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Abstract—This paper presents a novel low-noise and highprecision readout circuit for tunnelling magnetoresistive (TMR)
array to evaluate the suitability of biomagnetic measurement
platform for detection of weak biomagnetic fields. We propose
a three operational-amplifier architecture with a high input
impedance and an adjustable gain for the fabricated TMR
sensor that is highly miniaturized and can be operated at room
temperature. The proposed system was designed using standard
0.18 µm CMOS technology and achieved a good performance
with regard to gain, linearity, power consumption, and noise by
employing a chopper stabilization technique and common mode
feedback. The gain can reach 80 dB through adjusting two 5-bit
programmable resistors and the input-referred noise voltage
only has 44.6 nV/√Hz with 10 nA input bias over a wide range
of frequency. Moreover, the whole readout dissipates 58 µW of
power with a 1.8 V supply voltage. Benefiting from the CMOS
compatibility of the TMR sensor, it offers monolithic integration
directly on a silicon substrate as a TMR-on-chip sensing system.
This will enable a new scientific and engineering paradigm to
revitalize the biomagnetism field as an alternative way to
understand the underlying mechanism of the human body.
Keywords—Analog front-end, Biomagnetic Sensor, TunnelMagnetoresistance Effect, Low Noise, Biosignal.

I. INTRODUCTION
With the rapid progress of micro- and nano-technology,
non-invasive assessment of biomagnetism has been a reliable
and robust approach and its applications have been extended
from clinical diagnoses to human-computer-interaction [1].
Detecting weak biomagnetic fields derived from human active
organs and tissues, mainly including Magnetocardiography
(MCG) [2], [3], Magnetoencephalography (MEG) [4], [5],
Magnetomyography (MMG) [6] and Magnetoneurography
(MNG) [7], requires effective methods that offer both high
spatial and temporal resolutions. Conventionally, in the clinic,
the activity of living tissues is recorded with bioelectricity
from the surface of the skin using metal or stainless steel
electrodes. However, the electric signals suffer from poor
spatial resolution, which is very challenging to target specific
tissues, even with high-density needle recording probes. In
addition to being painful, the penetration of the needle into the
muscle disturbs the muscle structure and function. Moreover,
in chronic implants, such as for the motor rehabilitation, the
interface between the metal contacts of the sensor and the
human tissue changes over time, leading to infection and
rejection by the body. Therefore, a different paradigm that
enables the recording with a high spatial resolution is needed.
Biomagnetism has become an alternative method and
addressed the limitation of the bioelectricity. Firstly, magnetic
signals have the same temporal resolution as the electric signal
but can offer significantly higher spatial resolution; Secondly,
the magnetic approach does not require electric contacts
during the recording and therefore, the sensor can be fully
encapsulated with biocompatible materials so as to minimise
the risk of infection [6]. However, magnetically recording has
remained some technical challenges for over four decades.
Compared to a high temporal resolution, its spatial resolution
is restrained because of some elements such as limited sensor
numbers, movement artifacts, intrinsically low signal-to-noise
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Fig. 1. Block diagram of the proposed biomagnetic sensing system with
magnetic sensor array and an integrated CMOS interface including AFE:
analog front-end; MUX: multiplexer; ADC: analog-to-digital converter.

ratio (SNR), and cancellation of background magnetic noise
in real-time [8]. Current technologies developed to detect such
tiny magnetic field are exploring the use of superconducting
quantum interference devices (SQUIDs) [9] and opticallypumped magnetometers (OPMs) [5]. Both experiments are
strictly limited in a large magnetically shielded room. These
conventional methods are bulky, costly, consume large power
and also need a temperature-controlled environment. Herein,
the development of highly miniaturized, low-cost, low-power
magnetic techniques at room-temperature would revitalize the
biomagnetic measurements and constitute an important step
toward the wider point-of-use and point-of-care applications
for both medical diagnostics and academic research.
Nowadays, spintronic sensors based on a magnetoresistive
(MR) effect revolutionise the way magnetic recording owing
to their full compatibility with traditional silicon technology.
These sensors can be integrated with the readout circuitry onto
a standard CMOS process in sub-mm diameter substrates to
eventually realize the on-chip signal conditioning, including
amplification, filtering, noise and drift cancellation [10]. This
phenomenon has led to the development of the MR sensors
with ultra-high sensitivity, which have gradually replaced the
traditional thin-film magneto-transport devices such as Hall
sensors [11] and have the potential to detect pico-Tesla range
magnetic fields, appropriate for biomagnetic signal level. In
addition, the miniaturized MR sensor area can improve the
resolution of fields with small distance changes. The sensor
placed at a closer distance to the neural sources will provide
stronger signals. The MR sensors, thereby, are suitable for
array applications with a lower power requirement. Recently,
giant magnetoresistive (GMR) sensors were used to record
weak biomagnetic signals. However, the sensitivity of GMR
sensors is in the nano-Tesla range and therefore averaging was
required to enhance the SNR. Over the last decade, sensing at
pico-Tesla/√Hz level fields has become possible with the
tunnelling magnetoresistive (TMR) sensors that are highly
miniaturized and can be operated at room temperature using a
sensor array with a large number of sensors.

Fig. 2. Schematic diagrams of a TMR sensor typical structure and its transfer curve with resistance changes according to the angle of the magnetic field.

Integrated electronics that use instrumentation systems
have been expanded from the initial signal amplification only
to the subsequent conditioning, data conversion and signal
processing. In the integrated detection system. Figure 1 shows
our proposed real-time measurement system including a large
array of TMR sensors and an on-chip analog front-end that has
parallel or multiplexed analog outputs. This paper describes
the design of a low noise readout integrated circuit with
chopper-stabilized three operational amplifiers suitable for a
Wheatstone bridge configuration of TMR sensors.
II. ARCHITECTURE OVERVIEW
A. TMR Sensor Design
Spintronics is the study of a fundamental property of
electrons known as their spin. Some materials exhibit spinrelated magnetoresistive properties at room temperature that
results in a change of their electrical resistance when exposed
to an external magnetic field. Tunnelling is a nanoscale effect
where electrons can pass through a very thin (sub-nanometre)
insulating material under the right condition, exhibiting spinrelated magnetoresistive properties at room temperature. That
is called tunnelling magnetoresistance (TMR). The typical
structure and its transfer curve are shown in Fig. 2. The TMR
sensor comprises two layers of ferromagnetic (FM) material
separated by an insulation layer. The top layer is defined as a
free layer since its magnetization direction can be changed
freely, and the bottom layer is called a pined layer due to its
fixed magnetization orientation when the sensor is fabricated.
The probability of electrons that are quantum-mechanically
tunnelling across an insulator depends on the orientation of
two FM layers. To indicate the maximum signal that can be
obtained from the sensor, the TMR ratio as a figure of merit
for the sensor traditionally can be defined as:
𝑇𝑀𝑅(%) =

𝑅!"# − 𝑅!$%
× 100
𝑅!$%

detection. According to theoretical calculation and experiment
outcomes, the best overall noise performance is obtained with
large arrays of large area sensors [13]. Therefore, 1102 TMR
sensors are connected as 38 rows and 29 columns in series to
minimize sensor 1/f noise. Each TMR element comprises of
(unit: nm) [5 Ta / 25 CuN] × 6 / 5 Ta / 5 Ru / 20 IrMn / 2
CoFe30 / 0.85 Ru / 2.6 CoFe40B20 / MgO [9 kΩ⸳µm2] / 2
CoFe40B20 / 0.21 Ta / 4 NiFe / 0.20 Ru / 6 IrMn / 2 Ru / 5 Ta
/ 10 Ru. Figure 3 shows the actual sensor array image under a
microscope. The size of each TMR element is 100 × 100 µm
and electrode pads (200 × 400 µm) are separated by 250 µm.
A Wheatstone bridge structure is employed to minimize
the temperature drift and also to nullify the output signal in the
absence of any applied magnetic field. Combining four TMR
sensor arrays in a full Wheatstone bridge configuration will
enable us to increase magnetic field detectivity and electrical
robustness, reduce power consumption and achieve better
sensitivities so as to obtain competitive results. Setting a bias
current of 20 mA, the measured linear range is approximately
−1 Oe to 1 Oe. The average R×A is 9 kΩ⸳µm2 with uniformity
of 13% over all the wafer and the TMR ratio is 152% with
uniformity of 9%. As the full bridge setup, the measured
resistance variation of each TMR sensor is 280 Ω⸳µm2/Oe.
Thus, for 1102 elements with the area of 100 × 100 µm2, the
sensitivity is calculated as ~ 0.617 V/Oe.
B. Readout Circuit Design
The complete signal processing chain is demonstrated in
Fig. 4(a), which comprises a full Wheatstone bridge circuit,
input buffers, a differential amplifier, a low pass filter (LPF)

(1)

where 𝑅!"# and 𝑅!$% are the largest and lowest values of the
resistance in Ohms when the magnetizations of two FM layers
are in antiparallel and parallel alignments.
For biomagnetic measurement, the TMR response has to
be linear with hysteresis-free, being able to detect ultralow
magnetic fields. The details of linearization strategies for high
sensitivity MR sensor are demonstrated in [12]. The sensor
sensitivity can be calculated from a slope of the experimental
transfer curve and represent how much the sensor responds to
field changes, while the noise level will determine the limit of

Fig. 3. A microscope image of the TMR sensor array.
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Fig. 4. (a) A processing chain of the proposed biomagnetic sensing systems; (b) Schematic of the readout IC with the chopper-stabilized technique.

and a microcontroller unit with an analog-to-digital converter
(ADC) and SPI interface. In this work, we proposed a threeoperational amplifier architecture with the use of two lownoise input amplifiers as a first stage, consisting of A1 and A2,
and a second stage, A3, ultimately to achieve a high input
impedance, excellent linearity and extend the input range by
using rail-to-rail input stages. Additionally, a comfortably
adjustable gain of each stage is achieved by variable resistors,
R1 and R3, connected to a 5-bit digital-to-analog converter
(DAC) as 5-bit programmable resistors. The transfer function
of the proposed three-operational amplifier structure including
the DAC operation is expressed as
𝑉&'( = .1 +

2𝑅) 𝑅+
1 . 1 (𝑉$%- − 𝑉$%. ) + 𝑅+ (𝐼/ + 𝐼0 ) (2)
𝑅* 𝑅,

The two single-ended amplifiers A1/A2 as input buffers
generate low noise through a chopper stabilization technique,
chopping the frequency to eliminate upmodulating offset and
low-frequency flicker noise [14], while the fully differential
amplifier, A3, is used at a folded cascode stage as a chopping
output. Figure 4(b) illustrates the schematic of the proposed
amplifier structure. The total noise is a combination of input
stage noise and output stage noise, which are the square root
of the sum of the noise sources, defined as
𝑉%$, 3&("4 = 3(𝑒% )) + (𝑅5 × 𝑖% )) + 𝑉% (𝑅67 ))

(3)

where Vni, Total is the total noise referred-to-input; en is inputreferred voltage noise; in is input-referred current noise; RS is

an equivalent input resistance to the amplifier; Vn (REX) is
voltage noise from external circuitry. It is thus significantly
important to push the input-referred voltage noise down to
sub-nV/√Hz and the input-referred current noise down to subpA/√Hz at a wide range of frequencies.
Furthermore, the common-mode feedback (CMFB) circuit
is employed to maintain DC voltage outcomes [15]. It detects
the common-mode voltage, compares with a reference, and
return the compared result to the bias network. Fixing the DC
output at the required level, it finally eliminates the output
common-mode current component. After the chopper- and
CMFB-stabilized pathway, the amplified signal is then passed
through a high-order (20th), adopting a Sallen-key topology
with a cutoff frequency from 300 to 500 Hz, appropriate for
biomagnetic signals [1]. Subsequently, the filtered signals are
converted into digital data through an 18-bit successive
approximation register ADC that offers high speed, high
accuracy, low-power and low-cost. Eventually, the signals are
transferred via a wireless module and identified, characterized
and quantified with a LabVIEW interface on the laptop.
The readout circuit design was designed and simulated in
a standard CMOS 0.18 μm technology to achieve acceptable
performance, in terms of linearity, offset and noise, before
fabricating the chip. The Wheatstone bridge was modelled by
COMSOL based on a finite-element method and then the
parameter of variable resistance was defined using Verilog-A
language. The ultimate goal is to address the challenges of
monolithic integration of the TMR sensor array directly on a
silicon substrate as a TMR-on-chip sensing system.

Table I: Comparison table with state-of-the-art works.
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amplifier employs a gain of 20 to 80 dB using two 5-bit
programmable resistors. Benefiting from the ultralow inputreferred voltage density of 44.6 nV/√Hz over the 1 to 1 kHz
range with only 10 nA input bias current, the proposed system
would enable significant advances towards high temporal and
spatial resolution measurements to identify, characterize and
quantify the biomagnetic signals in the future.
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Fig. 5. Simulated transfer functions: (a) gain; (b) input-referred noise.

III. SIMULATION RESULTS
The gain and noise performance of the simulated readout
IC is shown in Fig. 5. The input impedance is extremely high
and approximately 109 Ω. This input bias current is very low
at about 10 nA, which ensures very little changes with varying
input voltage. The differential mode gain of the proposed
readout circuit is illustrated in Fig. 5(a). With a supply voltage
of 1.8 V, the DC gain and the bandwidth are 80 dB and 1 kHz
with a phase margin of 62.5 degree. The gain accuracy and the
ability to suppress common-mode signals are improved. The
common-mode rejection ratio can reach 108 dB to minimize
the noise from strong electromagnetic interference. Table I
summaries and compares the simulated AFE performance.
Although the bandwidth is not as high as that of other works,
it is high enough to amplify weak low-frequency biomagnetic
signals. The input-referred voltage noise versus frequency is
shown in Fig. 5(b). The AFE achieves a noise performance of
44.6 nV/√Hz with low-pass filtering at a cutoff frequency of
1 kHz, which makes it appropriate for the high-resolution and
low-noise biosignal recording. The noise is increased at the
low-frequency domain due to the 1/f noise, which affects
performance in gains less than 10. Finally, from the filtering
simulation, filters with a lower cutoff frequency will produce
the minimum noise for the high-precision measurements.
IV. CONCLUSION
In summary, we develop a low-noise and high-precision
three-operational amplifier architecture readout IC for TMR
sensors with a chopper stabilization and CMFB technique.
The proposed readout circuitry is designed and simulated in a
standard 0.18 µm CMOS. The simulation results show that it
realizes good performances in respect of gain, linearity, power
consumption, and noise level to record biomagnetic signals. It
dissipates 58 µW of power using a 1.8 V supply voltage. The
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