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Abstract— A new temperature measurement method using a
giant magnetoresistance (GMR) sensor based on Johnson noise
thermometry (JNT) is proposed in this paper. This paper presents
the principle of this GMR-based JNT and demonstrates its
feasibility by measuring power spectral density of noise voltage
in the bandwidth from 10 kHz to 22.8 kHz and resistance of
GMR sensor and analyzing their relationship with the absolute
temperature. The measuring errors throughout the measurement
of temperature from −40 °C and 150 °C in the thermal chamber
were less than ±1.8 °C with integration time of 58.6 s. Its
dynamic sensing performance under both varying temperature
and changing external magnetic field was characterized and
demonstrated. A practical demonstration of the GMR-based JNT
for measurement of surface temperature of a battery pack on an
electric-vehicle testbed was also provided. Therefore, it is feasible
to implement this new thermometry with a GMR sensor, making
spintronic sensor multifunctional in EV applications by being a
temperature sensor as well.

Index Terms— Johnson noise thermometry (JNT), GMR
sensor, electric vehicle, multifunctional spintronic sensor.

I. INTRODUCTION

TEMPERATURE monitoring of the energy storage system
and traction system in electric vehicles (EVs) plays

a major role in ensuring an EV’s safety, reliability, and
efficiency. The battery temperature affects many physical
processes in EV batteries. For example, the internal resis-
tance of a battery typically falls with increasing temperature,
and high battery temperature can shorten the lifespan of
EV batteries. The typical optimum operating temperature for
EV battery is in the range of 30 ∼ 40 °C [1]. Overheating
during battery charging and operation is one major factor
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that leads to the malfunction of an EV [2], [3]. The reliable
measurement and management of battery temperatures can
avoid overheating issues, ensuring the safety of an EV and
maximizing the lifetime of EV batteries. On the other hand,
traction motor also needs the reliable temperature monitoring.
Exceeding the rated temperature by 10 °C significantly reduces
the lifetime of a three-phase induction motor by 50% [4].
Overheating also causes the permanent magnets in motors
to lose effectiveness and strength. An electric motor needs
to avoid operating at temperature over 125 °C in order to
fully utilize its potential [5]. Hence, accurate and reliable
temperature measurement for EV batteries and motors is of
the essence in EVs.

Thermocouple and resistance thermometer are the most
frequently used temperature measurement techniques in EV
applications [6]–[8]. Mechanism of thermocouple is based on
the Seebeck effect, which describes an electromotive force
that is proportional to the temperature difference between two
junctions of dissimilar conductors [9]; whilst a resistance ther-
mometer directly relates the temperature to the resistance of
a conductive material. However, the outputs of thermocouple
and resistance thermometer always drift due to the environ-
mental effects (e.g., high temperature, high pressure, oxidation,
corrosion, vibration) [10]. Periodic recalibration and eventual
replacement of a thermocouple or resistance thermometer
are required to ensure accurate temperature readings. Hence,
thermocouples and resistance thermometers are undesirable
for the long-term reliable temperature measurement in EV
applications.

Johnson noise thermometry (JNT) is a method capable of
accurate evaluation of the thermodynamic temperature [11].
In recent years, considerable progress has been made in JNT
by improvements in sensing methods and modern electronic
technologies. By using a temperature-dependent diode as a
temperature sensor, fast JNT was achieved with accuracies
in the order of a small fraction of 1 K in the temperature
range from 300 to 400 K [12]. A combined thermocouple-
noise temperature sensor at temperatures above 1000 °C was
successfully investigated with relative measurement uncertain-
ties of about 0.1% [13]. Through high frequency and wide
bandwidth JNT, a precision of 0.01% has been achieved on
auto- and cross-correlated noise measurements with integration
time of 1s [14]. Meanwhile, the accuracy of JNT has also been
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significantly improved by the recent development of quantum
voltage noise source (QVNS) [15], [16].

Due to multiple unique features such as high sensitivity, low
cost, compactness, low energy consumption and compatibility
with standard CMOS technologies, giant magnetoresistance
(GMR) sensors are promising for large-scale industrial appli-
cations [17]–[26], such as EVs. Recent research has also
investigated a number of different GMR effects and related
materials in an attempt to enhance GMR sensors in various
sensing applications [27]–[30]. Both parameters of temper-
ature and magnetic field are needed to be monitored in an
EV. Temperature monitoring of energy storage system and
traction system is critical in ensuring an EV’s safety, reliability,
and efficiency. GMR sensors are already widely applied in
EVs and automotive applications for measurement of the
rotation angle or speed of motors and wheels by detecting
the magnetic field variation [17]–[21]. GMR sensors are also
capable of sensing the driving current of motors and the
charging/discharging current of EV batteries in a non-contact
way [22]–[25], [31]. Therefore, it is promising to develop a
multifunctional magnetoresistive sensor in EV applications,
which is capable of measuring velocity, current as well as
temperature in one sensor.

This paper presents a novel Johnson noise thermometry
(JNT) using a GMR sensor as a temperature transducer,
which provides high linearity and high noise immunity in
a wide temperature range from −40 °C to 150 °C. This
GMR-based JNT operating under both constant and varing
external magnetic fields was experimentally studied, and the
temperature can be accurately determined from the Johnson
thermal noise and sensor resistance. This proposed GMR-
based JNT makes the GMR sensor multifunctional for EV
applications, which enables the dual-parameter measurement
of magnetic field and temperature using a sensor. Such a mul-
tifunctional sensor can significantly reduce the complexity of
sensing circuit system and thus the overall construction costs
of an EV. Moreover, the GMR-based JNT is not as vulnerable
to the harsh environment, material degradation or periodic
recalibration as the above-mentioned temperature sensors, and
thus it can be a promising substitute for measuring temperature
in EV applications.

This paper is organized as follows. Section II provides
the fundamental principle of the GMR-based JNT, whilst
Section III describes the experimental design for the proposed
JNT using a GMR sensor. Section IV shows the experimental
results verifying the feasibility and accuracy of the proposed
approach. Section V demonstrates the practical test of the
GMR-based JNT for battery pack during operation. Section VI
addresses the conclusions and outlook of this work.

II. OPERATING PRINCIPLE OF GMR-BASED JNT

Johnson noise thermometry measures both the resistance
of a conductor and its inherent thermal noise (also known as
Johnson noise) for determining the absolute temperature. John-
son noise pervasively appears in all types of conducting media
due to the random motions of charge carriers agitated by local
temperature variations near Femi level [11], [32]. In theory,

Johnson noise voltage across an ideal resistor exhibits a flat
(white) spectral energy distribution that does not depend on the
frequency (except at extremely high frequency). For frequency
below a few gigahertz, the power spectral density (PSD) of the
Johnson noise voltage across a conductor is expressed by the
Johnson-Nyquist equation [13] as below:

SvT = 4kB T(K )(R0 + R(T(K )))

= 4kB T(K ) Rcut (1)

where SvT denotes the theoretical PSD value of Johnson noise
voltage, kB is the Boltzmann’s constant (1.3806×10−23 J/K),
T(K ) is the absolute temperature in Kelvin (K), and Rcut

is the resistance of the conductor under test which contains
both the temperature-independent component (R0) and the
temperature-dependent component (R(T(K ))).

In practice, there exists an overall offset (Sbg) between the
actually measured noise PSD (Sv ) and the theoretical noise
PSD value (SvT ) due to the background noise floor from the
measuring system. Thus, Eq. (1) can be modified as:

Sv = Sbg + SvT = Sbg + 4kB T(K )Rcut (2)

The background noise floor may be caused by the intrinsic
noises of preamplifiers, external electromagnetic interferences
and transmission error [13], [33], and its value can be deter-
mined by the pre-calibration before the actual measurements.

Since Sv , Sbg and Rcut can be measured, T(K ) can be derived
from Eq. (3) as below:

T(k) = Sv − Sbg

4kB Rcut
(3)

No recalibration is required for JNT, as the relation among
temperature, noise PSD and resistance is intrinsic and JNT
is independent of any material degradation [24]. The struc-
tural and material properties of the sensing conductor change
with time due to harsh environmental effects (e.g., oxida-
tion, corrosion, vibration, etc.), which gradually results in
the variation of the conductor resistance (Rcut ). According
to the Johnson-Nyquist theorem, thermal noise PSD (Sv ) is
dependent of Rcut and T , leading to the fact that both Sv and
Rcut may drift due to the environmental effects over time.
However, for JNT, the absolute temperature is determined
by the concurrent measurement of both thermal noise PSD
and sensor resistance, so effects of harsh environment on
temperature measurement are already considered and included
in the calculation. Therefore, JNT is especially suitable for
harsh industrial environment such as nuclear reactors [11],
where the materials of the sensing devices may significantly
degrade with time.

In this work, a new JNT using a GMR sensor as the
sensing resistor is proposed. GMR sensors normally function
as magnetic field sensors with their resistance (Rgmr ) varying
with external magnetic field (H ) and temperature (T(K )),
which can be described by Rgmr = R0 + R(H ) + R(T(K )).
Thus the thermal noise PSD (Sv ) of GMR sensors is dependent
on both H and T(K ). To implement JNT with a GMR sensor,
Rcut in Eq. (3) can be replaced with Rgmr . Similar to the
traditional JNT, the relation among Rgmr , Sv and T(K ) is
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governed by Eq.(4):

T(k) = Sv − Sbg

4kB Rgmr
(4)

This relation still holds even when both temperature and
magnetic field vary at the same time, and there is no need to
differentiate resistance change due to temperature or magnetic
field. Hence, T(K ) can be determined accordingly by the
measuring Rgmr and Sv of a GMR sensor. The influence of
the external field on the noise PSD and thus the GMR-based
JNT temperature measurement is already handled by the fact
that the resistance of the GMR sensor is being measured
continuously. As such, the measurement of temperature by
the GMR-based JNT through Eq. (4) can be independent of
the external magnetic field. The magnetic parameters (e.g.,
resolution, field-sensitivity, etc.) of a GMR sensor do not
affect its JNT temperature measurement results. Thus the
GMR-based JNT can still operate even when the GMR sensor
experiences external magnetic field.

III. EXPERIMENTAL PREPARATION

A. GMR Sensor Model

A bipolar GMR sensor model (Sensitec GF708) was
selected to investigate and implement the GMR-based JNT.
Other GMR sensors besides GF708 or even tunnelling mag-
netoresistive (TMR) sensors are also applicable for this
approach. GMR sensors generally show higher temperature-
sensitivity regarding JNT behaviors than TMR sensors due
to their higher temperature coefficient of resistance (TCR)
[34]–[36]. The GF708 sensor model offers a sensitivity of
typically 130 mV/V/mT to magnetic field, and is frequently
used for sensing magnetic field in various kinds of appli-
cations [37]–[39]. The GF708 sensor consists of four spin-
valve elements arranged in a Wheatstone bridge configuration,
as illustrated in Fig. 1. Two spin-valve elements (R2 and R4)
are covered by the flux concentrators (shields) to prevent the
applied magnetic field influencing them, while the other two
elements (R1 and R3) change in resistance when an external
field is applied [40]. Usage of Permalloy flux concentrators
(shields) also leads to the introduction of undesirable effects
such as additional magnetic noise perturbations and hysteresis
effect [41]. In the GMR-based JNT, no bias voltage supply
was applied across the pads Vcc and GND of the Wheatstone
bridge in order to eliminate other noise sources besides John-
son noise (see Fig. 1). Bridge resistance between pads A and B
was measured as the resistance of GMR sensor (Rgmr ).

The resistance (Rgmr ) of the GMR sensor across the
Wheatstone bridge needs to be monitored continuously in
the GMR-based JNT as explained in Section II. A typical
resistance-field transfer curve for the resistance (Rgmr ) of the
GF708 GMR sensor was obtained experimentally by applying
magnetic field along the sensitive axis as shown in Fig. 2. Rgmr

depends on both the external magnetic field and temperature.
It varies significantly in the range approximately from −2.0 Oe
to 3.6 Oe, and it saturates when the magnitude of the applied
field exceeds this range. The hysteresis of the GMR sensor is
clearly visible in Fig. 2. Rgmr also increases with temperature

Fig. 1. Circuit diagram of GMR sensor GF708. No bias voltage supply was
applied across the pads Vcc and GND of the Wheatstone bridge in order
to eliminate other noise sources besides Johnson noise. Bridge resistance
between pads A and B was measured as the resistance of GMR sensor (Rgmr ).

Fig. 2. Typical characteristic resistance-field transfer curves of the GMR
sensor GF708.

in general. Meanwhile, the characteristics curve also indicates
that GMR sensor GF708 can function up to nearly 160 °C.

B. Experimental Setup

Experiments were carried out to investigate the feasibility
and accuracy of the GMR-based JNT. The schematic of the
experimental setup is illustrated in Fig. 3. A GMR sensor
GF708 was placed inside a thermal chamber (ESPEC SH242).
Temperature inside the thermal chamber can be controlled in
the range from −40 °C to 160 °C with temperature stability
of 0.5 °C. A K-type thermocouple and a Platinum resistance
thermometer (PRT) were placed in close proximity to the
GMR sensor in order to provide reference temperatures for
comparison with the temperature obtained by the GMR-based
JNT. The temperature readings of the thermocouple were
collected by a thermocouple input module (NI USB-TC01).
To provide a uniform external magnetic field parallel to the
sensitive axis of the GMR sensor, a programmable bipolar
power supply (KIKUSUI PBZ40-10) was used to power a
single-axis Helmholtz coil of radius 40 mm. The Helmholtz
coil was also placed in the thermal chamber with the GMR
sensor placed at its centre. The magnetic field generated by the
Helmholtz coil was calibrated against the coil current using a
DSP Gaussmeter (Lakeshore model 455). The Helmholtz coil
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Fig. 3. Schematic diagram of the experimental setup for the GMR-based JNT.

was then powered at constant current mode inside the chamber
so that the coil current and thus magnetic field generated
remained stable even when the chamber temperature varied.
As the charging/discharging current flowing through the DC
link connecting to the battery pack in an EV can reach to
50 A or higher [42], the DC link can generate a magnetic field
up to 15 Oe at its near surface (e.g. at a distance of 2 mm).
Hence, the largest magnitude of the Helmholtz-coil magnetic
field was applied as 15 Oe in this study.

The open-circuit noise voltage across the GMR sensor was
amplified 1000 times by a low-noise, AC-coupled differential
voltage preamplifier (SRS SR560). Twisted wires were also
used to suppress the coupling noise. A dynamic signal analyzer
(SRS SR785) was employed to measure the amplified noise
signal and perform the fast Fourier transform calculations for
obtaining the power spectrum. The resistance (Rgmr ) of the
GMR sensor across the Wheatstone bridge was continuously
monitored by a source-meter (Keithley 2450). The measure-
ment system can choose to measure the noise PSD (Sv ) or
resistance of GMR sensor (Rgmr ) by means of switches. When
S1 and S2 were switched on (S3 and S4 were switched off),
the GMR sensor was connected to the preamplifier directly and
the noise PSD was measured. When S3 and S4 were switched
on (S1 and S2 were switched off), the resistance of the GMR
sensor was measured. All the above-mentioned instruments
were controlled and automated through the LabVIEW program
which can also collect and process the measured data to
determine the temperature.

The power spectrum of noise voltage was firstly observed
in the frequency bandwidth between 10 Hz and 102.4 kHz,
and its typical power spectrum after 1000 times averaging is
depicted in Fig. 4(a). It shows that the frequency-dependent
1/f noises of structural and magnetic origin existing in GMR
sensor are much larger than the Johnson noise at frequencies
below 1 kHz, and it is not influenced by the temperature.
The observation bandwidth should be large enough to avoid
1/f noise fluctuations. The three peaks (i.e. 50 Hz, 150 Hz
and 250 Hz) in the low-frequency range were due to the
power supply frequency and its harmonics. The mid-frequency
noise spectrum (i.e. approximately from 5 kHz to 30 kHz)
demonstrates the flat frequency-independent characteristic of

Fig. 4. (a) The power spectrum of the noise voltage in the bandwidth from
10 Hz to 102.4 kHz. (b) Gaussian fitting of the histogram of the noise spectrum
from 10 kHz to 22.8 kHz to determine noise PSD value.

Johnson noise (see the red dotted line in Fig. 4(a)). Therefore,
the observation bandwidth starting from 10.0 kHz to 22.8 kHz
is high enough to avoid 1/f noise fluctuation, which was chosen
for determination of noise PSD values.

During the noise measurement, the noise spectrum between
10.0 kHz and 22.8 kHz was averaged 1000 times, which cost
an integration time of approximately 58.6 seconds. To estimate
the amplitude of this frequency-independent noise, histogram
analysis between 10.0 kHz and 22.8 kHz (800 FFT points)
of the spectrum was performed as shown in Fig. 4(b). The
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Fig. 5. (a) Comparison between the measured noise PSD (Sv ) and the
theoretical noise PSD values (SvT ). (b) A linear fit of the background noise
floor (Sbg) versus measured noise PSD (Sv ).

mean value (i.e. where the peak occurs) of the Gaussian
fit of the obtained histograms provides a more reasonable
representation of the average noise power than just the average
of the PSD spectrum, because the sporadic sharp sparks (e.g.
due to EMI) which exhibit very few occurrence in the spectrum
(i.e. low counts in histogram) and do not affect much the peak
position of Gaussian fitting. This technique for determining the
amplitude of noise PSD has also been applied by other groups
in their scientific analysis [43]–[45].

C. Determination of Background Noise Floor

The pre-calibration process involves providing the
background noise floor of the measuring system. In the
pre-calibration process, averaged noise PSD values (Sv )
across the GMR sensor were measured at temperatures
ranging from −40 °C to 150 °C under the applied magnetic
fields of −15 Oe, 0 Oe and +15 Oe, respectively, then these
measured values were compared with the theoretical noise
PSD values (SvT ) at each testing condition, as illustrated
in Fig. 5(a). It can be observed that there exists an overall
offset (Sbg) between the measured noise PSD and the
theoretical values, which is the background noise floor of this
measuring system, and it may result from the parasitic noise

Fig. 6. Temperature measurement by the GMR-based JNT at approximately
20 °C with constant and variable magnetic fields applied.

signals of preamplifier, leads and switches, the preamplifier
gain frequency dependence, etc. The noise PSD offset (Sbg)
decreases linearly with the rise of the measured noise PSD
(Sv ), as shown in Fig. 5(b). A linear fit of the noise PSD offset
(Sbg) versus the measured noise PSD (Sv ) was carried out
(see red dash line in Fig. 5(b)) to determine the background
noise floor, which can be expressed as follows:

Sbg = −0.0875 × Sv + 3.06 × 1016 (V2/Hz) (5)

Substituting (5) into (4), the relation among the temperatures
in °C (T(°C)), measured noise PSD (Sv ) and measured resis-
tance (Rgmr ) of GMR sensor can be established as follows:

T(°C) = −1.0875 × Sv − 3.06 × 1016

4kB Rgmr
− 273.15K (6)

IV. EXPERIMENTAL RESULT

The investigation was firstly conducted to check whether
external magnetic field would affect the GMR-based JNT.
The temperature inside thermal chamber was set to remain
constant at 20 °C. An external magnetic field (H ) was applied
parallel to the sensitive axis of the GMR sensor in three stages
(see Fig. 6(a)). During Stage 1, the applied magnetic field was
changed from −15 Oe to 0 Oe (i.e. with no magnetic field
applied) and finally to +15 Oe. During Stage 2, the applied
field gradually swept from +15 Oe to −15 Oe. During Stage 3,
the applied filed gradually increased from −15 Oe to +15 Oe.
As we can see from Fig. 6(b), the resistance (Rgmr ) of
GMR sensor varied with the applied field according to its
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characteristic resistance-field transfer curve as characterized
in Fig. 2. The averaged noise PSD (Sv ) varied similarly as
Rgmr (see Fig. 6 (c)) because they are related by Eq. 4.
During these three Stages, the temperature (T(°C)) were deter-
mined through Eq. 6 using the measured Rgmr and Sv , and
then compared with the reference temperature obtained by
the thermocouple and the PRT, as shown in Fig. 6(d). The
reference temperatures obtained by the thermocouple and the
PRT were nearly constant at ∼19.81 °C (with a variation of
∼0.09 °C) and ∼20.86 °C (with a variation of ∼0.31 °C),
respectively. The absolute measuring error (�T ) between the
temperature (T(°C)) measured by GMR-based JNT and the
reference temperature is rather small (within the range of
−1.42 ∼ +1.76 °C). Despite the variation of Rgmr due to
the applied field, T(°C) closely matched with the reference
temperatures and it was not affected by the applied field.
The experimental results also demonstrated that the GMR-
based JNT can still operate even the GMR sensor is saturated
by large field such as −15 Oe and +15 Oe. The saturation
states of the GMR sensor nearly do not affect the temperature
measurement results by the GMR-based JNT. Moreover, it also
should be noted that the hysteresis of GMR sensor does not
affect the performance of the GMR-based JNT.

The performance of the GMR-based JNT over a wide
temperature range was studied. The temperature of the thermal
chamber (i.e. the applied temperature) was varied from −40 °C
to 150 °C, while the Rgmr and Sv were measured under
the applied field of −15 Oe, 0 Oe and 15 Oe respectively
at each temperature set point (see Fig. 7(a) and Fig. 7(b)).
Rgmr increased linearly with the rise in temperature. Sv

also increased with the temperature because Sv is related to
Rgmr as defined by Eq. (4). Fig. 7(c) shows the temperature
(T(°C)) determined by Eq. (6) using the measured Rgmr

and Sv , whilst Fig. 7(d) shows the measuring error (�T )
comparing to the reference temperature obtained from the
thermocouple. The measured temperatures under three applied
fields closely matched with the reference temperatures. The
measuring error �T was in the range between −0.95 °C and
1.47 °C. Meanwhile, the GMR-based JNT also demonstrated
a good linearity in the measurement range from −40 °C to
150 °C. Moreover, the GMR-based JNT using the GMR sensor
GF708 was experimentally verified to be capable of operating
in a wide temperature range from −40 °C to 150 °C with a
measuring error of less than ±1.5 °C. The measuring error
of the GMR-based JNT can be further reduced by optimizing
the performance of preamplifiers, pre-calibration techniques
and data processing algorithms.

The dynamic performance of the GMR-based JNT was
also studied and characterized. In this experiment, an external
magnetic field was applied to the GMR sensor in three stages,
as shown in Fig. 8(a). During Stage 1, the applied field varied
from −15 Oe to 0 Oe and finally to +15 Oe. During Stage 2,
the applied filed first gradually swept from +15 Oe to −15 Oe,
and then reversely swept from −15 Oe to +15 Oe. During
Stage 3, the applied field was changed from +15 Oe to 0 Oe,
and then to −15 Oe. In the meanwhile, a temperature cycle
between 30 °C and 90 °C inside the thermal chamber was
provided. The temperature inside the thermal chamber was first

Fig. 7. Temperature measurement in the range from −40 °C to 150 °C:
(a) averaged noise PSD (Sv ); (b) sensor resistances (Rgmr ); (c) temperature
results (T ); and (d) measuring errors (�T ).

stabilized at 30 °C for approximately 30 minutes, and then it
gradually increased to 90 °C and remained stable at 90 °C for
approximately 30 minutes. Finally it decreased to 30 °C and
finally remained stable at 30 °C. The Rgmr and Sv responded
in the same manner to the variation of temperature and applied
magnetic field, as shown in Fig. 8(b) and Fig. 8(c) respectively.
The temperature measured by the GMR-based JNT closely
matched with the reference temperatures measured by the
PRT and thermocouple (see Fig. 8(d)). The measuring errors
(�T ) comparing to the thermocouple were in the range from
−1.37 °C and 1.83 °C (see Fig. 8(e)). Therefore, the GMR-
based JNT can be used to measure temperature dynamically
even when the GMR sensor experiences the varying external
magnetic field.

V. PRACTICAL DEMONSTRATION OF GMR-BASED JNT

In order to demonstrate the feasibility of GMR-based JNT
and verify that it can perform meaningful noise measure-
ments in actual working conditions, a practical temperature



3104 IEEE SENSORS JOURNAL, VOL. 18, NO. 8, APRIL 15, 2018

TABLE I

COMPARISON OF TEMPERATURE MEASUREMENT TECHNIQUES IN INDUSTRIAL APPLICATIONS [48]–[54]

Fig. 8. Dynamic temperature measurement by the GMR-based JNT in a
temperature cycle between 30 °C and 90 °C under varying magnetic field.

measurement on an EV testbed was carried out. The EV
testbed is composed of a 3-phase 5.5kW permanent magnet
synchronous motor (PMSM), a high-speed flywheel, a step-up

Fig. 9. (a) Photograph of the EV testbed for stimulating the actual EV
environment. (b) Schematic of the practical demonstration of the GMR-based
JNT.

gearbox, a reduction gearbox, a permanent magnet synchro-
nous generator (PMSG) and a battery pack (see Fig. 9(a)),
which simulates the actual EV environment. The schematic
of the practical demonstration of GMR-based JNT is shown
in Fig. 9(b). Lead-acid batteries are being applied in EVs for
vehicle propulsion [46], [47]. A battery pack composing of
two rechargeable lead-acid batteries was applied to power a
resistance load. The discharging current of the battery pack
was monitored by a multimeter. A GMR sensor GF708 was
placed on the surface of the battery pack. Similarly, a K-type
thermocouple was placed in close proximity to the GMR
sensor for providing a reference temperature. During the exper-
iments, the PMSM of the EV testbed was operating through
space vector control using an adjustable speed motor drive,
and it rotated between the speed of approximately 100 rpm



LIU et al.: EXPERIMENTAL INVESTIGATION OF A JNT USING GMR SENSOR FOR ELECTRIC VEHICLE APPLICATIONS 3105

Fig. 10. (a) Power spectrum of the noise voltage in the observation bandwidth
between 10 kHz and 22.8 kHz in an EV environment. (b) Gaussian fit of noise
spectrum histograms to determine the averaged noise PSD value.

and 200 rpm. In the meanwhile, the motor was coupled with
the high-speed flywheel and generator to adjust the load level
during the temperature measurements.

There exist several noise sources (e.g. EMIs) in this EV
testbed including electric motor drives and switching power
supplies, etc. Fig. 10(a) shows the typical noise spectrum
after 1000 times average in the frequency bandwidth between
10 kHz and 22.8 kHz. It can be observed there exist a few
sharp spikes due to background EMI in the noise spectrum,
but these narrowband sparks have a short frequency range.
Though these few sharp sparks exhibit large noise PSD values,
they are not representative of the average PSD for the noise
spectrum in this frequency range because they have very few
occurrence in the noise spectrum histogram. By the mean value
of the Gaussian fit of the obtained histogram as illustrated
in Fig. 10(b), the estimation of the noise PSD value was not
sensitive to the effect of unwanted sharp EMI spikes. Although
the broadband EMI noises may occur in the noise spectrum
in a practical operating environment of EV, the Gaussian
fit can still operate when the bandwidth of broadband EMI
does not excessively occupy (e.g. <50%) the observation
bandwidth. This is because that the most-frequently occurred
value in noise spectrum is chosen as the noise PSD value
with the Gaussian fit method. In the extreme scenario where
the broadband EMI noises overwhelmingly dominate in the
noise spectrum, the JNT can have a pause until a more well-
detectable noise spectrum is measured.

Fig. 11. Surface temperature measurement of EV battery pack during the
discharging operation by the GMR-based JNT.

The surface temperature of battery pack increased slowly
from approximately 22.7 °C to 30 °C during the discharging
operation. The sensor resistance (Rgmr ) and averaged noise
PSD (Sv ) varied according to the surface temperature change
of the battery pack, as shown in Fig. 12 (a) and Fig. 12(b)
respectively. The surface temperature of the battery pack mea-
sured by GMR-based JNT also matched with those obtained
by the thermocouple (see Fig. 12(c)). The practical measuring
errors were within the range from −2.67 °C to 3.08 °C. This
measurement uncertainty was larger than the experimental
results in Section IV, which may result from the existence
of radiated noises sources in an EV environment. Yet the
temperature measured by GMR-JNT can still match with
the temperature measured by the thermocouple. Therefore,
it demonstrated the feasibility and possibility of using the
GMR-based JNT to dynamically measure the temperature for
practical EV applications.

As a final remark, the main characteristics of the proposed
GMR-based JNT are summarized in Table I and compared
with other commonly used temperature measurement methods
in industrial applications [48]–[54]. It is observed that the
reported GMR-based JNT in this manuscript shows features of
reasonably fast response, dual-parameter measurement opera-
tion, robustness in harsh environment as well as robustness
relatively wide temperature measurement range. It should be
noted that other GMR sensors, such as a spin-valve based
current sensor introduced in [35], are also applicable for
the GMR-based JNT, which can achieve the dual-function
operation for measurements of electric current and temperature



3106 IEEE SENSORS JOURNAL, VOL. 18, NO. 8, APRIL 15, 2018

using one sensor. This advantage will provide insights for
the large-scale applications of GMR sensors combined with
intelligent sensing technologies [55], [56], such as electric
vehicle applications.

VI. CONCLUSION

In this paper, a novel Johnson-noise-based thermometry
using a GMR sensor as a sensing resistor has been investigated
in various situations with external magnetic fields applied.
This GMR-based JNT was experimentally demonstrated under
both changing magnetic field and changing temperature. The
measured temperatures by a GMR sensor were compared to
those measured by a K-type thermocouple. The experimental
results showed good linearity response, high accuracy, and
reliability of this GMR-based JNT in a wide temperature
range from −40 °C to 150 °C. The proposed thermometry
also demonstrated its practical application for measuring the
surface temperature of a battery pack on an electric vehicle
testbed.

This study is of great use for developing a multifunctional
spintronic sensor which measures velocity, current as well as
temperature in EV applications. In future work, an integrated
circuit system to implement the GMR-based JNT will be
designed by using quite standard electronic components, which
will replace the laboratory grade instruments introduced in
this paper and make the GMR-based JNT feasible for the
actual EV applications. An ultra-low noise preamplifier circuit
with an equivalent input noise as 3.1 nV/

√
Hz (at 1 kHz) for

noise measurement will be obtained by consisting of three
cascaded gain stages. This preamplifier circuit is composed of
a large-area JFET transistor pair as the first stage, an ultra-
low noise precision operational amplifier (e.g. LT1028 from
Linear Technology) as the second stage and four low-noise
rail-to-rail amplifiers connected in parallel as the third stage,
resulting in an overall gain of 60 dB. A 10 μA constant current
source provided by a voltage reference, a precision operational
amplifier and a current-scaling resistor will be applied for
the resistance measurement of GMR sensor. A high-speed
FPGA chip combined with ADC modules will carry out
the signal processing for determination of noise PSD and
finally calculate out the absolute temperature. This integrated
circuit system will reduce the measuring time by enlarging the
observation bandwidth of noise and also ensure much faster
measurement of noise PSD and temperature. Hence, it will
replace the signal analyzer, source-meter, pre-amplifier, and
computer to miniaturize the measurement system. This simple,
cost-effective solution can be used to implement this GMR-
based JNT in actual EV applications. The related work will
be reported in the near future.
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