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Equivalent Magnetic Noise Analysis for a
Tunneling Magnetoresistive Magnetometer

Junqi Gao , Jiazeng Wang, Ying Shen, Member, IEEE, Zekun Jiang, Yu Huang, and Qiang Yu

Abstract— Tunneling magnetoresistive (TMR) magnetic
sensors are broadly applied in various fields. However,
to further improve the limit of detection (LOD), it is highly
desirable to realize and calculate the noise limits of such
sensor systems. Thus, techniques for noise elimination
can be developed. In this paper, we propose an equivalent
magnetic noise model to describe the LOD of a TMR magne-
tometer by considering intrinsic noise sources in the TMR
sensing element and readout electronics. According to the
model, the contribution of each noise source can be directly
obtained. Therefore, the LOD of the magnetometer can be
established theoretically. Moreover, the predicted detectiv-
ity of 390 pT/

√
Hz is also demonstrated by the experimental

results. The model is applicable to all kinds of TMR sensors
with a “Wheatstone bridge” configuration.

Index Terms— TMR, readout electronics, noise model,
LOD.

I. INTRODUCTION

H IGH performance magnetometers are widely used in the
area of weak magnetic field detection, such as magnetic

anomaly detection (MAD) and biomedical imaging [1], [2].
Generally, the sensitivities of such magnetometers are in the
range of fT to a few pT [3], such as those of superconducting
quantum interference devices (SQUIDs), optically pumped
magnetometers, search coils and fluxgates [4]. However, there
are some drawbacks to these high-end magnetometers. For
example, SQUIDs require extremely low operational tempera-
tures [5], fluxgates have magnetic hysteresis and offset values
under zero field [6], and optically pumped magnetometers
consume considerable power [7].
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Benefiting from the compact size, low cost and high power
efficiency, MEMS magnetometers offer alternative solutions
for various magnetic sensing applications [8]–[12], such as
Hall sensors, magnetoresistance (MR) sensors and magneto-
electric (ME) sensors. Unfortunately, limited by the intrinsic
noise, the LODs of available MEMS magnetometers are
not suitable for weak magnetic field detection. Thus, recent
investigations have focused on the design and optimization
of MEMS sensors to enhance the magnetic field detectiv-
ity [13]–[15]. Among these solutions, a TMR magnetometer
is perhaps one of the best candidates for ultralow magnetic
field sensing [16], [17], which has been proved to have the
capability of sensing magnetic fields down to the hundreds
of pT level [2], [18]. To further enhance the detectivity, it is
quite important to determine the noise sources of the TMR
magnetometer. However, previous reports have mainly focused
on the noise mechanism of magnetic tunneling junctions
(MTJs) [19], [20]. Since they do not consider the noise of
readout electronics, such works cannot be used to predict the
LOD of TMR magnetometers directly.

In this paper, we establish an equivalent magnetic noise
model to estimate the LOD of a TMR magnetometer, which
deduces the noise sources in the TMR sensing element and
readout circuit. More importantly, the most significant noise
source of the device can be obtained directly. The predicted
LOD shows agreement with the experimental results. Accord-
ingly, noise elimination technology can be implemented to
optimize the performance of TMR magnetometers in the
future.

II. TMR MAGNETOMETER DESIGN

A. TMR Sensing Element
An MTJ multilayer was prepared by a multisource mag-

netron sputtering system with a base vacuum of 2×10−8 torr.
In detail, the bottom electrode was fabricated by depositing Ta
and Ru multilayers on a Si/SiO2 substrate. An antiferromag-
netic layer of IrMn was then formed to pin a CoFe layer. Then,
a CoFeB layer was antiferromagnetically coupled to CoFe via
a thin Ru layer. After that, a MgO barrier layer, a CoFeB free
layer and a top electrode were deposited sequentially. The MTJ
stacking structure is shown in Fig. 1 (a): thicknesses (in unit
of Å) of the critical layers are marked.

The TMR sensing element was then fabricated by integrat-
ing hundreds of such MTJs to obtain a “Wheatstone bridge”
configuration. To generate a differential output, the magne-
tization directions were varied between the arrays of MTJs,
as shown in Fig. 1 (b). An image of the fabricated TMR
sensing element and functional pads are indicated in Fig. 1 (c):
such functional pads are eventually connected to four pins of
an electronic package through wire bonding technique.
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Fig. 1. (a) Schematic of the MTJ stacking; (b) electronic connection of
the TMR sensing element; and (c) image of the TMR sensing element.

Fig. 2. Output signal of the TMR sensing element as a function of the
magnetic field.

After processing, the sensitivity of the TMR sensing element
was first characterized. During the measurement, the TMR
sensing element was placed inside H-coils with a bias voltage
of 1 V. The output signal of the TMR sensing element was
then measured by changing the external DC magnetic field
from −3 to 3 Oe. From Fig. 2, it can be seen that the sensing
element exhibits great linearity in this field range, and the
value of the sensitivity is determined to be 280 mV/V/Oe.

B. Readout Circuit Design
To capture the differential output generated by the TMR

sensing element, classic instrumentation amplifier circuits
were implemented to serve as readout electronics. Specifically,
the circuit was designed to have a 4th-order low pass filter to
eliminate the influence of noise above 10 Hz. Fig. 3 presents
the simulated and measured transfer functions of the readout
circuit, which show a uniform gain factor in a frequency range
of 0.8 Hz to 10 Hz. The following section discusses the noise
sources of this unit.

III. RESULTS AND DISCUSSIONS

A. Noise Model for the TMR Sensing Element
To fully understand and estimate the TMR magnetometer

noise level, a model for the TMR sensing element needs to
be established first. To characterize the noise spectral density,
the TMR sensing element was placed inside a magnetically
shielded chamber to eliminate the interference from external
magnetic fields. Then, the intrinsic voltage noise spectral den-
sity (SD) was captured by a dynamic signal analyzer (SR785,
US). During the test, the TMR sensing element was powered
by 5 volts, and the noise spectral density was measured with
50 times averaging. Moreover, the frequency spans were set
as 100 Hz and 12.8 kHz separately, to obtain finer resolution
over the frequency range of 0.8 Hz to 10 kHz.

From Fig. 4, it can be seen that the TMR sensing element
shows 1/ f -type noise in this frequency range. The results

Fig. 3. Simulated and measured transfer functions of the circuit.

Fig. 4. Voltage noise SD of the TMR sensing element.

Fig. 5. Equivalent circuit noise model of the TMR magnetometer.

indicate that the noise is dominated by magnetic 1/ f noise
originating from magnetic domain fluctuations and electric 1/ f
noise originating from resistance fluctuations [21].

To describe the noise, a fitting curve modeled by employing
the equation N = A/ f B was used [22], where N is the fitting
noise spectrum, A is the noise density index at a frequency of
1 Hz, f is the frequency and B is the frequency index referring
to the noise attenuation rate with increasing frequency.

By fitting the measured curve, the A index is determined to
be 5.8 × 10−6. This suggests that the noise SD of the TMR
sensing element at 1 Hz is 5.8 μV/

√
Hz, and the frequency

index B is found to be 0.497.

B. Equivalent Circuit Noise Model
After investigating the noise characteristics of the TMR

sensing element, the complete equivalent circuit noise model
was established. It includes the TMR sensing element and
readout electronics, as shown in Fig. 5. For the TMR part, the
noise is described by a voltage source etmr, and the thermal
noise from the resistors, the current and the voltage noise from
the op-amps are considered in the readout electronics.

To calculate the PSD for each noise source, the transfer
functions of the circuit in units of V/V need to be determined

Authorized licensed use limited to: Harbin Engineering Univ Library. Downloaded on November 24,2020 at 07:43:17 UTC from IEEE Xplore.  Restrictions apply. 



1402 IEEE ELECTRON DEVICE LETTERS, VOL. 41, NO. 9, SEPTEMBER 2020

TABLE I
VOLTAGE NOISE SD OF VARIOUS SOURCES

TABLE II
NOISE CHARACTERISTICS OF AD8422 AND LMC 6442

first, including those of the RC high pass filter, instrumentation
amplifier and bandpass filter. For the RC high pass filter,
the function can be expressed as:

H1(s) = s R1(R2)C1(C2)

1 + s R1(R2)C1(C2)
(1)

where R1(R2) and C1(C2) are the resistor and capacitor used
in the high pass filter part, respectively, and s is a complex
frequency.

Following the high pass filter, an AD8422 IC is used to serve
as an INA that can amplify the differential signal induced by
the TMR sensor. The gain factor (G) can be directly obtained
from its datasheet:

G = 19.8k�

RG
+ 1 (2)

where RG is the resistor used for gain selection.
Finally, a bandpass filter is implemented. The transfer

function can be written as:
H2(s) = − R4

R3

R4C4s

R3C3s + 1

1

R4C4s + 1
(3)

After obtaining the transfer functions, the referred-to-input
(RTI) noise for all sources is summarized in Table I.

Where kb is the Boltzmann constant, T is the absolute
temperature, and en = (en,1Hz − en,1k Hz)/ f + en,1k Hz .

The detailed electronic properties of the op-amps are listed
in Table II.

According to the theoretical expressions, the voltage noise
SD of all sources can be calculated, as shown in Fig. 6 (a).

Fig. 6. (a) Simulation of voltage noise SD for various noise sources;
(b) estimated and measured magnetic field detectivity of the TMR
magnetometer.

Clearly, the most significant contribution to the total noise of
this magnetometer is from the TMR sensing element in the
frequency range of < 100 Hz; however, the thermal noise from
R1 and R2 would become dominant sources above 100 Hz.

To evaluate the estimated results, the intrinsic noise of the
TMR magnetometer was characterized by using the same
setup as mentioned above. The voltage noise SD of the
TMR magnetometer was directly captured by the DSA in the
frequency range of < 100 Hz, in units of V/

√
Hz. To obtain

the detectivity in units of T/
√

Hz, the following equation was
used:
Detectivi ty(T

/√
H z)

= V oltageNoiseSD(V/√
H z) × 10−4

Sensi tivi ty(mV
/

V
/

Oe) × Vbias(V )
(4)

The detectivity of the TMR magnetometer after conversion
is shown in Fig. 6 (b). One can see that the proposed model
can estimate the noise behavior of the TMR magnetometer
precisely over the frequency range of 0.8 to 10 Hz. The detec-
tivity of this magnetometer is determined to be 400 pT

√
Hz

at 1 Hz theoretically and experimentally.

IV. CONCLUSION

In summary, a noise model is proposed to analyze the
noise sources of a TMR magnetometer, which has been
demonstrated to have the capability of predicting the LOD of
the TMR magnetometer accurately based on the experimental
results. More importantly, the model can simulate the most
significant noise sources, including the TMR sensing element
and readout electronics. From the simulation, it is noted
that the readout electronics may also limit the detectivity of
the device. Therefore, more works should be performed to
eliminate the low frequency noise of TMR magnetometers in
the future.
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