern, and uncapable of offering vectorial current density (VCD) 
information, which is of great significance in deriving divergence and rotation signatures 
to identify current leakage and an equivalent magnetic induction. Moreover, the magnetic 
field is the fundamental information for a CD reconstruction algorithm; therefore, the 
magnetic noise will finally couple to the inversed CD results and determine the accuracy 
and quality of current density images. Filtering, signal windowing, and magnetic 
shielding were adopted to suppress the equivalent magnetic noise [14–17], however, were 
inapplicable in reducing the common mode noises arising from background electrical 
equipment and earth magnetic fluctuation [18,19]. 

In this paper, a VCD imaging method is proposed to simultaneously image the VCD 
distribution based on tensorial magnetic signature, and reduce the common mode 
background noise using a second-order gradient technique [20,21]. A closed-form 
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vectorial current density inversion method is established by combining the difference 
approximation of differentials and the second-order gradient method. Square, triangular, 
circle, and snake shapes of current-carrying wires are experimentally adopted as typical 
DUTs and were vectorially current-imaged using a tri-axial fluxgate sensor. FEA models 
of the above DUTs are correspondently developed to give coherent VCD images between 
numerical results and experimental results, with a relative error less than 10%. Although 
this work is implemented in 16AWG electrical wires, the VCD reconstruction method is 
fully applicable to other types of current carriers such as superconductor wires, silicon-
based chips, and power batteries, etc. It is expected to be migrated to areas of 
semiconductor, electronic, and electrical energy industries as novel tools for design, 
characterization and health monitoring. VCD’s promising ability to identify current 
leakage will greatly facilitate the online inspection of electronic products.  

2. The Closed-Form Vectorial Current Density Inversion Method 
The magnetic field, 𝐇, generated by an electrical current in a conductor is governed 

by the well-known Ampere Law, of which the differential form can be written as:  ∇ × 𝐇 = 𝐉 (1)

where ∇ × is the curl operation, and 𝐉 the current density vector determined by the 
cross-section and total current flow in the conductor.  

By applying the linear constitution relationship of B–H in air: 𝐁 = 𝜇 𝐇, the current 
density can then be reformulated as:  

𝐉 = 1𝜇 (∇ × 𝐁)= 1𝜇
𝐞 𝐞 𝐞𝒛𝜕𝜕𝑥 𝜕𝜕𝑦 𝜕𝜕𝑧𝐵 𝐵 𝐵 = 1𝜇 ⎣⎢⎢

⎢⎢⎢
⎡(𝜕𝐵𝜕𝑦 − 𝜕𝐵𝜕𝑧 )𝐞(𝜕𝐵𝜕𝑧 − 𝜕𝐵𝜕𝑥 )𝐞(𝜕𝐵𝜕𝑥 − 𝜕𝐵𝜕𝑦 )𝐞𝒛⎦⎥⎥

⎥⎥⎥
⎤
 (2)

where 𝐁 is the magnetic flux density, 𝜇  the vacuum permeability, and 𝐞 , 𝐞 , and 𝐞  
the unit vector for a Cartesian coordinate system, respectively. Equation (2) indicates that 
the vectorial current density, 𝐉 , is measurable as long as the spatial variation of the 
magnetic flux density, 𝐁 , can be obtained. Applying the physical definition of the 
magnetic field gradient, 𝐺 = 𝜕𝐵 /𝜕𝑗, to Equation (2), the vectorial current density, 𝐉, can 
be linearly expressed in a closed form as a function of the magnetic field gradient tensor 
elements, described as: 

𝐉 = 𝐽 𝐞𝑥𝐽 𝐞𝑦𝐽 𝐞𝑧 = 1𝜇 (𝐺 − 𝐺 )𝐞𝑥(𝐺 − 𝐺 )𝐞𝑦(𝐺 − 𝐺 )𝐞𝑧  (3)

2.1. Measurement of the Magnetic Field Gradient  
As shown in Figure 2, the theoretically defined magnetic field gradient in Equation 

(3), mathematically also the spatial differential of magnetic flux density B, can be 
experimentally obtained by spatial differencing 𝐵 ,  and 𝐵 ,  over the baseline (𝐿 ), given 
by: 𝐺 = 𝐵 , − 𝐵 ,𝐿 , (𝑖, 𝑗 = 𝑥, 𝑦, 𝑧) (4)

where 𝐵 ,  and 𝐵 ,  are common-mode noise-rejected magnetic flux density components 
at each sampling position obtained by point-by-point background noise ( 𝐵 , ) 
subtraction, described as: 𝐵 , = 𝐵 , − 𝐵 ,  and 𝐵 , = 𝐵 , − 𝐵 ,  (5)
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Figure 2. Schematic of the second-order magnetic field gradient measurement system. 

2.2. Raw Imaging Data Formatting 
Through the data measuring process shown in Figure 2, we can get a near-field raw 

dataset, far-field raw dataset, and reference dataset. Figure 3 illustrates the data flow and 
processing diagram for a vectorial current density imaging method based on the magnetic 
gradient tensor. First, a struct buffer is applied to store background noise as a reference 
raw dataset. Second, far-field and near-field tri-axial magnetic flux density datasets are 
differenced with respect to the reference raw dataset, respectively, to give a noise-rejected 
far-field and near-field dataset. Third, the second-order differencing is conducted with 
respect to baselines (𝐿 ) to offer a magnetic field gradient dataset. Then, the VCD dataset 
can be attained based on Equation (3). Finally, by spatially fusing the VCD dataset and 
location dataset point by point, the vectorial image data of current density are precepted 
and recorded in an RGB format, where R, G, and B quantitively represent the x, y, and z 
components of CD. It is practically necessary to mention that each component, as well as 
the vector strength, can be visualized through a pseudo-color image (e.g., rainbow or 
traffic cloud picture) with a combination of arrows. 
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Figure 3. Schematic of the raw imaging dataset processing diagram. 

3. Experimental Setup 
Figure 4 shows the schematic diagram of the experiment setup for the closed-form 

vectorial current density inversion method. The experiment system (Figure 5) consists of 
seven parts: the non-magnetic DUT substrate, metrology grating module, step-motor 
control module, host PC, DC current supply, data acquisition device, and a tri-axial 
fluxgate sensor. Four typical DUTs, namely square, triangular, circle, and snake shapes, 
made of 16AWG electrical wires (Figure 6) are excited by the DC constant current of 5A 
fed by a power supply (RIGOL® DP831A, CHINA). The DUTs are horizontally fixed on a 
PTFE substrate with a size of 300 mm × 300 mm. The motor control module (CH-
Magnetoelectricity® Technology KZ400C, CHINA) communicates with the host PC 
through an RS-232 protocol with synchronous location data measured via metrology 
grating. Triaxial magnetic field data at the reference, near, and far positions are precisely 
measured using a tri-axial fluxgate sensor (Bartington® Mag-690, UK), and recorded by a 
data acquisition device (CH-Magnetoelectricity Technology® CH370, CHINA). The 



Sensors 2023, 23, 5859 6 of 11 
 

 

imaging data processing program illustrated in Figure 3 is embedded in a host PC to 
display the VCD picture. A spatial resolution of 0.01 mm within range of 400 mm, and a 
magnetic field resolution of 0.1 nT within a range of 100 μT were declared on the 
manufacture datasheet.  

 
Figure 4. Schematics diagram of the experiment setup for VCD imaging. 

 
Figure 5. Vectorial current density imaging system based on magnetic gradient tensor 
measurement. 
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Figure 6. Various shapes of DUTs. (a) Triangle; (b) square; (c) circle; (d) snake shape. 

4. FEA Modeling 
A series of FEA models are developed strictly following the dimensions and shapes 

of each DUT, as shown in Figure 6, to calculate theoretical magnetic flux densities around 
DUTs. The FEA models are established on the COMSOL Multiphysics platform 
(COMSOL® Co., Ltd., V5.5 , Gothenburg, Sweden), using an AC/DC module by coupling 
an electric current solution into an external current source, as in Ampere’s Law governing 
equation. Constant current terminal and ground boundary conditions are applied on the 
feeding and end boundaries of DUTs, respectively. No flux boundary condition is applied 
on the ball-shape air domain. Cubic discretization is selected to guarantee the accuracy of 
second-order magnetic gradient results. Magnetic flux densities from FEA solutions are 
numerically extracted from two 2 mm separated parallel planes to form theorical results 
of far-field and near-field dataset. The simulation results of the reconstructed VCD image 
can be eventually obtained following the same process as shown in Figure 3. Such an FEA 
model has three functions of providing ‘exact’ CD results to check experimental–
theoretical errors, obtaining ‘exact’ magnetic fields and its gradient patterns to investigate 
error coupling effects during the reconstruction algorithm, and analyzing the differences 
between numerical and experimental VCD images.  

5. Results and Discussion 
Figure 7 shows the raw near-field, noise-rejected near-field, and numerical magnetic 

flux density |B| images @ z = 2 mm. The magnetic fields are generated by a DC-5A excited 
snake shape conductor to represent most DUTs without losing its generosity. We see from 
Figure 7a that the vector superposition of magnetic fields from DUTs and background 
magnetic fields are measured to give a relatively high magnetic flux density |B| up to 
69.9 μT. Figure7b,c shows that the maximum magnetic flux density |B| @ z = 2 mm is 
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evaluated to be 41.7 μT, 41.7 μT, and 42.1 μT from Biot–Savart’s solution, numerical 
simulation and experimentally noise-rejected data, respectively. The results indicate that 
a highly coherent magnetic field results with a relative error less than 1% can be obtained 
using a differencing technique with respect to the reference raw dataset based on Equation 
(5).  

 
Figure 7. Magnetic flux density strength |B| @ 2mm above the DC-5A excited snake shape 
conductor of (a) near-field raw data; (b) noise-rejected near-field data; (c) FEA simulation data. 

Figure 8a,b shows the x, y, and z components of experimentally noise-rejected near-
field data and simulated near-field data in Figure 7b,c correspondingly. Following the 
positive directions of the imbedded Cartesian coordinate, the feeding DC current from the 
bottom end of DUT results in obvious 𝐵  above y-guided wire, 𝐵  above x-guided wire, 
and 𝐵  for all wires are governed by famous ‘right-hand rule’. In comparison with 
magnetic flux density |B| in Figure 7, the components of B intuitively reflect the 
directions of CD, however, cannot directly offer current flow directions, especially when 
a non-orthogonal condition occurs between wire directions and B directions. Benefiting 
from excellent noise rejection performance endowed using a differencing technique, 
highly coherent results are obtained between experiment and simulation results, as shown 
in Figure 8a,b, respectively. It can be also found that the 𝐵  image can roughly indicate 
the wire contours through its cross-zero isogram. This may be the fundamental principle 
of traditional Fourier Transform back-evolution method for MCI [2]; however, it is limited 
in providing the magnitude of CD only.  

 
Figure 8. Vectorial magnetic flux density B @ 2mm above the DC-5A excited snake shape 
conductor of (a) noise-rejected near-field experiment results; (b) FEA simulation results. 
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Figure 9a,b shows the full tensor of magnetic field gradient images of experiments 
and simulation results, respectively. As the most critical intermediate variable, the full 
magnetic tensor images are derived from measurement results in Figure 8 according to 
Equation (4). An intuitive impression of large zero areas (colored green in the rainbow 
bar) leaps to the eyes from the tensor images. This can be attributed to the effects of 
second-order operations, which has exempted magnetic features induced by non-local 
CD. Moreover, both experiment and simulation results exhibited a high coherence and 
strictly symmetric pattern (𝐺 = 𝐺 , 𝑖 𝑗, 𝑖, 𝑗 = 𝑥, 𝑦, 𝑧), which are intrinsic properties of 
the magnetic tensor. Such property can be practically used as data check criteria. It is also 
interesting to find that the non-zero value of 𝐺  or 𝐺  appears on the corner. Further 
examination indicates the right-hand rotation CD results in positive 𝐺 , and vice versa. 
Such a discovery is not applicable to 𝐺  and 𝐺  because the scanning is conducted 
parallel to the x–y plane.  

 
Figure 9. Snake-shape DUT induced magnetic field tensor elements of (a) experiment results; and 
(b) simulation results. 

Figure 10a,b shows the reconstructed vectorial current density imaging results based 
on the measured and simulated magnetic gradient tensor, respectively, based on the 
closed form inversion formula Equation (3). A relative error of less than 3% is achieved 
between experiment results and simulation results for all shapes of DUTs. The CD 
magnitude and its directions are successfully imaged with obvious evidence to 
distinguish different shapes of DUTs. Through the closer examination of the experimental 
VCD image, the ingoing and outgoing imprints can be recognized as shown in Figure 10a. 
The difference between the calculated CD under operating condition result (|J| = 5 
A/1.5mm2  3.33 A/mm2) and reconstructed result |J| = 3.5 mA/mm2 can be explained 
through a probe-to-sample distance induced lift effect. That is, magnetic field attenuated 
third order inversely with respect to sensing distance, resulting in a smaller CD 
magnitude and diffusive CD images. The CD magnitude attenuation can be corrected by 
multiplying a fixing factor (k = 1050 in this case); however, the diffusion effect can only be 
alleviated by reducing the probe-to-sample distance. The overall CD resolution is 
estimated to be 24.15 mA/mm2 by selecting the maximum of the best resolutions among 
the four DUT CD experimental images, and by multiplying a fixing factor of 1050. It is 
worthy to mention that the CD resolution can be improved by simply reducing the probe 
to sample distance. The spatial resolution is estimated to be 0.69 mm with respect to the 
wire radius. It is expected to improve the spatial resolution by reducing the size of the 
sensor to image the CD in a printed circuit board or even a chip.  
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Figure 10. Reconstructed VCD images of DC-5A excited DUTs. (a) Experiment results; (b) 
simulation results. 

6. Conclusions 
We have analytically proposed, numerically realized, and experimentally verified a 

novel current density imaging method with the simultaneous advantages of providing 
current flow directions and suppressing common-mode noise. A spatial resolution of 0.69 
mm and current density resolution of 24.15 mA/mm2 were achieved, with a probe-to-
sample separation of 2 mm over a maximum scanning area of 300 mm × 300 mm. The 
intermediate variables of magnetic flux density B, components, and tensor are 
incidentally imaged and interpreted to reveal the magnetic signatures around current 
carriers. We also point out that reducing the size and improving sensitivity are the most 
efficient technical routes to promote both the spatial resolution and current resolution of 
magnetic vectorial current density imaging. It is expected that the reconstructed vectorial 
current density will provide new electrical information which can be applied in areas of 
PCB, IC, and superconductor inspection.  

Author Contributions: Conceptualization, M.Z.; methodology, M.Z. and Y.W.; software, Y.W. and 
C.P.; validation, Y.W., C.P. and Y.H.; investigation, M.Z., Z.Z. and C.P.; resources, Y.W. and L.C.; 
data curation, Y.W. and L.C.; writing—original draft preparation, Y.W.; writing—review and 
editing, M.Z.; visualization, Y.W.; supervision, W.Z.; project administration, Z.Z.; funding 
acquisition, M.Z. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by the National Natural Science Foundation of China (grant no., 
61901271), Guangdong Regular Universities Special Fund for Major Areas (grant no., 
2022ZDZX3022, 2022GCZX005), Natural Science Foundation of Guangdong Province Science and 
Technology Program of Shenzhen (grant no., JCYJ20200109115403807), Special Project of Self-Made 
Experimental Instruments and Equipment in SZTU (grant no., JSZZ202201016), The Postgraduate 
Innovation Development Fund Project of Shenzhen University (grant no., 20213108010007), Natural 
Science Foundation of Top Talent of SZTU (grant no., 2020104). Special thanks to the technical 
support from Shenzhen Mag-Vision Co., Ltd. The COMSOL is licensed by the Shenzhen Technology 
University, no. 9405488. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are available on request from the 
corresponding author. The data are not publicly available due to some funding policies.  

Conflicts of Interest: The authors declare no conflicts of interest. 



Sensors 2023, 23, 5859 11 of 11 
 

 

References 
1. Orozco, A. Magnetic Current Imaging in Failure Analysis. EDFA Tech. Artic. 2009, 11, 14–21. 

https://doi.org/10.31399/asm.edfa.2009-4.p014. 
2. Roth, B.J.; Sepulveda, N.G.; Wikswo, J.P., Jr. Using a magnetometer to image a two-dimensional current distribution. J. Appl. 

Phys. 1989, 65, 361–372. https://doi.org/10.1063/1.342549. 
3. Fleet, E.F.; Chatraphorn, S.; Wellstood, F.C.; Knauss, L.A. HTS scanning SQUID microscopy of active circuits. IEEE Trans. Appl. 

Supercond. 1999, 9, 4103–4106. https://doi.org/10.1109/77.783928. 
4. Pesikan, P.; Joy, M.L.G.; Scott, G.C.; Henkelman, R.M. Two-dimensional current density imaging. IEEE Trans. Instrum. Meas. 

1990, 39, 1048–1053. https://doi.org/10.1109/19.65824. 
5. Wikswo, J.P. The Magnetic Inverse Problem for NDE. In SQUID Sensors: Fundamentals, Fabrication and Applications; NATO ASI 

Series; Springer: Dordrecht, The Netherlands, 1996; Volume 329, pp. 629–695. https://doi.org/10.1007/978-94-011-5674-5_16. 
6. Gaudestad, J.; Gagliolo, N.; Talanov, V.V.; Yeh, R.H.; Ma, C.J. High Resolution Magnetic Current Imaging for Die Level Short 

Localization. In Proceedings of the 2013 20th IEEE International Symposium on the Physical & Failure Analysis of Integrated 
Circuits (IPFA 2013), Suzhou, China, 15–19 July 2013; pp. 347–350. https://doi.org/10.1109/IPFA.2013.6599179. 

7. Bason, M.G.; Coussens, T.; Withers, M.; Abel, C.; Kendall, G.; Kruger, P. Non-invasive current density imaging of lithium-ion 
batteries. J. Power Sources 2022, 533, 231312. https://doi.org/10.1016/j.jpowsour.2022.231312. 

8. Marchiori, E.; Ceccarelli, L.; Rossi, N.; Romagnoli, G.; Herrmann, J.; Besse, J.C.; Krinner, S.; Wallraff, A.; Poggio, M. Magnetic 
imaging of superconducting qubit devices with scanning SQUID-on-tip. Appl. Phys. Lett. 2022, 121, 052601. 
https://doi.org/10.48550/arXiv.2206.08163. 

9. Schrag, B.D.; Carter, M.J.; Liu, X.; Hoftun, J.S.; Gang, X. Magnetic current imaging with magnetic tunnel junction sensors: Case 
study and analysis. In Proceedings of the ISTFA 2006, Austin, TX, USA, 12–16 November 2006. 

10. Kehayias, P.; Levine, E.V.; Basso, L.; Henshaw, J.; Saleh Ziabari, M.; Titze, M.; Haltli, R.; Okoro, J.; Tibbetts, D.R.; Udoni, D.M.; 
et al. Measurement and Simulation of the Magnetic Fields from a 555 Timer Integrated Circuit Using a Quantum Diamond 
Microscope and Finite-Element Analysis. Phys. Rev. Appl. 2022, 17, 014021. https://doi.org/10.1103/PhysRevApplied.17.014021. 

11. Sumi, M.; Satoh, N. Visualization of Current Distribution by Subsurface Magnetic Field Imaging System for the Cockcroft-
Walton Circuit and Their Components. In Proceedings of the 2021 IEEE 30th International Symposium on Industrial Electronics 
(ISIE), Kyoto, Japan, 20–23 June 2021; pp. 1–6. 

12. Brauchle, F.; Grimsmann, F.; von Kessel, O.; Birke, K.P. Direct measurement of current distribution in lithium-ion cells by 
magnetic field imaging. J. Power Sources 2021, 507, 230292. 

13. Brauchle, F.; Grimsmann, F.; von Kessel, O.; Birke, K.P. Defect detection in lithium ion cells by magnetic field imaging and 
current reconstruction. J. Power Sources 2023, 558, 232587. https://doi.org/10.1016/j.jpowsour.2022.232587. 

14. Shen, Y.; Gao, J.; Shen, L.; Gray, D.; Li, J.; Finkel, P.; Viehland, D.; Zhuang, X.; Saez, S.; Dolabdjian, C. Analysis of the 
environmental magnetic noise rejection by using two simple magnetoelectric sensors. Sens. Actuators A Phys. 2011, 171, 63–68. 
https://doi.org/10.1016/j.sna.2011.08.013. 

15. Mai-Khanh, N.N.; Nakajima, S.; Iizuka, T.; Mita, Y.; Asada, K. Noninvasive Localization of IGBT Faults by High-Sensitivity 
Magnetic Probe with RF Stimulation. IEEE Trans. Instrum. Meas. 2018, 67, 745–753. https://doi.org/10.1109/tim.2017.2789038. 

16. Kohno, Y.; Seki, T.; Findlay, S.D.; Ikuhara, Y.; Shibata, N. Real-space visualization of intrinsic magnetic fields of an 
antiferromagnet. Nature 2022, 602, 234–239. https://doi.org/10.1038/s41586-021-04254-z. 

17. Wang, Y.J.; Gao, J.Q.; Li, M.H.; Shen, Y.; Hasanyan, D.; Li, J.F.; Viehland, D. A review on equivalent magnetic noise of 
magnetoelectric laminate sensors. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2014, 372, 20120455. 
https://doi.org/10.1098/rsta.2012.0455. 

18. Zhang, M.; Or, S.W. Gradient-Type Magnetoelectric Current Sensor with Strong Multisource Noise Suppression. Sensors 2018, 
18, 588. 

19. Zhang, M.; Or, S.W. Magnetoelectric Transverse Gradient Sensor with High Detection Sensitivity and Low Gradient Noise. 
Sensors 2017, 17, 2446. 

20. Li, Q.Z.; Shi, Z.Y.; Li, Z.N.; Fan, H.B.; Zhang, G.; Li, T. Magnetic Object Positioning Based on Second-Order Magnetic Gradient 
Tensor System. IEEE Sens. J. 2021, 21, 18237–18248. https://doi.org/10.1109/Jsen.2021.3085573. 

21. Wang, B.; Ren, G.Q.; Li, Z.N.; Li, Q.Z. The stability optimization algorithm of second-order magnetic gradient tensor. AIP Adv. 
2021, 11, 075322. https://doi.org/10.1063/5.0056361. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual 
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury 
to people or property resulting from any ideas, methods, instructions or products referred to in the content. 


