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Symmetric Response Magnetoresistance Sensor With Low 1/ f
Noise by Using an Antiphase AC Modulation Bridge

S. Shirotori , A. Kikitsu , Y. Higashi, Y. Kurosaki, and H. Iwasaki

Corporate Research and Development Center, Toshiba Corporation, Kawasaki 212-8582, Japan

A new high-sensitive magnetic sensor which is referred to a symmetric response magnetoresistance (SRMR) sensor is proposed.
This sensor uses giant magnetoresistance (GMR) elements which have symmetric field response. An ac magnetic field with frequency
f is applied to the GMR elements in order to modulate a small detecting magnetic field. Due to the symmetric response of the
MR element, a carrier signal of the ac magnetic field is converted to 2 f and the detecting signal is converted to f . By using a full
bridge circuit, where two pairs of GMR elements have opposite phase of the applied ac field, the 2 f components can be eliminated
at the differential output terminal of the bridge. Since this system converts the frequency range of the detecting magnetic field to
higher one, its noise level, which is dominated by the 1/ f noise, can be decreased. In this study, the SRMR sensor with the antiphase
ac modulation bridge was fabricated and investigated. The effect of noise reduction and carrier signal suppression were confirmed
by a circuit simulation based on the fabricated GMR element. A full-bridge circuit using four dual-spin-valve GMR elements was
fabricated. It was confirmed that the carrier signal (2 f components) was reduced to less than the signal level ( f components).
An increase in the noise level was found at the frequency range near f , which may be due to slight asymmetry shown in the
magnetoresistance (MR) response.

Index Terms— 1/ f noise, antiphase ac modulation bridge, magnetoresistance (MR) sensor, symmetric response MR (SRMR).

I. INTRODUCTION

H IGH-SENSITIVITY magnetic sensors have attracted
much attention for the detection of weak magnetic field

from the human body [1]. For such measurement, the super-
conducting quantum interference device (SQUID) is typically
used since it is the most sensitive instruments for measuring
magnetic fields. However, SQUID has high operating costs due
to the use of liquid helium for cooling. Recently, room tem-
perature (RT) magnetic sensors such as magneto-impedance
sensors and magnetoresistance (MR) sensors have been used
to detect weak magnetic fields. They have attracted much
attention not only as a biomagnetic field sensor but also as
an Internet of Things (IoTs) sensor for detecting the weak
magnetic field from defects in metal infrastructure or in Li-ion
batteries [2]–[14].

A key challenge for using these RT magnetic sensors is
reducing their noise. In particular, suppressing the influence
of huge 1/ f noise is important because the signal in the above
applications lies in the frequency range of less than 100 Hz.
Therefore, an array of many MR units or a long-time averaging
procedure is used for MR sensors for detecting magnetic fields
on the order of tens to hundreds of picoteslas [15]–[17].

An ac modulation of an MR sensor response using
an MEMS oscillating system was proposed for a solu-
tion to this problem. It converted the detecting signal
into the high-frequency region, where its noise level was
low [18], [19]. However, distinguishing the small signal from
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the huge carrier (oscillation) signal was difficult. It needed
large dynamic range in order to detect a small signal from the
output signal dominated by the carrier signal.

In order to resolve the signal distinguishing problem in
the ac modulation method, a high-sensitive MR sensor named
symmetric response MR (SRMR) is developed. It also uses ac
modulation of the response of MR elements, but the detected
signal and the ac carrier signal are converted to different
frequencies by employing MR elements with a response of
the even function. The signal can be distinguished from
the output signal by its frequency. Moreover, the influence
of the ac carrier signal can be reduced by using a unique
full-bridge circuit which uses MR elements with an antiphase
ac modulation system.

In this article, a concept of the SRMR sensor system
and the antiphase ac modulation bridge is explained. Basic
functionality of this method, that is, the reduction of the noise
level and the elimination of the carrier signal is investigated
by a circuit simulation. Experimental results based on the
fabricated sample using four dual-pinned type spin valve MR
elements are also demonstrated.

II. CONCEPT OF THE SRMR SENSOR WITH ANTIPHASE

AC MODULATION BRIDGE

Fig. 1 shows the basic concept of the SRMR sensor system.
A schematic of the giant MR (GMR) element is shown
in Fig. 1(a). A Cu ac line is placed on a line shape GMR
element to apply an ac (frequency: f ) magnetic field (Hac) to
the GMR element. Fig. 1(b) shows the magnetic field response
of the GMR element. Symmetric response with respect to Hac

is achieved by aligning the direction of the magnetization of
the free layer and pinned layer to the longitudinal axis.

Output signals from the GMR element are schematically
shown in Fig. 1(b). The response of Hac (Vac) has a frequency
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Fig. 1. (a) Schematic of SRMR sensor element. (b) Schematic of the output
signal (blue line). Signal by the ac field (Hac) is a green line. As indicated
by a red line, Hm pushes and pulls peaks of the green line by Vm. Therefore,
the f components of the output signal are Vm and that of 2 f components
is Vac.

of 2 f as indicated by a green line. When a small dc magnetic
field to be measured (Hm) is superimposed to Hac, the output
signal becomes asymmetrical as indicated by a blue line.
As indicated by a red line, Hm pushes and pulls peaks of the
green line by Vm. Therefore, the output signal is a mixture of f
components (Vm) and 2 f components (Vac). This relationship
is expressed by the following equation [20]–[22]:

Vout = Vac sin 2ωt + Vm sin ωt (1)

where Vac is the output of Hac and Vm is that of Hm, and ω
is the angular velocity (=2π f ). This indicates that f and 2 f
components of the output signal correspond to Hm and Hac,
respectively. Therefore, small Hm can be distinguished from
the huge Hac by its frequency. This scheme is kept for the
case when Hm is an ac magnetic field with frequency fm less
than f . The output signal appears at frequency of f ± fm.
In any case, the noise level of the detected signal coincides
with the noise level at around f . Since the noise of GMR
element is dominated by the 1/ f noise, the noise level at f is
smaller than that at fm. That is, the noise level can be reduced.

A circumferential dc magnetic field including a geomagnetic
field can be suppressed by applying a dc bias current to the
ac line. A zero-point detection system is also possible by
applying a negative feedback signal to the ac line. This feature
is effective for achieving a high-sensitive sensor with large
dynamic range.

The amplitude of the Hac need to be large enough to use
the highest sensitivity of the MR element. A magnetic field
where dR/dH of hysteresis loop becomes maximum will be a
typical amplitude of Hac. This makes the 2 f components in
the output signal large. Even though Hm can be distinguished
by the frequency, it is difficult to filter out the large 2 f com-
ponents. This situation may limit the effective amplification of
small Hm.

Fig. 2 shows a full-bridge circuit preferable to the proposed
concept of SRMR. All the GMR elements have the same
pin/free configuration. The ac current applied to one pair of
GMR units (GMR-A) have the opposite phase to that applied
to another GMR pair (GMR-B). That is, the phase of Hac

of GMR-A is opposite to that of GMR-B. In the output
signals from GMR-A and GMR-B (Output-A and Output-B),
the f components have opposite sign each other. Then, only

Fig. 2. (a) Basic concept of SRMR sensor system using the antiphase ac
modulation bridge configuration. (b) Schematic of the output signal of the
bridge. Output-A and Output-B are the signals from GMR-A and GMR-B,
respectively. Since the f components has opposite sign in Output-A and
Output-B, it remains at the differential output.

Fig. 3. SPICE simulation results of the input-referred output voltage spectral
density (Vout) as a function of frequency for the case of the half-bridge
which is equivalent to a single SRMR element. The sensitivity, Hooge-like
parameter (α), Hac, and Hm were set to 0.4%/mT, 2×10−12, 1 mT (30 kHz),
and 10 nT (1 kHz), respectively.

f components remain in the differentiated output signal.
The signal from Hm can be amplified with the highest gain of
the detecting system.

III. SIMULATION RESULTS

Fig. 3 shows Simulation Program with Integrated Circuit
Emphasis (SPICE) simulation results of the input-referred
output voltage spectral density (Vout) as a function of fre-
quency. MR curve fitted to the experimental result by using
a symmetric Gaussian function was used for this simulation.
The Hooge-like parameter α, which is related to the 1/ f noise
level, was defined 2 ×10−12 by the following power spectrum
density equation [23]:

Sv = α × V 2

f
(2)

where V is the voltage across the sample and f is the
frequency.

A case using a half-bridge circuit was simulated for Fig. 3.
The schematic of the bridge is indicated in the figure. This
half-bridge case is equivalent to a single SRMR element.
A condition with Hac = 1 mT (30 kHz) and Hm = 10 nT
(1 kHz) was simulated. The signal corresponds to Hm appears
as a sideband of the f components (30 ± 1 kHz). The signal
corresponds to Hac appears as large 2 f components (60 kHz).
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Fig. 4. SPICE simulation results for Vout as a function of frequency for an
SRMR sensor with antiphase ac modulation bridge.

Fig. 5. Schematic of the measurement system using SRMR sensors. Four
GMR sensors are connected in a bridge, and an ac magnetic field (Hac) is
applied to the bridge by applying the ac voltage to the ac line. The output
signal is input to the amplifier circuit and the analog data are recorded using
a spectrum analyzer.

Fig. 4 shows the result for the case of the full-bridge circuit.
The Hac signal at 60 kHz disappears. The amplitude of the f
components increases due to the full-bridge configuration. The
feature of the 2 f components reduction is confirmed. Small
signal from Hm can be detected and amplified without an
influence of huge Hac signal.

In general, when the signal at 100 Hz is detected at 100 kHz,
the noise level is expected to be decreased by 1/1000. It is
reported that a magnetic field concentrator can increase the
detected signal by more than 100 times [24]–[26]. With these
perspectives, the sensitivity of subpicotesla is possible by using
the SRMR sensor with the antiphase ac modulation bridge.

IV. EXPERIMENTAL RESULTS

SRMR sensor system with the antiphase ac modulation
bridge was fabricated and the basic properties were evaluated.

Fig. 5 shows the measurement system for the SRMR
bridge sample. Four GMR elements were connected to form a
full-bridge circuit. An ac magnetic field (Hac) was applied to
the GMR elements by applying an ac voltage to the ac line.
The output signal was connected to the amplifier circuit and
recorded using a spectrum analyzer.

Fig. 6(a) shows the layout of fabricated SRMR bridge sam-
ple. Fig. 6(b) shows plan-view scanning electron microscopy
(SEM) image of the sample. Fig. 6(c) shows cross-sectional

Fig. 6. (a) Schematic of fabricated SRMR sample and the film stack of
the GMR element. The GMR element was 1000-μm in length and 5-μm in
width. A meander-type ac line was placed on it via a 0.3 μm thick SiO2 layer.
(b) Plan-view SEM images of the SRMR system. (c) Cross-sectional image
of the GMR and ac line configuration.

SEM image of the GMR element along the short-axis direc-
tion. The impedance and current-to-field coefficient of the ac
line are 67 � and 0.07 mT/mA, respectively.

A dual spin-valve-type GMR element was fabricated on
a thermal oxide Si substrate with the structure of Si/SiO2

sub//NiFeCr (7)/IrMn (7)/CoFe (2)/Ru (0.9)/CoFe (2)/Cu
(3.4)/CoFe (3)/Cu (3.4)/CoFe (2)/Ru (0.9)/CoFe (2)/IrMn (7)
(where values in parenthesis are thickness in nanometers)
using an ultrahigh vacuum magnetron sputtering machine
at RT. The sample is then annealed at 260 ◦C for 1 h under
a magnetic field applied to the longitudinal direction of the
GMR elements. Dual-pinned type GMR element is superior
in the MR ratio without increasing the saturation field. Also,
magnetic field from the drive current is suppressed at the free
layer because the free layer is located around the current center
in the GMR film stacks. This feature is suitable for the high
sensitive magnetic sensor.

The shape of the GMR element was 1000-μm in length and
5-μm in width. Four GMR elements were arranged in parallel
and a meander-type ac line was placed on them via a 0.3 μm
thick SiO2 layer. This configuration makes the phase of the ac
field of GMR-A and GMR-B opposite to each other.

Fig. 7 shows the MR curve of the GMR element measured
by a dc magnetic field for the hard axis direction (width
direction). A low coercivity of less than 0.1 mT is obtained
even for the case of thin CoFe-free layer which coercivity of
the easy axis direction is about 0.5 mT. An interlayer coupling
field of 1.0 mT was confirmed by the MR curve for the easy
axis direction. This coupling field may stabilize the magnetic
domain in the free layer and result in the small coercivity.
The sensitivity was about 1.1%/mT at the highest slope of the
GMR response.
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Fig. 7. MR curve of the SRMR sensor as a function of the dc magnetic field
for the hard magnetization axis direction.

Fig. 8. Input-referred output voltage (Vout) of f components (solid circle)
and 2 f components (open circle) as a function of external dc magnetic field.
Vac and VGMR were set to 2 V at 10 kHz and 12 V, respectively.

Fig. 8 shows change in the f and 2 f components of the
output signal (Vout) as a function of a large external dc mag-
netic field. The applied ac voltage Vac and frequency f were
2 V and 10 kHz, respectively. This ac voltage corresponds to
the magnetic field of 1.37 mT at the free layer of the GMR.
DC voltage applied to the bridge VGMR, which is proportional
to the output, was 12 V and the output was 85 mV/mT.
As shown in Fig. 8, the f components change linearly with dc
magnetic field, while the 2 f components are constant. The f
signal becomes minimum at 0.15 mT. This field mainly comes
from the geomagnetic field and magnetic material around the
measurement apparatus. Unbalance in the MR properties of
the GMR elements in the bridge is also due to this offset
magnetic field. Thus, the basic functionality of the proposed
method is confirmed experimentally. Only the detecting signal
( f components) appears in the output signal.

Fig. 9 shows the experimental results of the noise measure-
ment. An input-referred output voltage spectral density Vout is
plotted as a function of frequency. The black line shows the
system noise where Vac = 0, VGMR = 0. The blue line and
the red line show the noise levels for Vac = 0.1 V (30 kHz),
VGMR = 12 V and Vac = 2 V (30 kHz), VGMR = 12 V,
respectively. In this case, no external dc magnetic field was
applied to the sample due to the restriction of the measurement
setup. DC voltage applied to the ac line was canceled by
the bridge. For this restriction, large f components appear

Fig. 9. Input-referred output voltage spectral density (Vout) as a function
of frequency. No dc magnetic field was applied to the sample due to the
restriction of the measurement setup. The black line shows the system noise
where Vac = 0, VGMR = 0, the red line shows the noise of the SRMR sensor
with Vac = 2 V (30 kHz), VGMR = 12 V, and the blue line shows the noise
of the SRMR sensor with Vac = 0.1 V (30 kHz), VGMR = 12 V.

in the noise spectrum due to a surrounding magnetic field
including a geomagnetic field, surrounding magnetic materials,
and unbalance in the GMR elements. Strong f components
result in the large 3 f components seen at 90 kHz since the
antiphase bridge cannot cancel the 3 f signal.

As shown in Fig. 9, the 2 f components are reduced
significantly. The feature of the antiphase ac modulation
bridge was confirmed. Compared with the simulation results
of Figs. 3 and 4, the 2 f components are not eliminated per-
fectly. The residue of the 2 f components is attributed to the
dispersion of the GMR property. Unbalance in the resistance
between GMR elements results in the insufficient canceling of
the 2 f components.

In Fig. 9, the noise spectrum with ac voltage shows almost
flat frequency dependence above 300 Hz. It seems that the
noise overlapped to a 1/ f noise seen at the negligible ac
voltage of the blue line. The origin of this noise is not clear.
A slight asymmetry in the MR response shown in Fig. 7 may
generate higher order components in the output signal and may
contribute to this noise.

V. CONCLUSION

A new high-sensitive GMR magnetic sensor system is
proposed. It can reduce the noise level by an ac modulation of
the GMR response and can detect small signal independent of
the carrier signal. The basic functionality of this system was
confirmed by a circuit simulation.

Proposed sensor system was fabricated using four dual-spin-
valve GMR elements. It also showed the basic functionality
of the system. The detecting signal was converted to higher
frequency and the carrier signal was reduced in the output
signal. However, an additional noise was observed. This is
attributed to the deviation in the MR properties.

Improvement of the MR properties will further increase the
sensitivity of this system. Assuming the potential of the noise
reduction and the combination of a magnetic field concentra-
tor, a perspective of the sensitivity less than picotesla might be
possible. At this sensitivity, a detection of biomagnetic field
could be possible.
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