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Abstract: Magnetic tunnel junction (MTJ]) sensors have been one of the excellent candidates for
magnetic field detection due to their high sensitivity and compact size. In this paper, we design a
magnetometer with in situ magnetic feedback consisting of an MT] sensor. To analyze and evaluate
the detectivity of the MT] magnetometer, a noise model of the MTJ sensor in the magnetometer
without magnetic feedback is first developed. Then, the noise model of the MT] magnetometer
with in situ magnetic feedback is also established, including the noises of the MT] sensor and the
signal conditioning circuit, as well as the feedback circuit. The equivalent noise model of the MTJ
magnetometer with in situ magnetic feedback is evaluated through nonlinear fitting for the noise
voltage spectrum. Although the noise generated by the MT] sensor is much greater than that of the
signal conditioning circuit, the noise introduced by the feedback coils into the MT]J sensor is slightly
more than twice that generated by the MT]J sensor itself. The measurement results show that the
detectivity of the MT] magnetometer with in situ magnetic feedback reaches 526 pT/Hz!/? at 10 Hz.
The equivalent noise analysis method presented in this paper is suitable for the detectivity analysis
of magnetometers with magnetic feedback.

Keywords: MT]J; magnetometer; noise model; magnetic feedback

1. Introduction

The magnetic tunnel junction (MT]) sensor has been shown to have the ability to
sense magnetic fields at levels as low as tens of pT and have been broadly applied in many
important areas such as geomagnetic detection, magnetic anomaly detection, and naviga-
tion [1-9]. Usually, an MT]J sensor is combined with a voltage amplifier (VA), feedback
circuit, and analog-to-digital converters (ADCs) to form a closed-loop magnetometer as
a way to increase the measurement range of the MT] sensor and improve the linearity of
the system [10-14]. Andrea et al. constructed a closed-loop system employing an instru-
mentation amplifier (INA), integrator, and power amplifier (PA) to address the effects of
the hysteresis, nonlinearity, and operating temperature of magnetoresistive sensors on
measurement uncertainty.

For the detection of ultra-low magnetic fields, the noise of the closed-loop magnetome-
ter is vital for the detectivity of the system. Currently, noise research has mainly focused
on the noise analysis of the MT]J sensor itself [1,2,15-23]. Paulo et al. summarized the
noise generation mechanism in the MT] sensor and the application of the MTJ sensor in
weak magnetic field detection [2]. Naganuma et al. fabricated MTJs with a composite free
layer and measured the field and temperature dependences of the low-frequency noise to
understand the origin of noise [19]. Zhang et al. proposed an equivalent noise model to
deal with the deviation between the output noise of the MT]J sensor and its intrinsic noise
by considering both the noise sources and the corresponding noise transfer functions [18].
However, less work is reported on the noise analysis of the signal conditioning circuit [24].
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It is critical to determine all of the noise sources of the MT] magnetometer to obtain a
higher detectivity. Gao et al. studied the equivalent noise of an MT] magnetometer, while it
adopted an open-loop structure and could only be applied to a small range of magnetic
fields. In addition, this work did not give the noise spectra under different bias magnetic
fields, which was also important for the noise analysis [24]. Du et al. designed planar
spiral coils to compensate for the bias magnetic fields at the MT]J sensing element in order
to maintain the actual magnetic field detected by the MT] sensing element constant. The
system was essentially an open-loop structure, and the compensating magnetic field could
not adaptively change according to the bias magnetic field. The effect of each noise source
in the signal conditioning circuit on the detectivity of the system was not analyzed in their
paper [25].

In this paper, an MT] magnetometer with in situ magnetic feedback is designed and
fabricated, and an equivalent noise model is established by considering all the noise sources
including the MT] sensor, the signal conditioning circuit, and the feedback circuit. Through
modeling and analysis, the maximum noise source is determined, and the detectivity of
this magnetometer is predicted. The research results indicate that the noise introduced
by the feedback coils into the MT] sensor in the low-frequency regime is higher than the
noise of the MTJ sensor itself. Therefore, the design of the feedback circuit is key to further
improving the detectivity of the magnetometer, which provides an important theoretical
and experimental basis for the design and optimization of the closed-loop magnetometer
in future work.

2. Design of MT] Magnetometer with In Situ Magnetic Feedback
2.1. Magnetic Field Sensing Element

The magnetometer adopts an MTJ sensor as the magnetic field sensing element. The
MT]J sensor has a Wheatstone bridge configuration with a resistance of 44.7 k() at room
temperature (290 K). Each bridge arm consists of 160 MT]s connected in series. The structure
of the MT]Js is Ta/Ru/PtMn/CoFe/Ru/CoFeB/MgO/CoFeB/NiFe/Ta, and the area of a
single MT]J is about 120 um?. The MTJ sensor is available in the SOP8 package.

To characterize the sensitivity, the MT] sensor is placed at the center of the Helmholtz
coils, and a linear regulator (LR) is used to provide a bias voltage of 1 V to the MT] sensor,
as shown in Figure 1. The transfer curve of the MT] sensor can be obtained by sweeping the
magnetic field with a computer-controlled DC source to vary the current in the Helmholtz
coils. The current-to-magnetic field conversion ratio of the Helmholtz coils is 2.05 Oe/
100 mA at the MTJ sensor, as measured by a gaussmeter. A digital multimeter (DMM) is
used to capture the differential output of the MTJ sensor, and it also communicates with a
laptop computer in which the data can be analyzed.

Helmholtz Coils

LR
(LT3045)

Ry

g DC Current Source _é
= (field drive) =

Figure 1. Transfer curve measurement system.
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Figure 2 shows the output and sensitivity of the MT] sensor as black and red curves,
respectively. The MT] sensor has a sensitivity s; of 115 mV/V/QOe in the linear operating
field range of —0.5 Oe to +0.5 Oe.
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Figure 2. Output and sensitivity of the MT] sensor.

2.2. Design of Signal Conditioning Circuit and Feedback Circuit
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The signal conditioning circuit consists of a linear regulator (LR), two RC low-pass
filters, an INA, and a voltage follower (VF). The RC low-pass filters are set at the differential
output of the MT]J sensor to eliminate the effect of noise above 10 kHz in the magnetometer
to avoid system oscillation. The INA is used to read and amplify the differential output
voltage signal of the MT] sensor. To increase the measurement range of the MTJ sensor and
improve the linearity of the system, a feedback circuit is provided at the output end of the
INA, including a PA and feedback coils. The VF is used as a voltage follower for isolation
between the INA and the PA. The voltage gain of the PA is set to 1. The schematic diagram
of the MTJ] magnetometer with in situ magnetic feedback is shown in Figure 3. V41 stands

for the MT] sensor output, and Vo, stands for the INA output.
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Figure 3. Schematic diagram of the MT] magnetometer with in situ magnetic feedback.
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Figure 4 shows the basic block diagram of the magnetic feedback principle. B. and B¢
denote the external and feedback magnetic fields, respectively.

MTJ
sensor
Feedback

Coils

Figure 4. Basic block diagram of the magnetic feedback principle.

In this case, the total magnetic field Byt measured by the MT] sensor is (Be — By). The
output Vo, of the INA will be sy X G x (Be — By), where G is the gain factor of the INA.

The feedback coils consist of two 5-turn planar spiral coils connected in reverse series
to enhance the feedback magnetic field. The width and thickness of each turn in the
feedback coils are 0.4 mm and 0.07 mm, respectively. The gap between two adjacent
turns of the planar spiral coil is 0.17 mm. The central void in the planar spiral coil is
10 mm x 2 mm. Therefore, the overall size of the feedback coils is 15.36 mm x 14.89 mm.
The feedback coils and the MTJ sensor are placed as shown in Figure 5. The sensitive axis
of the MT] sensor is perpendicular to the long side of the feedback coils. The current in
the feedback coils has a magnetic field conversion ratio 7y of 6.22 Oe/A at the MT]J sensor
through finite element simulation and actual measurement. The feedback coils and the
MT] sensor are connected to the signal conditioning circuit through a detachable flexible
printed circuit (FPC) board.

coil 1 — <—¢oil 2

MTJ sensor

<)

Figure 5. Schematic of the planar spiral feedback coils and MT] sensor (arrow shows the sensing
direction).

The outputs of the MTJ sensor and the INA in the magnetometer are both measured
by varying the external magnetic field from —8 Oe to +8 Oe, as shown in Figure 6.
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Figure 6. Outputs of the magnetometer.

As seen from the curves, both V11 and Vg, exhibit an excellent linear relation-
ship with the external magnetic field signal in the range of £8 Oe. Through calcula-
tion, the magnetometer with in situ magnetic feedback has a voltage conversion ratio of
0.68 mV/V/Oe at the MT]J sensor (the bias voltage of the MT]J sensor is 1 V). Compared
with the curves in Figure 2, the linear operating field range of the MT] sensor extends from
£0.5 Oe to 8 Oe, about 15 times higher, demonstrating that the measurement range of the
closed-loop magnetometer has been greatly increased. Furthermore, the feedback magnetic
field can compensate for 99.409% of the external magnetic field at the MTJ sensor.

3. Noise Measurement Setup

As shown in Figure 7, the noise measurement system is built using a high-precision
dynamic signal acquisition (DSA) card and a low-noise preamplifier (LNP) [26-28]. The
magnetometer, Helmholtz coils, and LNP are placed in a magnetic shielding chamber for
shielding environmental magnetic fields. After demagnetization, the remanence inside
the magnetic shielding chamber is less than 1 nT. To reduce the noise introduced by a
power supply, the LNP is powered by a lead-acid battery. The noises in V11 and Voo are
collected for different external magnetic fields and compared.

Lead-acid Battery

A

N Signal Conditioning Circuit and Feedback Circuit

/

Helmholtz Coils Magnetic Shielding Chamber

AGIEENTB2962A——

E DC Current Source
(field drive)

=0

Figure 7. Illustration of the noise measurement setup.
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The noise signals generated by the magnetometer are amplified by the LNP with a
gain of 40 dB and further sampled by the high-precision DSA card with a sample rate
of 400 kHz. The noise voltage spectral density (VSD) is calculated using the fast Fourier
transform (FFT) method.

The noise measurement system is calibrated with a commercial metal film resistor
whose resistance is 4.73 k(}, and the precision of the system is about 2% [26].

4. Results and Discussion
4.1. MT] Sensor Noise Model and Measurement

The noise power at the output of the MT] sensor is equal to the noise in one bridge
arm when the four arms of the Wheatstone bridge have equivalent noise sources [1,20]. The
noise of the MTJ sensor consists of thermal-electronic noise, shot noise, thermal-magnetic
noise, electronic 1/f noise, and magnetic 1/f noise [1,2,17,20,21,26].

Thermal-electronic noise, also known as Johnson-Nyquist noise, is caused by the
random thermal motion of carriers near the Fermi surface affected by temperature [17].
The general expression for this noise power spectral density (PSD) is

Sm;rr]m—elec = 4k BTRMT] (1)
where kg is the Boltzmann constant, T is the absolute temperature, and Ryyty is the resistance
of a single bridge arm in the Wheatstone bridge. The thermal-electronic noise is only related
to the resistance value and the ambient temperature. Shot noise arises in discontinuities in
the conduction medium as a consequence of the discrete nature of the electrical charge and
is described by the following expression [1,20].

2
MT] 2qIny RMT] @)
shot N

where g is the electron electrical charge, Ity is the current flowing through each MT]
element, and N is the number of MT] elements in a single bridge arm. Since the thermal-
electronic noise and shot noise are intertwined in tunnel junctions, it is commonly expressed
as a combination of the two noises [1,17,20]. A general expression for thermal-shot noise is
given as
SMT] _ 2‘ﬂMT]RlZ\/ITJ coth (ﬂlV]>
therm-shot N 2kgT

®)

where Vj is the voltage drop across each MT] element. When the bias voltage is low,
qVy < kT, expression (3) is equivalent to thermal-electronic noise. On the other hand, at
high bias voltage or low temperature, gV > kgT, expression (3) approaches shot noise.

Thermal-magnetic noise is mainly caused by magnetization fluctuations due to the
magnetic field and thermal excitation. Egelhoff et al. [20] proposed a method for calculating
the field PSD of thermal-magnetic noise by employing the Gilbert damping parameter and
Gyromagnetic ratio. The field PSD is given by

4kgTugn
MTJ _ kBl polg
Stherm-mag - NQ’)/ M, (4)

where 11 is the permeability of free space, ag is the Gilbert damping parameter, () is the
volume of the free magnetosphere, 7 is the gyromagnetic ratio of electrons, and M; is the
saturation magnetization of the free layer.

The electronic 1/f noise occurs as soon as a current is applied to the MTJ sensor.
Charge trapping in the barrier or near the layer interface is the source of the electronic 1/f
noise [1,17,20]. It is typically written as

2 2
GMTJ  electIyrry Rivyry 5
elect—1/f — Af ( )
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where et is the electronic 1/f Hooge parameter, A is the total area of MT] elements in a
single bridge arm, and f is the frequency.

The magnetic 1/f noise originates from the magnetization hopping between the
metastable ripple states [1,20,21]. The field PSD is given by

2Bga e
MT]J o satlmag
Smag—l/f - NQf (6)

where Bs,t is the saturation magnetic induction and amag is the magnetic 1 /f Hooge
parameter. Both thermal-magnetic noise and magnetic 1/f noise are magnetically derived
noise. However, the significant difference between these two noises is that the latter is
frequency-dependent. Thermal-magnetic noise and thermal-shot noise are frequency-
independent and can be considered as white noise.

Since the thermal-shot noise, thermal-magnetic noise, electronic 1/f noise, and mag-
netic 1/f noise are incoherent, the total noise power is the superposition of all the uncorre-
lated noise sources mentioned above [1,2,20,21,26]. The noise power spectral density (unit
of V2 /Hz) of the MT]J sensor is described as

2
MT] _ oMTJ] MT] dv MT] MT]
SV - Stherm—shot + Selec’tfl/f + (@) X (Stherm—mag + Smagfl/f)

- o () + =+ (4)" (M + i)
where dV/dB is the sensitivity of the MT] sensor.

During noise measurement, the output signal of the MT] sensor is transmitted to the
LNP. When the external magnetic field is zero, the measured noise voltage spectrum of
the MT]J sensor without in situ magnetic feedback exhibits a distinct 1/f characteristic, as
shown in Figure 8. This is because 1/f noise is dominant in the low-frequency regime [21].

Similar phenomena have been reported by other researchers on noise measurements of
MT] sensors [15,16,26,28].

@)

107 ——

1111

._.
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(=2}

Noise VSD (V/Hz'?)
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10*8 L sl L NS S R A | L P S S R
1 10 100 1000
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Figure 8. Measured noise voltage spectrum of MTJ sensor without in situ magnetic feedback at H = 0 Oe.
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4.2. Magnetometer Noise Model and Measurement

Figure 9 gives an illustrative diagram of the equivalent noise model of the MT]
magnetometer with in situ magnetic feedback. The total noise mainly includes the noise
emty from the MTJ sensor, the noise from the signal conditioning circuit, as well as the
noise introduced by the feedback coils. The LR generates output voltage noise exorr. The
resistor in the signal conditioning circuit generates thermal noise eg and erg. The INA
generates input voltage noise eNy; and current noise in. The VF generates input voltage
noise enyp. The PA generates input voltage noise enys. epy is the feedback noise transferred
from all noise sources to the MT] sensor through the feedback coils.

€NOLR
® i LR |
cl
R

T T

II}?
Feedback Coils

Figure 9. Noise sources in the magnetometer.

To express the referred to input (RTI) noise voltage spectral density of each noise
source in Figure 9, the transfer function of the RC low-pass filter needs to be calculated first.
The transfer function can be expressed as

1

H(s)= —
() = T7%re

®)
where R and C are the resistance and capacitance used in the low-pass filter, respectively, R
is 1 k), Cis 15 nF, and s is the complex frequency.
The gain factor (G) of the INA can be obtained directly from its datasheet as follows.
6 kO

where Rg is the resistance of the resistor used for gain selection. In this magnetometer, Rg
is set to 43 () and G is 140.5.

According to Equations (2) and (3), the RTI noise VSD for all devices is summarized
in Table 1.

Table 1. The RTI noise VSD for all noise sources.

. ) RTI Noise VSD
Noise Source Noise Type (V/Hz'2)
thermal-shot noise
MT]J sensor thermal-magnetic noise emTyJ

1/f noise
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Table 1. Cont.

Noise Source Noise Type RTI(‘I;I/;E?,X SD
LR (LT3045) output voltage noise—eNOLR ENOLR
Low-pass filter thermal noise—egr V4kgTR
ENI1

input voltage noise—eny;

[H(s)l

current noise—in DI s
(INAS49)
thermal noise—egrg ‘ﬂ‘gﬁc
VF . : ENI2
(ADA4075-2) input voltage noise—eny ) <G
PA . .
(OPA549) input voltage noise—enys ‘Hél)“ﬁ
Feedback Noise magnetic noise—epN eEN

where Z1 = Ry X Ryvis/ (Rv2 + Rwvs) + R, Z2 = Rvin X Rvig/ (Rvin + Rv) + R.

The feedback noise epy is correlated with the noise generated by each device in the signal
conditioning circuit and feedback circuit, so epn can be expressed by the following equation:

\/2 x (er X [H(s)| x G)* + (erc x G)* + (exn % G)* + (exr2)” + (ens)’
eEN = C X X 11 X S1 (10)
Z3
where ¢ is the correlation coefficient between egy and the noises of devices, and Z3 is the
load impedance of PA, which is 0.6 Q).

The noise characteristics of the integrated circuit (IC) devices in the signal condi-
tioning circuit and the feedback circuit are listed in Table 2, which are cited from their
datasheets. eny denotes input voltage noise, eno denotes output voltage noise, and in
denotes current noise.

Table 2. Noise characteristics of the IC devices at 10 Hz.

Device (nV‘/elliIzm) (nVe/IEI(;l/ 2) (fA/?IVzll 2)

LT3045 70

TNA849 3 3
ADA4075-2 3.5

OPA549 120

Taking the frequency of 10 Hz as an example, | H (S) | is approximately 1. Based on
Figure 7 and Table 2, the referred to input noise VSD of each noise source can be calculated,
as shown in Table 3.

Table 3. The calculated RTI noise VSD of each noise source.

Calculated RTI Noise VSD

Noise Source Noise Type (nV/Hz!2)
thermal-shot noise
MT]J sensor thermal-magnetic noise 224

1/f noise
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Table 3. Cont.

Noise Source

Noise Type

Calculated RTI Noise VSD

(nV/Hz!2)

LR(LT3045) output voltage noise—eNoLR 70
Low pass filter thermal noise—eg 4
input voltage noise—enr; 3

INA current noise—i 0.08

(INA849) N :

thermal noise—eRg 0.8

VE input voltage noise—ent2 0.02

(ADA4075-2)

It can be seen that the eyry is 224 nV/ Hz/2, which is much greater than those of other

devices in Table 3.

The noise in the differential output of the MTJ sensor in the magnetometer with in
situ magnetic feedback is collected under different external magnetic fields, as shown

in Figure 10.

1073 ———rry ——rr
r —— 0 Oe (MT]J sensor-out, with in situ magnetic feedback)|
- —@— 8 Oe (MT]J sensor-out, with in situ magnetic feedback)|
I 5 Oe (MT]J sensor-out, with in situ magnetic feedback)| 1
I —V¥— 4 Oe (MT]J sensor-out, with in situ magnetic feedback)| 1
L —&— 3 Oe (MT]J sensor-out, with in situ magnetic feedback)| |
2 Oe (MT]J sensor-out, with in situ magnetic feedback)

oo 10 6 —p— 1 Oe (MT]J sensor-out, with in situ magnetic feedback)

= F

=R

> L

— L

@) L

5]

> L

]

2

S 107 F

10*8 " " I R A | " " I R | " PR T T 1
1 10 100
Frequency (Hz)

Figure 10. Noise spectrum comparison of the magnetometer with in situ magnetic feedback under
different external magnetic fields.

As seen from the curves in Figure 10, the noise in the differential output of the MT]
sensor in the magnetometer with in situ magnetic feedback is almost the same for different

external magnetic fields.

The noise voltage spectra of the magnetometer under zero magnetic field are given
in Figure 11 and are fitted nonlinearly to obtain the low-frequency noise model. It shows
that the noise of the MTJ sensor in the magnetometer with in situ magnetic feedback is
obviously higher than the noise of the MTJ sensor in the magnetometer without in situ

magnetic feedback.
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1075 ————— —————ry
[ —®— 0 Oe (MT]J sensor-out, without in situ magnetic feedback)| ]
— Fitting Curve 1
—— 0 Oe (MTIJ sensor-out, with in situ magnetic feedback)
Fitting Curve 2
—— 0 Oe (INA-out, with in situ magnetic feedback)
— Fitting Curve 3
&0
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o>
>
N—
[
n
>
)
.4
2 107}
1078 . ol . | . N
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Figure 11. Noise spectra of the magnetometer with and without in situ magnetic feedback at H = 0 Oe.

The fitting relationships are 7.0794 X 1077/ f0‘5008, 1.5948 x 107%/ f0‘4983, and
1.9122 x 10~%/ f 05006 for curve 1, curve 2, and curve 3, respectively, so the feedback noise
erN is given as follows:

_ 1.5948 x 106\ 2 (70794 x 10-7 2
€EN = F04983 05008
14.29 x 10~7

f0.5

Q

The epy is a little more than twice as large as the eyrj, which indicates that the noise
introduced into the MT] sensor through the feedback coils is the dominant noise source in
the magnetometer with in situ magnetic feedback. Furthermore, the correlation coefficient
c in Equation (10) can be calculated to be 0.418.

Dividing the measured noise voltage spectrum by the sensitivity of the MT]J sensor
yields the detectivity, i.e., the lowest detectable magnetic field. The detectivity of the MT]J
magnetometer with in situ magnetic feedback reaches 526 pT/Hz!/? at a frequency of
10 Hz, as shown in Figure 12.

T T T T
L
107 | 4
‘E" ]
H
S
2
2
E .
5]
A o \l\
10 - .\.\. .
]
[}
|
1 1
1 10 100 1000

Frequency (Hz)

Figure 12. Detectivity vs. frequency for the magnetometer with in situ magnetic feedback at H = 0 Oe.
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As can be seen from Figures 9-11, the noise of the MT] magnetometer with in situ
magnetic feedback is essentially stable, which is convenient for predicting the detectivity
of the magnetometer under different external magnetic fields.

5. Conclusions

In this work, an equivalent noise analysis and modeling method for the MT] magne-
tometer with in situ magnetic feedback is presented. Through nonlinear fitting of the noise
voltage spectra for the differential output of the MT] sensor and the output of the INA, it is
shown that the noise of the MT] magnetometer with in situ magnetic feedback exhibits a
distinct 1/f characteristic. Among the devices of the magnetometer, the MTJ sensor is the
largest noise source. More critically, the noise introduced through the planar spiral feedback
coils is twice that of the MTJ sensor. Our results show that although the in situ magnetic
feedback in the MT] magnetometer could improve the characteristics of measurement
range and linearity, but also introduce more noise and deteriorate the detectivity of the
magnetometer, the design and optimization of the feedback circuit will therefore be key to
improving the detectivity of magnetometers with in situ magnetic feedback in the future.
For example, the gain of the instrumentation amplifier and the current-to-magnetic field
conversion ratio of the feedback coils are critical factors that affect the feedback noise. More
research efforts should focus on those two points.
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