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Abstract: The main objective of the work is to investigate the capacity of a single magnetoresistance
(MR) element to measure AC electrical currents. An instrumentation system is presented to character-
ize individually the four active elements of an MR bridge current sensor preserving their internal
connections. The system suggests the possibility to sense electrical currents using only one element of
the bridge opening the way to design new MR sensors based on this concept. Sensitivity, offset and
non-linearity deviation were obtained using bridges of tunnel (TMR)- and giant (GMR)-based MR
technologies. The single element embedded in a Wheatstone bridge configuration is used for practical
current measurements in a 50 Hz line. An electronic circuitry is proposed to measure alternating (AC)
currents with a single MR element, including a lock-in amplifier and an interface to properly convert
the signal to its root mean square (rms) value with a resolution of 250 mA peak in the 125 A range.

Keywords: magnetoresistive shunt; current sensor; magnetoresistance; lock-in amplifier; electronic
interface; bridge elements

1. Introduction

Magnetoresistance (MR) technology is used to implement electrical current sensors
for a wide range of scientific and industrial applications. This sensing technology has
applications in various fields, including material inspection [1,2], industry [3–5], medical
monitoring [6] and smart grid management [7], among others.

For current sensing, manufacturers provide MR sensors arranged in a Wheatstone
bridge structure. Currently, for this application, tunnel magnetoresistance technology
(TMR) is the preferred MR technology, offering a higher percentage variation in resistance
(up to 200% at room temperature) compared to previous MR technologies [8–11].

Magnetoresistance effects, well known in magnetic multilayers, have enabled the
micro-fabrication of current sensors, either in a commercial package [12–14] or for research
purposes [15,16]. In both cases, the sensor is fabricated by combining four MR elements in
a Wheatstone bridge configuration. Once implemented, knowledge of the MR variation in
each element becomes particularly important. In a quality control process, an excessive
mismatch of the resistance between elements at zero current will determine whether the
sensor passes or fails. Furthermore, if a substantial difference of this resistance exists, a
high offset voltage at the output of the bridge will be generated and it will decrease the
common-mode signal rejection of the whole electronic measurement chain. On the other
hand, a mismatch in current sensitivity between elements will cause non-linearity in the
nominal sensitivity of the bridge.

In this work, the individual characterization of each of the four MR elements in an
MR sensor with a Wheatstone bridge configuration will be one of the main objectives. A
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complete instrumentation system will be designed to individually characterize each of
these four MR elements, providing basic parameters such as linearity, sensitivity and offset,
while preserving the internal connections and integrity of the bridge. Experimental results
will be obtained for the elements of both industrial and custom-designed MR bridges.
Three MR technologies have been considered: TMR, giant magnetoresistance (GMR) and
spin-valve (SV) technology. Moreover, sensors in different current ranges will be analysed
(medium and high current).

The individual analysis of each of the MR elements of the bridge leads us to explore the
application of a single MR element for current sensing. Using a single element instead of a
Wheatstone bridge will reduce the steps needed in the microelectronic fabrication process,
simplifying layout complexities. The sensor bridge requires a symmetrical variation in
resistance between its four elements. This issue does not appear when using a single sensor
element. In [17], the concept of MR shunt was presented and the temperature coefficients of
several MR elements (embedded in a bridge and independent) were obtained. Subsequently,
a thermal compensation was proposed for both cases, measuring DC current. However, no
AC current measurement development was described.

The use of a single resistive sensing element to measure some physical variable
has been used successfully in applications such as temperature and pressure [18–22].
Temperature can be detected by a constant current biasing a platinum resistance detector
to monitor junction temperatures in power modules [18] or for accurate measurements in
industrial installations [19]. In [20], individual electronic processing is carried out for each
of the eight piezoresistive elements distributed in a diaphragm for pressure measurement.

In [21], a single piezoresistive element is proposed for pressure measurement under
harsh environments. In [22], a single piezoresistive element is used for pressure measure-
ment reducing the manufactured microelectronic area. However, the application of an MR
element in an AC electrical current measurement has not yet been explored.

The lock-in amplifier is an electronic processing tool that offers high rejection of
interferences, time drifts and offsets produced in the measurement chain [23,24]. It is
particularly recommended when measuring weak signals immersed in a high-level noisy
electronic environment [25–27]. The modulation/demodulation function in a lock-in
amplifier ensures that only frequencies very close to the carrier frequency can affect the
measured signal. In this way, high signal-to-noise ratios are achieved [26–29].

The single element embedded in a Wheatstone bridge configuration is used in this
paper for practical current measurement in a 50 Hz line. An electronic circuitry is proposed
to measure AC currents with a single MR element, including a lock-in amplifier and an
electronic interface to properly convert the signal to its root mean square (rms) value
obtaining a resolution of 250 mA peak in the 125 A range.

This paper is organized as follows. Section 2 presents the instrumentation system
designed to individually characterize each of the four elements in a Wheatstone bridge sensor
providing its basic parameters (linearity, sensitivity, offset, among others), while preserving
the internal connections and integrity of the bridge. Experimental results are obtained for the
elements of both industrial and custom-designed MR bridges. The characterization process
reveals that it is possible to process the information offered by a single MR element and to
know the electric current by the development of the MR shunt concept [17]. In Section 3, the
single MR element is used for a practical current measurement in a 50 Hz line. The electronic
circuitry includes a lock-in amplifier and an electronic interface to convert the signal to its rms
value with a resolution of 250 mA peak in the 125 A range. Section 4 presents experimental
results with waveforms and rms characteristics. In Section 5, a discussion takes place, while
in Section 6, conclusions are drawn.

2. Characterization of the Sensing Elements in an MR Wheatstone Bridge

This section describes the instrumentation system designed to characterize, as a single
sensor, each of the four active elements of an MR Wheatstone bridge. The characteriza-
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tion process will provide parameters such as element sensitivity, offset and its possible
nonlinearity.

The electronic circuitry is based on blocking the polarization of the three adjacent
bridge elements near the active element under test, as shown in Figure 1. A constant current
source Iref was used to bias the MR element under test. Measurement of the voltage V(I)
will give information about the current I to be sensed by the MR effect.
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If the MR element is working in the linear range, its actual resistance R(I) will be
given by

R(I) = SR I + Ro, (1)

Ro being the MR resistance of the element at zero current and SR its resistance sensi-
tivity. As Figure 1 shows, the operational amplifier (OPAMP) prevents any current from
flowing through the bridge resistances adjacent to R(I), ensuring that all the bias current Iref
flows through the element R(I) under test. In these conditions, the voltage drop across R(I)
will be given by

V(I) = R(I)Ire f . (2)

Substituting Equation (1) into Equation (2) yields the voltage drop V(I) across the MR
element:

V(I) = R(I)Ire f = SR Ire f I + Ro Ire f = S I + Ro Ire f , (3)

S being the voltage sensitivity of the element. Hence, the electrical current I to be measured
could be obtained by:

I =
1
S

[
V(I)− Ire f Ro

]
. (4)

An instrumentation system was designed to obtain, sequentially, the linear behaviour
of the four elements of the bridge, particularly the resistance Ro at zero current and their
voltage sensitivity S. The main idea for the sequential characterization of the four elements
is shown in Figure 2. It is based on automatically rotating the bridge terminals around the
electronic circuitry needed (a current source, a high input impedance voltmeter and an
OPAMP configured as a voltage follower). The rotating sequence to characterize R2, R1, R3
and R4 of Figure 2, with the current I to be measured, is depicted in Table 1.
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Figure 2. Rotating procedure to sequentially characterize the resistance of the four MR elements of
the bridge. (a) Characterization of R2; (b) characterization of R1.

Table 1. Terminal connection to test the four MR elements.

Element to Test
R2 R1 R3 R4

Connection
Sequence

4 → D 4 → A 4 → C 4 → B
5 → A 5 → C 5 → B 5 → D
1 → A 1 → C 1 → B 1 → D
2 → C 2 → B 2 → D 2 → A
3 → B 3 → D 3 → A 3 → C

Figure 3 shows the experimental set-up. The current source and the voltage meter
were implemented by the source-and-measure unit (SMU) 2400 from Keithley, Cleveland,
OH, USA. The OP07 biased by a ±15 V voltage source has been used as OPAMP. The
current I to be sensed by the MR element was generated by a four-quadrant bipolar power
supply (BOP6-125 from Kepco, Naju, Republic of Korea) circulating across a copper trace
or a copper bar depending on the current level to measure. To establish the connections
indicated in Table 1, a 7709-switching matrix (six rows per eight columns) from Keithley,
Cleveland, OH, USA, was used, working inside the 2700 digital multimeter mainframe
(from Keithley, Cleveland, OH, USA). In the present design, the OPAMP and the SMU were
connected to the first two rows of the 7709-switching matrix and the bridge elements R1, R2,
R3 and R4 with the first four columns, as shown in Figure 4. Notice that the system can be
implemented by different available electronic hardware, i.e., replacing the switching matrix
by digital controlled relays or substituting the SMU by a controllable breadboard-designed
current source, as in [22]. However, a power current source is needed in any case to supply
the electrical current measured by the element under test and its size will be determined by
the maximum permissible full-scale range of the element.

A LabView-based routine was designed to control the electronic equipment and to
carry out the acquisition process of measurements. Figure 5 shows the flow diagram and
the logic states considered to implement the virtual instrument. To achieve this, the user
must enter the current interval (I) that will flow through the copper conductor; the current
level that will bias the element under test (Iref, provided by the SMU) and the file where all
the measurements will be saved. At the end of the current sweep, the software routine will
show graphically the voltage drop V(I) against electrical current I.
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With this instrumentation system, the elements of three Wheatstone MR bridges
were tested, two custom-microfabricated [11] and one commercially available [13]. The
elements under test were biased with a DC current Iref provided by the SMU and subjected
to an electrical DC current sweep I. The voltage V(I) generated was acquired by the
2700 mainframe.

The first custom-designed bridge, named TMR37, was implemented using TMR
technology with the four elements active to the external electric field generated by the
current. With a current sweep I from −10 A to +10 A and applying the rotating procedure
described previously, the voltage V(I) developed by each of the four elements was acquired.
Figure 6 shows measurements obtained biasing each element with Iref = 1 mA. An imbalance
in sensitivities can be observed in the R2–R3 pair of the sensor bridge as well as the existence
of an offset voltage at zero current, as predicted by Equation (3). Results in Figure 6 show
that a deviation from the best linear fit was obtained between 0.03% and 0.3% for the
±10 A interval with a correlation coefficient between 0.994 and 0.996. In this figure, Si
(i = 1, 2, 3, 4) is the voltage sensitivity of the element obtained from the best linear fit of the
measurements taken.
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The instrumentation system was also used to characterize the behaviour of the four el-
ements of a commercial bridge current sensor based on the GMR effect. In this specific case,
we focused on the AAH004-00 part from NVE Corporation, Eden Prairie, MN, USA [13].
Figure 7 shows the experimental measurements obtained for a current sweep from −20 A
to +20 A, biasing the element with Iref = 1 mA.

Results in Figure 7 show that the MR variation with the electrical current (I) only
affects two elements of the bridge (R2, R3). The other two adjacent elements (R1, R4) do not
exhibit any MR variation because they are shielded from the magnetic field generated by
the current, as stated in references [30–32]. Additionally, it is evident from the characteristic
of the active elements that the same voltage polarity corresponds to two opposite current



Electronics 2024, 13, 2991 7 of 16

values as it is common in this type of GMR current sensors [30–32]. Notably, there is a
different voltage drop path depending on the direction of the current sweep (hysteresis).
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Finally, a custom-microfabricated [11] full active bridge based on an SV technology
MR sensor, named SV_V4, was analysed. This sensor was designed to measure higher
electrical current levels. To meet this requirement, the sensor was placed a distance from a
separate copper bar according to the scheme shown in Figure 8.
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Figure 8. Cross section view (not to scale) of the arrangement made for bridge SV_V4 to test its four
MR elements for a current sweep from −125 A to +125 A. Copper bar on bottom.

Figure 9 shows experimental measurements obtained for a current sweep from −125 A
to +125 A, biasing each element with Iref = 100 µA. Table 2 summarizes electrical parameters
obtained from the characterization process. It shows the maximum, minimum and average
values of the SV_V4 bridge elements and their % variation with respect to the average
value. The magnetoresistance at zero current (offset resistance, Ro) was also calculated
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considering a complete current sweep cycle (0 A → +125 A →−125 A → 0 A). A maximum
variation of about 0.6 Ω was observed due to the hysteresis behaviour of the magnetic
materials used to implement the MR elements. In this figure, Si (i = 1, 2, 3, 4) is the voltage
sensitivity of the element obtained from the best linear fit of the measurements taken.
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Figure 9. Voltage drop measured between terminals of each of the four elements of the SV_V4 bridge
corresponding to a current sweep from −125 A to +125 A with a polarization of Iref = 100 µA.

Table 2. Characterization results of the elements R1, R2, R3 and R4 for the SV_V4 bridge under the
0 A → +125 A → −125 A → 0 cycle of current.

SV_V4 (±125 A)

R1 R2 R3 R4

Rmax (KΩ) 25.46 25.74 24.47 25.22
Rmin (KΩ) 25.11 25.40 24.13 24.87
Ravg (KΩ) 25.28 25.59 24.32 25.04

∆ (%) 1.4 1.3 1.4 1.4
Rmax (@ I = 0) (KΩ) 25.30 25.57 24.30 25.06
Rmin (@ I = 0) (KΩ) 25.29 25.57 24.30 25.05

∆ (@ I = 0) (Ω) 0.645 0.104 0.428 0.598

From Figure 9 and Table 2, the four elements of the bridge match MR behaviour con-
cerning MR % variation, current sensitivity and offset resistance with good linearity within
the test current interval. The measurements carried out with the designed instrumentation
system also allowed us to obtain the output characteristic of the sensor bridge as well as its
input resistance seen from the power terminals (Figure 10). In this figure, S is the voltage
sensitivity of the bridge obtained from the best linear fit of the measurements.
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resistance seen from power supply terminals.

According to Figure 10, the response of the sensor bridge is highly linear with the
current to be measured, showing a sensitivity that matches the sensitivities obtained by
independently characterizing each of the four elements (see Figure 9 for their sensitivities).
This result is what would be expected for a sensor bridge with the four elements active two
by two. It is possible to see how the resistance of the bridge remains unchanged around
25 kΩ, corresponding to the resistance of any of the four elements at zero current (offset
resistance, Ro, see also Table 2).

3. AC Current Measurement with MR Shunt and Lock-In Processing

In this section, one single element of the SV_V4 bridge (in this case R2), analysed in a
previous section, has been used to monitor 50 Hz AC currents up to a maximum of 125 A
peak. Figure 11 shows the electronic interface designed to process the signal from the MR
element to measure the 50 Hz AC current i(t), which includes a lock-in amplifier and an
electronic interface to properly convert the signal to its rms value.

In the circuit of Figure 11, the OPAMP OA1, configured as a voltage follower, prevents
the current delivered by the OPAMP OA2 from flowing through the bridge element Rb. The

OA2–R1–R2–U1 components implement a current source Ire f =
Vre f
R2

(Vref = 2.5 V) in this
design 100 µA. Thanks to OA1, Iref circulates entirely through the element of the bridge Ra.

Similar to Equation (4), the AC current i(t) to be measured can be obtained from

i(t) =
1
S

[
v(t)− Ire f Ro

]
, (5)

where the ratio v(t)/S reflects the concept of an MR shunt. The voltage v(t) generated by the
sensing element Ra is associated with the current to be sensed i(t) due to the TMR effect
(sensor sensitivity S). The reference current Iref flowing through Ra serves only to polarize,
but the current to be sensed i(t) does not pass through it as it happens in a conventional
resistive shunt, thus isolating the magnetoresistance and preventing its self-heating.

Equation (5) states that there is a DC term (Iref Ro/S) dependent on the sensor param-
eters S and Ro (resistance of the element at zero current). For an output v(t) dependent
only on the AC current i(t) without an additional offset level, a high-pass differential filter,
consisting of the network C1–C2–R3–R4 [33] in Figure 11, eliminates this DC term because it
does not give relevant information. Resistor R5 is necessary to provide a flow path for the
input bias currents of the following instrumentation amplifier (IA) U2. In this design, the
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PGA202 model configured with gain G = 100 has been used [34]. Its output voltage vPGA(t)
will act as a modulating signal for the lock-in processing

vPGA(t) = G v(t) = G S i(t) = Xpk sin(wLt + φx), (6)

where

Ipk ≡ peak amplitude of the sensed current (experimentally 125 A);
Xpk ≡ GSIpk (experimentally 1.75 V for the maximum value of the sensed current Ipk);
wL ≡ angular frequency of the current (2 π 50 Hz);
φx ≡ phase shift of the current.
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Figure 11. Electronic interface based on lock-in processing to measure AC current by an MR shunt.

The carrier signal vr(t) was implemented using a sinusoidal Wien bridge oscillator [35]
with automatic stabilization of the amplitude vr at this output (0.52 V). The oscillator
was designed for a carrier frequency fH of 5 kHz. A suppressed carrier modulator was
implemented using a four-quadrant multiplier U3, (AD835, [36]) whose output voltage vs(t)
is given by

vs(t) =
vr(t) vPGA(t)

km
= VS,pk {cos[(wH + wL) t + φx] + cos[(wH − wL) t − φx]}, (7)

where

VS,pk ≡
Xpk Vr

2 km
(experimentally 0.43 V);

km ≡ 1.05 V (constant of the multiplier);
wH = 2π fH .
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The synchronous detection required by a lock-in amplifier is implemented by the
AD630 component (U4 in Figure 11). It is configured as a synchronous demodulator with
constant kd = ∓1 V [27]. Its output voltage vd(t) will be carried out by the product:

vd(t) =
vr(t) vs(t)

kd
=

=
Vr VS,pk

kd
cos wHt {cos[(wH + wL) t + φx] + cos[(wH − wL) t − φx]} =,

=
Vr VS,pk

2 kd
{cos( wLt + φx) + cos(−wLt − φx) + cos[(2wH + wL) t + φx] + cos[(2wH − wL) t − φx]}.

(8)

According to Equation (8), the demodulated voltage vd(t) has frequency components
in wL, 2wH + wL and 2wH − wL. A band-pass filter [37] centred on wL is connected at
the output of the demodulator rejecting the high-frequency components 2wH + wL and

2wH − wL. The gain kf of the filter at wL is given by k f =
1+ R14

R15
2− R14

R15
(calculated as 2.65). A phase

adjustment circuit (phase lead) [38] is connected to compensate for time delays made by
the previous circuits. Its output voltage vo(t) is proportional to the amplitude of the current
to be measured and retains its frequency dependence.

vo(t) = k Ipk sin (wLt + φx) = k i(t), (9)

with k ≡ k f Vr
2

2 km kd
G S (experimentally 4.8 mV/A).

At the output of the band-pass filter, a rms-to-DC circuit was also implemented by
means of the AD734 component (U5) to obtain the rms value of the voltage vo(t) [39].

4. Experimental Results

In this section, the main output waveforms of the circuit in Figure 11 are presented
when a 50 Hz AC current sweep i(t) up to 125 A peak is applied. The current i(t) was
generated by the four-quadrant bipolar power supply (BOP6-125 Kepco, Naju, The Republic
of Korea) and measured with a current probe (A603 Tektronix, Beaverton, OR, USA) as
the reference. Figure 12a shows the current sensed by the reference probe and the output
voltage of the designed interface corresponding to 125 A peak current i(t). A certain
distortion in the sinusoidal signal is observed in the reference probe due to working close
to its measurement limit, but it is not observed in the signal provided by the electronic
interface. Figure 12b shows the same signals corresponding to a 10 A peak current i(t).
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Figure 12. (a) Green trace: output voltage vo(t) provided by the electronic interface; blue trace:
reference current iref(t), from an AC current probe (A6303, Tektronix) for a 125 A peak current i(t).
(b) Same signals corresponding to 10 A peak current i(t).
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With the values obtained for k and considering a full-scale current of 125 A, an
amplitude of 0.6 V is expected for vo(t).

The MR shunt was subjected to several current sweeps recording the voltage provided
by the rms-to-DC interface. Figure 13 shows the response of the rms converter to a sweep
from 0 to 125 A peak.
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Figure 14 shows the response of the rms converter when current variations of 0.25 A
peak amplitude are made.
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Figure 14. Response of the rms converter in two current intervals, (a) medium interval, (b) high
interval, each with a step of 0.25 A peak amplitude.

Figure 15 shows an experimental arrangement of the proposed electronic system. The
sensor is located on a wooden block insulated from the copper conductive bar (arranged at
the bottom, see Figure 8).
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5. Discussion

The proposed instrumentation system shown in Section 2 allows to characterize the
four elements of a bridge MR sensor. The solution implemented in the work is based
on test and measurement equipment available at laboratories or control quality rooms.
If the four elements must be measured in industrial environments like plant production
lines or in situations where various test points are needed, solutions based on electronic
components and subsystems could be adopted. As an example, using a data acquisition
card (DAQ) will allow us to replace the SMU by a designed current source [40], measuring
the voltage drop across the element by one DAQ analogue input channel. The switching
actions needed by the rotating method (Figure 2 and Table 1) developed by the acquisition
frame and its switching matrix could be implemented using low-cost relays controlled by
the DAQ digital outputs. Nevertheless, in any case, a software installed in a computer or
microcontroller unit is needed to interface and control the electronic hardware and a power
unit must be used to generate the current sweep measured by the elements under test.

The results obtained in the characterization process of the bridge elements have
suggested the possibility of measuring an electric current using a single bridge element as
a sensor. Isolated MR elements were not available at the time the work was carried out, so
an interface was developed that blocks the polarization of three bridge elements, leaving
only one active, although it would be desirable to have independent elements to achieve
simpler electronic interfaces.

The fully differential high-pass filter in Figure 11 must be omitted in DC current
measurement applications. In this case, the offset term introduced by the sensor at zero
current should be compensated (Equation (5)). However, this offset is not associated with
mismatches in the manufacturing of four elements in a sensor bridge. In the case of a sensor
element, the offset can be more easily controlled in the microelectronic fabrication process
and its subsequent compensation is simpler by requiring a high-level positive voltage.

Synchronous demodulation prevents thermocouple effects, 1/f noise, DC drifts in the
electronics or external pick-up noise from causing current measurement errors [23,24]. Notice
that the designed electronic interface of Figure 11 allows for different developments. The
carrier signal vr(t) can also be implemented by means of a square wave generator [29,36].
The modulator was implemented using a four-quadrant multiplier. This circuit requires a
different supply voltage than the rest of the electronics (±5 V instead of ±15 V). This implies
an additional conversion stage to achieve it (not included in the circuit of Figure 11). The
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band-pass filter limits the frequency spectrum to a band centred on the frequency of interest
(line frequency), rejecting undesired frequency components such as those produced in the
demodulation. While a low-pass filter would have been sufficient, a band-pass filter was
chosen to further reduce potential low-frequency interferences. The final circuit implements an
all-pass function [39] without gain but is capable to adjust the phase of the demodulated signal
by recovering the electrical current i(t) in its entire form. In this development, a phase-lead
circuit was used to make the phase match with the signal offered by the reference current probe.
An rms-to-DC conversion circuit was also implemented in the final stage. This conversion
might not be necessary in cases where digital intelligence with sufficient computing power is
available (e.g., digital signal processor or field-programmable gate arrays).

6. Conclusions

The work has proposed an instrumentation system able to characterize individually
the four elements of an MR Wheatstone bridge current sensor. Based on the described
rotating method, the characterization process obtains the sensitivity, offset and non-linear
deviation of each element of the bridge, preserving their internal connections. Results for
custom-designed and industrial sensors were obtained. The system uses cost-effective
electronic equipment and some general electronic components. It can be reproduced easily
in a laboratory or developed in an industrial sensor production line. It is an efficient
tool to obtain statistical information of the sensor imbalances or to take decisions if the
sensor parameters are or not within some specific limits of tolerance. The experimental
measurements presented show that using one element (MR shunt) is enough to sense an
electrical current simplifying the electronic interface. With a sensor element, the same
sensitivity is obtained as with a sensor bridge but with less microelectronic complexity.

The work has proposed an electronic circuit to interface the MR shunt to a lock-in
amplifier. The 50 Hz AC current measurements were both obtained in the time domain in
rms format with high linearity behaviour. Peak values up to 125 A were covered with a
resolution of 0.25 A. The lock-in amplifier offers great rejection capacity for low-frequency
noise, high-frequency interference, offsets in the measurement chain and time drifts.

Regarding a single MR sensor element, biased with constant current, it is possible to
measure the electrical current i(t) by the MR effect by only measuring the voltage drop
v(t) between its terminals, as demonstrated in a conventional shunt resistor. However, the
current i(t) does not physically flow through the sensor element.

Current sensing using an MR element offers application possibilities in fields such as
current measurements in electrical substations, energy metering of industrial or domestic
loads or to control the energy charging process in electric vehicles.
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