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Abstract
Current measurement technologies encompass a wide array of techniques, numbering over ten distinct methods. Among 
these, current sensors such as Rogowski coils and transformers based on Ampere’s law stand out. These sensors utilize 
electrical insulation between the primary and secondary windings, ensuring accurate and safe current measurement. In 
practical applications, current sensors play a critical role across various industries. They have become indispensable com-
ponents in numerous devices, including inverters, DC/DC converters, motor controllers, uninterruptible power supplies, 
switch-mode power supplies, process control systems, and battery management systems. However, the high performance 
of these sensors often comes with increased costs, necessitating a thorough exploration of their notable advantages 
and inherent limitations. This paper aims to provide a detailed overview of the working principles and applications of 
various current sensors. By offering a clearer understanding of the different operating modes of these sensors and their 
respective strengths and limitations in practical applications, this paper seeks to furnish subsequent researchers with 
valuable insights for future investigations.

Keywords Ampere law · Current measurement · Current sensors · Working principles

Abbreviations
A/D  Analog-to-digital converter
DSP  Digital signal processing
MEMS  Micro-electro-mechanical system
PCB  Printed circuit board
SMDCSR  Surface-Mounted Distributed Coaxial Structure Resistor
MR  Magneto resistive
AMR  Anisotropic magneto resistance
GMR  Giant magneto resistive
TMR  Tunnel magneto resistance
NMR  Nuclear magnetic resonance
HECS  Hall effect current sensor
HCT  Hall effect current transformer
CT  Current transformer
HDD  Hard disk drive

 * Cong Jiang, jc1998hub@gmail.com; Chunjun Tang, 165513505@qq.com; Jiakai Liang, 1jk894402774@qq.com; Qiang Zhu, 59087968@
qq.com; Xiaofeng Lu, 82846056@qq.com; Jun Shu, juner_83@sina.com | 1State Grid Zhejiang Electric Power Company Jinhua Power Supply 
Company, Jinhua 321000, People’s Republic of China. 2Sanwei Electric Power Branch of Jinhua Power Transmission and Transformation 
Engineering Co., Ltd, Jinhua 32100, People’s Republic of China. 3School of Microelectronics, Hubei University, Wuhan 430062, Hubei, 
People’s Republic of China.



Vol:.(1234567890)

Review Discover Applied Sciences           (2024) 6:351  | https://doi.org/10.1007/s42452-024-06059-x

MTJ  Magnetic tunnel junction
B  Magnetic induction strength

1  Introduction to current measurement technology

Current measurement technology encompasses a wide array of techniques, each varying in complexity, performance, 
and cost. Current sensors, such as Rogowski coils and transformers based on Ampere’s law, feature electrical insulation 
between primary secondary windings. These sensors meet industrial requirements and find extensive applications in 
inverters, DC/DC converters, motor controllers, uninterrupted power supplies, switch-mode power supplies, process 
control, and battery management systems.

The accurate measurement of current, as a fundamental physical quantity, holds significant importance. Over time, for 
measuring current have evolved, from flow diverters employed in the 1880s to modern methods based on magnetores 
effects and MEMS technology. This evolution has led to improved and decreased costs in current measurement products.

Current sensors play a crucial role in real-time monitoring protection of machinery and systems by indirectly measuring 
current through detection of the magnetic field generated by the original current. They provide voltage or current output, 
which can be directly applied to a system or converted into a digital signal for processing by microprocessors or DSPs.

These sensors are utilized in various industries, including traditional sectors and emerging fields like renewable 
energy and automation systems. Different applications require different sensor specifications, such as accuracy, response 
time, and interference resistance, current sensors based on various technologies have been developed to meet diverse 
requirements.

In summary current sensors based on different physical principles offer a range of capabilities, including different meas-
urement ranges, accuracies, bandwidths insulation, response speeds, interference resistance, and costs. The advancement 
of current measurement technology continues drive improvements in performance and ability across various industrial 
domains. This paper explores current dividers based on Ohm’s Law and current sensors based on Ampère’s Law.

The first type of current sensor is a shunt, which is based on Ohm’s law. The output voltage and measured current at 
both ends of the shunt are proportional. This type of sensor has the advantages of being low-cost and easy to use, and 
it can meet general requirements for current measurement applications. However, the shunts are in series in the circuit, 
which leads to significant limitations, such as large losses and no electrical insulation when measuring large currents. 
Therefore, when used in an environment that requires electrical insulation, additional measures must be taken, such 
as isolated amplifiers, which result in higher costs and lower bandwidth. High-performance current sensors are being 
developed, such as coaxial current sensors and so on [1].

Currently, the cutting-edge coaxial shunt resistors employ a coaxial structure, effectively eradicating magnetic flux 
coupling between the power and measurement loops, boasting a measurement bandwidth of up to 2.0 GHz [2]. However, 
the presence of a parasitic inductance of approximately 2.2 nH poses a potential detriment to the precision and efficacy 
of measurements [3]. In order to mitigate the impact of larger parasitic inductance, endeavors have been made to utilize 
compact surface mount resistors, particularly thin-film resistors where the resistor material is thinly deposited onto a 
ceramic substrate [4]. The incorporation of a ceramic substrate serves to adeptly absorb and disperse heat generated by 
the resistor material. Nevertheless, surface mount components conventionally adhere to printed circuit boards (PCBs), 
posing challenges in achieving magnetic flux cancellation akin to coaxial shunt resistors. As shown in Fig. 1, the model 
illustrates a surface-mounted component adhered to a printed circuit board [5].

To enhance bandwidth, it is necessary to determine the values of multiple resistors and interconnect the sensing 
lines within the region of weakest magnetic flux density. However, in certain investigations, particularly those involving 
a resistance of 0.1 Ω, the documented analog measurement bandwidth remains below 200 MHz, accompanied by a 
transient current measurement error of 38% [6].

Further refinements to this methodology have been realized by partitioning the parallelors into two groups with a 
gap left in between, thereby engendering a region of weaker field [7]. This approach has yielded a simulated bandwidth 
exceeding 500 MHz, albeit at the expense of escalating the resistance to 1.0 Ω. Some researchers have explored the place-
ment of surface mount resistors in radial or coaxial configurations, yet measurement bandwidth remains unreported [8]. 
Zhang et al. recently published a pioneering study unveiling the Surface-Mounted Distributed Coaxial Structure Resistor 
(SMDCSR), a novel resistor design [5]. This innovative approach achieves a compact coaxial structure while ensuring mini-
mal transient temperature elevation. By encircling resistors within a circular configuration, the design emulates a coaxial 
structure, effectively mitigating the adverse effects of magnetic flux coupling. At the heart of the SMDCSR design lies the 
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strategic reduction of inter-resistor gaps, enabling an impressive measurement bandwidth of up to 2.23 GHz. Leverag-
ing diminutive 0402 resistors, the design significantly diminishes parasitic inductance, with optimal values plummeting 
as low as 0.12 nH, The relationship between the rated energy of coaxial shunt resistors and their parasitic inductance is 
shown in Fig. 2. Even when factoring in additional power loop area in worst-case scenarios, the cumulative inductance 
remains below 0.60 nH. This remarkable feat not only facilitates the achievement of high bandwidth and low inductance 
but also ensures measurement uncertainty is kept below 0.90%, even under more rigorous thermal distribution condi-
tions compared to conventional methodologies. In essence, the SMDCSR design harnesses commercially available, cost-
effective components to cater to the demands of wide-bandgap semiconductor dynamic characterization. This approach 
presents a versatile solution for realizing high bandwidth and low inductance in resistor current sensors. Furthermore, 
there is ample room for further refinement to streamline assembly processes and facilitate large-scale production.

Another type of current sensor indirectly measures the magnitude and direction of the current through the magnetic 
field it generates. It uses the amperometric loop law and has electrical insulation on both the primary and secondary 
sides. In the industrial field, five main types of current sensors are commonly used: (a) the Hall current sensor, (b) magnetic 
flux-gate current sensors, (c) magnetoresistive (MR) current sensors, which include AMR, GMR, and TMR, (d) Rogowski 
coils, and (e) current transformers.

Beyond direct measurement methods, various current sensing technologies have been extensively studied, leverag-
ing the integration of magnetic fields and diverse physical principles. These methodologies exploit phenomena includ-
ing the Faraday effect, magneto-optical effect, nuclear magnetic resonance (NMR), quantum Hall effect, among others 
[9–12]. Each avenue boasts unique attributes, catering to distinct market segments with differing cost structures, thereby 
complicating their utilization landscape. While certain technologies remain nascent or are confined to niche applications 
due to their high cost and demanding operational environments, others, such as those based on the Faraday magneto-
optical effect, excel in measuring large AC currents up to 100 KA, albeit encountering challenges with DC measurements. 
In contrast, current sensors employing the loop amperometric law circumvent primary and secondary electrical insula-
tion issues inherent in other designs. This mature technology, amenable to mass production and competitively priced, 
enjoys widespread adoption. This paper delves into the technical underpinnings, realization methodologies, as well as 
the merits and limitations of this class of current sensors, offering insights into their diverse applications.

Fig. 1  Surface mount coaxial 
shunt resistor PCB design [5]. 
Figure Copyright © 2021 IEEE 
Energy Convers. Congr. Expo. 
Publishing, Open Access

Fig. 2  Relationship between 
coaxial shunt resistor energy 
rating and its parasitic induct-
ance [5]. Figure Copyright © 
2021 IEEE Energy Convers. 
Congr. Expo. Publishing, Open 
Access
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This study focuses on loop-based current sensors. Demonstrating technical maturity, scalability for mass produc-
tion, and cost-effectiveness, these sensors enjoy pervasive adoption across industrial domains. The paper endeavors 
to elucidate the technical foundations, implementation strategies, as well as the inherent advantages and limitations 
characterizing this breed of current sensor technology.

2  Current measurement technique based on Ampere’s law of loops

According to the amperometric loop law, the integral of the magnetic field strength h along a closed path C (of length 
L) is equivalent to the algebraic summation of the individual currents enclosed by the same closed path C, which is 
demonstrated in Fig. 3.

In the pursuit of quantifying the magnitude and direction of magnetic field strength H, two prevalent methodolo-
gies are employed. The first entails a direct assessment of the magnetic induction strength B engendered by the cur-
rent, achieved through induction units like Hall effect sensors, magnetic flux gates, and magnetoresistive technologies. 
Alternatively, the second approach involves an indirect appraisal, gauging the alteration in magnetic field strength h 
induced by the current via measurement of the resultant voltage, leveraging Faraday’s law of electromagnetic induction.

3  Current sensor based on amperometric loop law

Current sensors find classification into two distinct categories contingent upon their methodological approach to current 
measurement. The first category involves direct measurement of magnetic induction strength B, encompassing three 
subtypes: Hall current sensors, fluxgate current sensors and Magnetoresistive Current Sensors. The following sections 
will detail the principles and applications of the three aforementioned sensors.

3.1  Hall current sensor

Hall current sensors have garnered widespread adoption owing to their efficacy. Operating on the principle of measuring 
the magnetic induction strength (B) resultant from current flow, they subsequently employ signal processing algorithms 
to ascertain both the magnitude and direction of the current. These sensors hinge upon Hall sensing units that exploit 
the Hall effect, elegantly encapsulated within integrated circuits for seamless integration and enhanced performance.

The Hall effect was discovered in 1879 by Edwin Hall. This phenomenon occurs when a magnetic field strength B is 
applied to a rectangular conductor sheet perpendicular to the current I, generating an electric potential difference (e) 
under the Lorentz force [13], as shown in Fig. 4.

The selection of materials for Hall devices is crucial for the generation of the Hall effect. Silicon and III–V compounds 
(e.g., InSb, GaAs, InAs), which possess high mobility and relatively low conductivity, are commonly used in Hall Effect 
Current Sensor (HECS) devices [4, 5]. As early as 2011, Chen et al. reported a novel method for measuring power currents 
using coreless Hall effect current transformers (HCTs) [14]. This method eliminates environmental interference, particularly 
mitigating the magnetic fields generated by the other two phases in three-phase power systems, and Fig. 5 presents a 
cross-sectional view of a three-phase source. Consequently, it enables high-precision current measurements without 
the use of iron cores. Due to the absence of iron cores, HCTs are compact and flexible, thus avoiding the saturation issues 

Fig. 3  Shematic diagram of 
Ampere’s circuital law
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commonly encountered with traditional current transformers (CTs). Therefore, replacing traditional CTs with HCTs can 
result in significant cost savings. Employing a magnetic core can effectively shunt stray magnetic fields around the sensor. 
In contrast, coreless architectures are vulnerable to stray fields from high-current traces, which may be captured by the 
Hall plates, leading to inaccurate current measurements. To mitigate this, a differential Hall plate configuration can be 
utilized; however, any mismatch between the Hall plates or any non-uniformity in the magnetic field can cause deviations 
in the output signal [15]. Over years of development, Hall sensors have achieved significant advancements. In 2024, it 
was reported that Hall sensors were applied in magnetic tactile sensors, greatly enhancing sensitivity and demonstrating 
exceptional performance with low hysteresis (6.82%), fast response time (< 2 ms), remarkable stability (0.09%), and high 
repeatability (0.48%). This research is poised to actively drive the development of tactile sensors, offering substantial 
applications in robotics, health monitoring, and electronic skin devices [16].

3.2  Magnetic flux gate current sensor

The magnetic flux gate stands as a supremely precise method for contemporary magnetic field measurements [17]. 
This approach hinges upon the employment of a magnetic flux gate sensing unit capable of discerning direct or 
low-frequency AC magnetic fields spanning the range of  10–10 to  10–4 T. The inception of this technique dates back 
to 1931 when Thomas was granted the first patent [18]. In the ensuing section, a comprehensive discourse on mag-
netic flux gating shall be furnished.

Fig. 4  Diagram of Hall effect 
working principle

Fig. 5  Positions of the HCTs 
in different arrangements 
of cables. a Cross-sectional 
view of a three-phase source 
arranged vertically and paral-
lel to each other in a plane, as 
shown in Fig. 1a. b Cross-sec-
tional view of a three-phase 
source arranged in a regular 
triangle, as shown in Fig. 1b 
[14]. Figure Copyright © 2011 
IEEE Energy Convers. Congr. 
Expo. Publishing, Open Access
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3.2.1  Working principle of the standard magnetic flux gate current sensor

Standard magnetic flux gate current sensors rely on a magnetic flux gate sensing unit in conjunction with tailored 
signal processing for their operation. The configuration of this magnetic flux gate sensing unit is illustrated in Fig. 6. 
In the construction of the flux gate sensing unit, a slender strip of high-permeability material (μ) is meticulously 
wound around the magnetic core (R) using copper wire, thereby establishing an equivalent “saturated inductor” 
characteristic. The magnitude of inductance (L) within the magnetic flux gate sensing unit is contingent upon the 
magnetic conductivity of the magnetic core (μr), a parameter governed by factors such as coil turns and structural 
dimensions. Notably, when the magnetic induction strength (B) attains significant levels and saturates the magnetic 
core, the permeability (μr) diminishes, consequently yielding reduced inductance (L). Conversely, in scenarios where 
the magnetic induction strength (B) is diminished, a proportional increase in inductance (L) ensues.

3.2.2  Prevailing types of magnetic flux gate current sensors

There are four types of mainstream magnetic flux gate current sensors [19], as shown in Fig. 7.
Figure 7b portrays a magnetic flux gate current sensor featuring two magnetic cores, renowned for its heightened 

performance relative to conventional magnetic flux gates. This augmented efficacy stems from two key factors: 
firstly, the segregation of the magnetic flux gate sensing unit onto a distinct magnetic core, thereby obviating any 
apertures that might compromise precision; secondly, the positioning of current transients, which bolster high-
frequency performance, onto a separate magnetic core devoid of apertures. Figure 7C depicts a flux gate current 
sensor featuring three magnetic cores, distinguished by its superior performance compared to the two-core design, 
attributable to several factors: (i) the inclusion of two flux gate sensing units and two ring excitation coils oriented 
in opposing directions; (ii) refinement of the design of the high-frequency current transducer and processing circuit; 
and (iii) mitigation of interference stemming from induced voltage on the original edge current.

Figure 7d delineates the low-frequency magnetic flux gate current sensor. In low-frequency measurements, solely 
the low-frequency segment of the magnetic flux gate showcased in Fig. 11b was utilized, devoid of current transients 
and processing circuits. This strategic approach guarantees the attainment of precise and dependable output.

3.2.3  Performance

Comparing the performance of magnetic flux gate current sensors proves challenging owing to their diverse structures 
and product designs. Generally, these sensors boast attributes including low zero drift, high precision, remarkable resolu-
tion and sensitivity, expansive measurement and temperature ranges, as well as ample bandwidth and rapid response 

Fig. 6  Demonstration of 
fluxgate sensing unit

Fig. 7  Main types of fluxgate 
current transducer
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times. Despite these merits, magnetic flux gate current sensors encounter limitations, such as constrained bandwidth in 
low-frequency options, the potential for retro-feedback of voltage noise into the original circuit, noisy output at the exci-
tation voltage frequency, and elevated current consumption. Given the high sensitivity of the magnetic flux gate sensing 
unit, measurements with these sensors span a broad spectrum, ranging from a few milliamperes to several kiloamperes.

In 2022, Wang et al. reported a study on the characteristics of magnetic flux gate current sensors [20]. Figure 8 illus-
trates the detection circuit of the magnetic flux gate current sensor. To construct the testing circuit as depicted in Fig. 8, 
a stabilized power supply is utilized to power the sensor, a high-precision current source provides the test current, and a 
high-precision digital voltmeter measures the current. Simultaneously, comparative tests were conducted on traditional 
current transformers and Hall current sensors, as shown in Fig. 9. It is evident from these tests that the measurement 
accuracy of the magnetic flux gate current sensor is comparable to that of current transformers and far superior to Hall 
current sensors. Furthermore, it is capable of measuring direct current, overcoming the limitation of current transform-
ers in measuring direct current.

3.3  Magnetoresistive current sensor

In 1857, William Thomson unearthed the phenomenon of magnetoresistance in ferromagnetic materials [21]. These 
materials, comprising alloys of ferromagnetic elements, undergo alterations in resistance in reaction to fluctuations 
in the magnitude and orientation of the applied magnetic field. Despite this early discovery, commercialization was 
impeded by technical constraints until more than a century later, with the advent of thin film technology. Magnetoresis-
tive sensing units, spanning various implementations and structural forms such as anisotropic magnetoresistance (AMR), 
giant magnetoresistance (GMR), and tunneling magnetoresistance (TMR), among others, exhibit a diverse landscape. To 
enhance precision in measurement and alleviate the effects of temperature drift, these units have been organized into 
a Wheatstone bridge configuration within. Furthermore, encapsulation within integrated circuits confers compactness 
upon these sensors. Originally employed to read magnetic recording media like tapes and hard disks, their utility has 
evolved to encompass the domain of amperometry.

Various magnetoresistive sensing units display unique characteristics, as outlined in Table 1. However, despite the sub-
stantially higher resistance change rates observed in GMR/TMR sensors compared to AMR sensors, they are constrained 

Fig. 8  The detection circuit of 
Fluxgate current sensor [20]. 
Figure Copyright © 2022 IEEE 
Energy Convers. Congr. Expo. 
Publishing, Open Access

Fig. 9  a The test results of the 
traditional current transformer 
for alternating current; b the 
test results of the hall current 
sensor for alternating current 
[20]. Figure Copyright © 2022 
IEEE Energy Convers. Congr. 
Expo. Publishing, Open Access
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by issues such as 1/f noise, non-linearity, and hysteresis [22]. Hence, there exists a pressing necessity to enhance their 
sensitivity and linear attributes.

3.3.1  Working principle of the MR sensing unit

Magnetoresistive sensing units are employed in various industries, and they differ in operating principles and imple-
mentation techniques. They include AMR, GMR, and TMR sensing units.

The AMR sensing unit operates based on the principles of magnetoresistance, wherein the resistance (R) of a fer-
romagnetic material, such as slope alloy, varies with the angle (θ) between the current direction (I) and the intrinsic 
magnetic field direction (M0). The AMR sensor exhibits its lowest resistance when the current is perpendicular to M0 and 
its highest resistance when the current is parallel to M0. By detecting the rate of change in resistance (ΔR/R), the current 
can be indirectly determined. To enhance the sensitivity of the AMR resistance to magnetic field direction, a Barber Pole 
structure was implemented, ensuring θ = 45°, as illustrated in Fig. 10.

Figure 11 illustrates the relationship between the angle θ formed by the magnetic field M0, current I, the ratio R/R, 
and the rate of change in resistance ΔR/R. The rate of resistance change ΔR/R varies among different magnetic materials, 
typically falling within the range of 2% to 4% [17, 23].

As depicted in Fig. 12, resistance variation in anisotropic magnetoresistance (AMR) hinges on the angle (θ) between 
the electric current and the metal’s magnetization intensity. AMR originates from the interaction effects between mag-
netization and electron spin–orbit coupling. In ferromagnetic metals exhibiting positive AMR, such as nickel (Ni), the 
resistance reaches its maximum when the magnetization direction is parallel to the current, and its minimum when the 
magnetization is perpendicular to the current [22, 24]. Since the 1970s, AMR has been widely utilized in the recording 
industry.

The resistivity of the material is at its minimum when the magnetic moments of the ferromagnetic layers are aligned 
parallelly. Conversely, it is at its highest when the magnetic moment of the ferromagnetic layer is anti-parallel. The 
orientation of the magnetic moment is regulated by the alteration of the external magnetic field. In order to minimize 
temperature drift, we incorporated the GMR sensing unit into a Wheatstone bridge structure, which typically has two 
variations: (a) a magnetically shielded GMR sensing unit, and (b) a spin valve GMR sensing unit. Figure 13 illustrates the 
magnetically shielded variation [25].

The GMR resistance of all four arms of the Wheatstone bridge underwent identical processing steps, ensuring uniform-
ity. This included applying a consistent temperature coefficient to mitigate temperature-induced drift. Shielding with 
permalloy was employed for resistors  R2 and  R3 to insulate them from external magnetic influences, rendering them 
suitable as reference resistors. In contrast, the resistance values of measured resistors  R1 and  R4 fluctuated with changes 
in the external magnetic field. The shielding material, characterized by widths  D2 and void width  D1, served to amplify 
the magnetic field generated by the current under test by a magnification factor approximately equal to  D2/D1. Adjusting 
the widths of  D1 and/or  D2 allowed for tuning the sensitivity of the GMR. Although the GMR sensing unit consistently 
produced a positive output, practical applications necessitated an externally biased magnetic field to detect both the 
magnitude and direction of the current, as illustrated in Fig. 14.

The giant magnetoresistance (GMR) phenomenon was discovered in the 1980s. It was observed in multilayer systems 
composed of Fe and Cr. The revelation of GMR sparked numerous experimental and theoretical investigations due to 
its ability to induce significant changes in resistance (∆R) under relatively small magnetic fields, albeit often requiring 
extremely low temperatures [26, 27]. As depicted in Fig. 15, the typical structure of magnetic multilayer systems consists 
of ferromagnetic layers separated by non-magnetic (or non-ferromagnetic) layers. GMR is attributed to spin-dependent 
scattering, initiated by the spin polarization of electrons in the presence of an external magnetic field [28–30]. When the 
magnetization directions of the two ferromagnetic layers are antiparallel, a high resistance state is observed, whereas 
a low resistance state is observed when they are parallel. The advent of GMR had a transformative impact on magnetic 
storage devices, notably enhancing the storage capacity of technologies such as Hard Disk Drives (HDDs). This newfound 
understanding and control over magnetoresistive properties paved the way innovations in data storage and magnetic 
sensing technologies, contributing significantly to the evolution of modern computing and information storage systems.

The Tunneling Magnetoresistance (TMR) effect is a phenomenon rooted in the spin-dependent transport of elec-
trons, presenting a paradigm similar to that of Giant Magnetoresistance (GMR). However, TMR diverges by replacing 
the non-magnetic conductive layer in GMR with an exceedingly thin insulating layer, crafting an FM/IFM junction. This 
junction features two layers of ferromagnetic material brought proximate by traversing the insulating layer through 
the quantum tunneling effect. The magnitude of the ensuing tunneling current hinges upon the relative orientation of 
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Fig. 10  Barber pole structure 
of basic AMR sening unit

Fig. 11  ΔR/R related to the 
angle θ between the magneti-
zation M0 and the current I

Fig. 12  AMR schematic dia-
gram [22]. Figure Copyright © 
2021 Chemosensors Publish-
ing, Open Access

Fig. 13  Diagram of GMR 
wheatstone bridge and it is 
equivalent circuits

Fig. 14  GMR sensing unit 
output versus applied bias 
magnetic field
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their magnetizations [29]. Consequently, a TMR sensing unit experiences a magnetic resistance metamorphosis in reac-
tion to fluctuations in the external magnetic field, and the ascertained current is deduced indirectly from this magnetic 
resistance variation.

Following the discovery of giant magnetoresistance (GMR), tunneling magnetoresistance (TMR) quickly emerged as a 
significant research focus. In practical applications, TMR, akin to GMR, features a magnetic multilayer structure. The fun-
damental unit of the TMR multilayer system is the magnetic tunnel junction (MTJ), as illustrated in Fig. 16 [31]. Quantum 
tunneling allows electrons to traverse from one side of the insulator to the other. The magnetization direction of the 
ferromagnetic layers in TMR is pivotal; spin-dependent tunneling effects enable electrons to tunnel into subbands with 
matching spin orientations. Consequently, resistance varies with changes in spin subbands induced by magnetization 
intensity [32]. During its early development, TMR demonstrated substantial resistance changes (ΔR, 30%) even at low 
temperatures.

3.3.2  Magnetoresistive (MR) current sensors

Magnetoresistive current sensors employ a magnetoresistive sensing unit (AMR, GMR, or TMR) to gauge both the ampli-
tude and direction of the current. Within this realm, two distinct categories emerge: open-loop and closed-loop sensors, 
each distinguished by unique operational principles and performance attributes. Open-loop magnetoresistive (MR) 
current sensors are adept at measuring not only direct currents but also alternating and intricate current waveforms. 
Open-loop current sensors, while versatile in measuring various currents, encounter several challenges. These include the 
necessity for online tuning to achieve high precision, a reduction in measurement accuracy due to the skin effect of the 
current, susceptibility to external magnetic field interference, and the need for magnetic shielding using materials with 
high magnetic permeability and electrical conductivity, which complicates the structure and increases costs. In contrast, 
closed-loop MR current sensors offer distinct advantages over their open-loop counterparts. They exhibit minimal or no 
magnetic offset, ensuring high accuracy and excellent linearity. Additionally, they boast fast response times and broad 
bandwidths. Nonetheless, they also possess limitations, including higher power consumption, susceptibility to external 

Fig. 15  GMR schematic dia-
gram [22]. Figure Copyright © 
2021 Chemosensors Publish-
ing, Open Access

Fig. 16  Tunnel magnetore-
sistance (TMR) schematic 
diagram [22]. Figure Copy-
right © 2021 Chemosensors 
Publishing, Open Access
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magnetic field interference (especially in the case of Anisotropic Magnetoresistance, or AMR sensors), larger size and 
higher costs (particularly for Giant Magnetoresistance, GMR, and Tunneling Magnetoresistance, TMR, sensors). In terms 
of measuring large currents, the measurement range of-loop MR current sensors parallels that Hall effect closed-loop 
current sensors. They are capable of detecting currents ranging from milliamps to 20 kiloamps, offering a comprehensive 
solution across broad spectrum of current magn.

Since the discovery of magnetoresistive (MR) effects, various MR materials and structures have been developed to 
achieve optimal performance under different conditions. Due to their unique anisotropic properties, AMR materials have 
been utilized in designing memory sensors and angle sensors [33–35]. However, the MR of AMR materials is relatively 
low (2.5–5%) [36]. In recent years, emerging nanotechnologies have provided a variety of options for constructing ideal 
magnetic resonance materials and structures. Currently, magnetic resonance sensors find primary applications in mag-
netic storage, position sensing, current sensing, non-destructive testing, and biomedical sensing systems. Additionally, 
MR sensors are utilized in anti-lock braking systems, cardiac mapping, and electrical isolators [37, 38]. Due to its unique 
physical and chemical properties, graphene has quickly garnered attention from researchers [39]. Multilayer graphene, 
graphene foam, and hybrid graphene nanposites have been introduced into the development of magnetic resonance 
materials and structures [40–42]. At ambient temperature or extremely low temperatures (1.9 K), magnetic resonance 
systems based on single-layer graphene, bilayer graphene, and multilayer graphene (Fig. 17) have been observed to 
exhibit significant magnetoresistance [43, 44].

In most scenarios, the fabrication of layered graphene systems necessitates specific substrates, manufacturing meth-
odologies, and meticulous layer control, thereby amplifying the intricacies and expenses associated with the production 
process. The attainment of desirable magnetic rheological characteristics at ambient temperatures poses a significant 
hurdle. Despite the emergence of certain methodologies aimed at enhancing the performance of layered graphene 
systems at room temperature, their reliance on bespoke instrumentation prolongs processes and undermines cost-
effectiveness. Moreover, augmenting the magnetic resonance phenomenon under low-magnetic-field ambient condi-
tions and streamlining the preparation protocols for magnetic resonance materials prove to be formidable challenges. 
Nonetheless, a breakthrough in these technologies is poised to enhance the efficacy of integrated magnetic resonance 
unit devices while concurrently curtailing production expenditures. Such advancements would mitigate prevailing 
obstacles encountered by magnetic resonance sensors and propel the trajectory of their future applications. In sum, 
while graphene exhibits prodigious promise within the realm of magnetic resonance, further strides in technology and 
innovation are imperative to actualize its widespread adoption.

In addition to graphene’s widespread application in Tunneling Magnetoresistive Current Sensors, in 2024, Qi et al. 
reported a novel tunneling magnetoresistance-based current sensor relying on a reference magnetic field source [45]. 
The experimental principle, illustrated in Fig. 18, delves into the linearity, hysteresis, error, and stability of the sensor. 
The findings reveal that within the 1 to 10 A range, the chip’s error is less than 1.46%, markedly lower than that of TMR 
chips. Moreover, given that the reference alternating magnetic flux density is considerably smaller than the magnetic flux 
density produced by the primary current, its power consumption can be disregarded. The principle entails generating a 
minor reference alternating magnetic flux via a coil, akin to a disturbance induced by the magnetic flux from the primary 
current. TMR chips can also detect this reference alternating magnetic flux, serving to compensate for the magnetic 
hysteresis error of the TMR chips. This innovative current sensor boasts simplicity, affordability, low power consumption, 
and high accuracy, potentially propelling the industrial advancement of current sensors.

Fig. 17  a Schematic diagram 
of the fabrication process of 
multilayer graphene/metal 
catalyst heterojunction. b MR 
of the response of multilayer 
graphene on Cu substrate 
[44]. Figure Copyright © 2013 
MDPI Publishing, Open Access
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4  Conclusion

Shunts grounded in Ohm’s law and current sensors rooted in diverse physical principles provide a spectrum of func-
tionalities, encompassing varied measurement ranges, precision, bandwidth, insulation, response speed, interference 
resistance, and cost-effectiveness. Over time, strides in measurement technology perpetually propel advancements 
across diverse industrial sectors.

The voltage output across the terminals of a shunt is directly proportional to the current being measured, render-
ing these sensors advantageous due to their affordability and simplicity, aligning well with the basic needs of current 
measurement applications. Nonetheless, when shunts are connected in series within a circuit, they introduce notable 
limitations. Overcoming these constraints necessitates additional measures, often resulting in increased expenses and 
decreased bandwidth. The development of SMDCSR (Serially-Connected Multi-Directional Current Sensing Resistor) 
addresses these challenges by minimizing the gaps between resistors, thereby augmenting bandwidth while concur-
rently reducing inductance. Moreover, there exists significant potential for enhancements aimed at streamlining assembly 
processes and facilitating mass production.

Current sensors based on the loop ampere law circumvent inherent primary and secondary electrical insulation issues 
present in other designs. This mature technology is well-suited for mass production, boasting competitive pricing and 
widespread adoption. In the realm of Hall current sensors, the Coreless Hall Effect Current Transformer (HCT) enables 
high-precision current measurements. With its absence of a core, the HCT is compact and flexible, mitigating the satura-
tion problems commonly encountered with traditional Current Transformers (CTs). However, coreless architectures are 
susceptible to stray fields from high-current conductors, leading to inaccurate current measurements. In recent research 
findings, the application of Hall sensors in magnetic tactile sensors has significantly enhanced sensitivity, showcasing 
outstanding attributes such as low hysteresis, rapid response times, high stability, and repeatability. This research holds 
promise for driving the advancement of tactile sensors, offering substantive applications in robotics, health monitoring, 
and electronic skin devices. The integration of Hall current sensors is poised to propel industrial development in the 
future.

Magnetic flux gates represent an exceptionally precise method for contemporary magnetic field measurements. 
Generally, such sensors exhibit attributes including low zero drift, high accuracy, outstanding resolution and sensitiv-
ity, wide measurement and temperature ranges, as well as ample bandwidth and rapid response times. Despite these 
advantages, magnetic flux gate current sensors encounter limitations such as restricted bandwidth in low-frequency 
options, the potential for voltage noise to feed back inversely into the primary circuit, noise output at excitation voltage 
frequencies, and increased current consumption. The measurement accuracy of magnetic flux gate current sensors rivals 
that of current transformers and far surpasses that of Hall current sensors. Additionally, they are capable of measuring 
direct current, overcoming the limitations of current transformers in measuring DC.

Since the discovery of the magnetoresistance (MR) effect, researchers have been exploring various MR materials and 
structures to achieve optimal performance under different conditions. Graphene, with its unique physical and chemical 

Fig. 18  Principle of the pro-
posed TMR sensor [45]. Figure 
Copyright © 2024 IEEE Energy 
Convers. Congr. Expo. Publish-
ing, Open Access
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properties, quickly garnered attention from researchers. However, in most cases, manufacturing layered graphene sys-
tems requires specific substrates, fabrication methods, and precise layer control, thereby amplifying the complexity and 
costs associated with the production process. While some methods aimed at enhancing the performance of layered 
graphene systems at room temperature have emerged, their reliance on customized instruments prolongs the process 
and reduces cost-effectiveness. On the other hand, due to its unique anisotropic properties, Anisotropic Magnetoresist-
ance (AMR) materials have been utilized in designing memory and angle sensors. However, the MR of AMR materials 
is relatively low (2.5–5%). Therefore, magnetic resistance current sensors based on AMR materials still face numerous 
challenges before commercialization. Nonetheless, there have been recent reports of a novel type of tunnel magnetore-
sistance current sensor based on a reference magnetic field source. This new type of current sensor features simplicity, 
low cost, low power consumption, and high accuracy, offering the potential to accelerate the industrial development 
of current sensors.
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