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ABSTRACT

This paper presents a miniaturized magnetic sensor chip
for bio-magnetic signal measurements. The sensor fabricated
in 0.18 pym CMOS process embeds an inductance coil and
instrumentation amplifier that provides excellent sensitivity
and low reference noise level in comparison to the state
of art. The integrated sensor with frequency band between
50 Hz and 5 KHz illustrates bandpass filter characteristics
which attenuates the low and high frequency noise from the
external environment. The signal sensitivity of the device is
3.2 fT/uV and inferred noise at 300 Hz is 29 fT/\/Hz. The
sensor is used for bio-magnetic signal acquisition.
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INTRODUCTION

In practical measurements of bio-magnetic signals, there
are many difficulties associated to mensuration performance
especially when the magnetic field is weak. In general
SQUID sensors are employed to measure bio-magnetic
signals with multichannel based systems [1], [2]. However,
the magnetic field generated by source body is weak and
negligible in comparison to the surrounding devices at the
time of measurement. Hence, separation of the bio-magnetic
signal from external noise is a difficult task. Also, crosstalk
between the multichannel device also affects the signal
acquisition [2]. Moreover sensors like the magnetoresistive
sensors are bulky and less sensitive (120 fT/\/Hz at 1
KHz) [3], optical pumped magnetometers are both complex
and expensive [4] and also the fluxgate magnetometers
with low sensitivity (500 fT/\/Hz at 1 KHz) [4], are less
suitable for the purpose of detecting bio-magnetic fields. To
overcome the performance and design issues of prior works
[1], [2], [3], [4], and to aid portability of the device, a high
inductance coil sensor that couples a large quantity of flux
is designed for detecting weak magnetic fields specifically
bio-magnetic fields. An induction coil sensor [4], [5], [6],
[7], [8], detects the voltage induced by the magnetic flux
linkage in a coil. The developed voltage is picked up by
the instrumentation amplifier (IA) and processed further. In
consideration to the high input resistance of the IA, majority
of the AC voltage generated by the coil is transferred to the
IA. This paper presents the design and development of high
inductance coil sensor and an IA based on integrated chip
platform for bio-magnetic signal measurements.

HIGH INDUCTANCE COIL SENSOR

In general coil sensor has greater sensitivity over hall
sensor and magnetic resistance sensor when integrated on
to chip [1], [2], [4], [5]. Coil sensors can measure up to
1 pT [4], [6], [7], [8]. The induction coil sensor works on
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the fundamentals of Faraday’s law. It states that a change
of magnetic flux density through the coil induces a voltage
across coil and is proportional to rate of change of density.
The transfer function is given as:

do dB dH
v n n-A 7 pwen-A o
where ¢ is the magnetic flux through the coil, n the
number of turns and A the coil active area. The voltage
developed across the coil is picked up by the IA as the
input resistance of IA is comparably high to that of the
high inductance coil sensor. The coil sensor is designed
based on optimization in magnetic field simulation tool.
Feature size optimization of the coil is based on the trade-off
between the cutoff frequency and noise characteristics. With
constant external diameter, an increase in internal diameter
decreases the cutoff frequency, but decreases the sensitivity
and increases the noise. The increase in the noise is due to
the interaction of earth’s magnetic field with the coil. As
the internal diameter is increased, the earth’s magnetic field
passing through the coil increases, thus increasing the noise
[5]. On contrary, for specific external diameter, if internal
diameter is decreased, cutoff frequency increases, sensitivity
increases and the noise figure decreases.
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Figure 1: Schematic model of the designed coil for 3 turns.

The high inductance coil designed is a differential planar
multi-path octagonal shaped spiral coil as in figure 1. It is
designed by employing two adjacent metal layers on the
silicon substrate. The design based on multi-path technique
increases Q-factor and inductance of the coil in comparison
to single path coil [9]. Stacked single path coils can be also
fabricated in 0.18 u CMOS process with 5 metal layers.
But, for differential multi-path coils it is not a recommended
option due to the capacitive interactions between the adjacent
layers. Besides, the stacked coil modelling and simulation
process in electromagnetic tool is more complex and results
are inconsistent [10]. The modelled multi-path coil for three
turns is shown in the Figure 1. Simulation results of the
coil depicts typical high-pass filter (HPF) characteristics. At
low frequency Q-factor decreases rapidly but for moderate
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and high frequency after the cutoff frequency the increase
is small and gradual. The cutoff frequency is determined in
prior to the fabrication of the coil by simulation process, so
as to optimize the coil sensor for maximum sensitivity and
minimum cutoff frequency. The Q-factor of the simulated
coil is shown in Figure 2.
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Figure 2: Q-factor variation of the coil with frequency.

INSTRUMENTATION AMPLIFIER

In bio-magnetic signal acquisition, separation of original
signal from the background noise is a difficult task. Thus,
noise reduction is the integral part of the design approach. A
band pass filter (BPF) approach is advisable for the design
[11], [12]. The design helps to suppress the low frequency
noise from the human body and the high frequency noise
from the surrounding. The proposed IA is based on current
feedback technique [11], [12], [13], [14] and comprises of
a low G, operational transconductance amplifier (OTA) to
achieve high CMRR with HPF characteristics. IA consists
of an initial transconductance stage, a transimpedance stage,
a gm,, tuned OTA based high pass filter, a common mode
feedback (CMFB) circuit and biasing circuit for the IA. The
block diagram of the IA is shown in figure 3.
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Figure 3: Block diagram of the instrumentation amplifier.

Input differential voltage V;,+ and V;,,_ are converted
into a differential current, I;, flowing through R;. The
current mirror circuit, mirrors I3 to I, and the output voltage
is given by I>*R5. But, when the DC offset voltage becomes
a non negotiable factor the final output voltage is given by:

R
Vvout - Rif(‘/;n-‘r - Vvin—) + VRef + ‘/offset (2)

The IA includes, CMFB circuit to compensate generated
DC offset voltage at the output. The circuit schematic of
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Figure 4: Schematic dig. of the instrumentation amplifier.

the proposed OTA is shown in figure 4. To reduce flicker
noise, p-type transistors are used as input transistors [9].
For bio-magnetic signal acquisition, the CMRR of the TA
is designated to be larger than 90 dB and input referred
noise lower than 10 'V RMS [9]. Acquisition of signals
in the frequency range between 0.5—5000 Hz corresponds
to bio-magnetic signal band. For the low pass filter (LPF)
formed by the Ry and C', in the main amplifier stage, the
corresponding 3 dB cutoff frequency is given by:

1

- QWRQCH (3)

[

The HPF filter aids the attenuation of low frequency
noise from the human body. An approach based on G,,—C
that can achieve sufficiently large impedance replaces HPF,
as it reduces area cost in absence of resistance [11], [12],
[13], [14]. Though the G,,—C filter achieves low —3 dB
cutt-off frequency at 0.5 Hz as in equation 4, for the
feedback from V,,; to HPF, Cy is too large to integrate
on the die.

C)

Figure 5: Schematic of the (a) OTA (b) CMFB circuit.

From equation 4, to reduce filter capacitor size, lowering
the GG, is an advisable technique. A small G,, OTA based
on current division technique as shown in figure 5(a) is
utilized to tune the G,,. The small signal transconductance
of the OTA is expressed as in equation 5.

7goMC'7 1
T M4+1 M+1
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Where, go M C' is the conductance of MC1 and MC2, M
is the width ratio of MP1 to MI1P, p,, the mobility of the
carrier, C,,, is gate-channel capacitance, V¢ the gate voltage,
Ve the common mode voltage, Vi the threshold voltage.
In order to compensate for the increase in output DC offset
voltage, a CMFB circuit is implemented along with the LPF
as shown in figure 5(b). The bias circuits are designed as in
[15]. The IA in total act as an BPF with -3 dB bandwidth
from 0.5-5000 Hz.

IMPLEMENTATION RESULTS

The designed high inductance coil sensor and IA is
fabricated in 0.18 pum TSMC process. Figure 6 shows the
simulated and measured inductance value of the fabricated
coil with respect to varying frequency. As the resonant
frequency of the planar coil is in the range of MHz,
the inductance variation is very small at lower frequency,
which is our operational frequency band. The multi-path
spiral inductor provides a higher magnitude of inductance in
comparison single path spiral coil designed. The summary
of the measured coil parameter is depicted in the table 1.
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Figure 6: Measured and simulated inductance curve.

Table 1: Measured sensor coil parameters.

Characteristics
Technology
Q- factor of coil
Resistance of the coil
Capacitance of the coil 138 pF at 100 Hz
Area occupied by the coil 3.6 mm x 3.6 mm
Number of turns 901

Value
0.18 um CMOS process
0.28 at 100 Hz
42.4 KQ

Gain [dB]
Gain[dB]

j=m=Measured gain of
inductor coil sensor

| T=a=Measured Gain of the
Instrumentation Amplifier|
4 [ i

10° 10* 10° 100 10°

0
Frequency [Hz] Frequency(Hz)

(a) (b)
Figure 7: Measured gain of (a) coil (b) IA.

The total system works by summing the gain of the coil
sensor and the IA. Thus, sensor coil gain is an integral part
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of the measurement procedure. The gain measurement of
the coil sensor to change in frequency is given in figure
7(a). The figure 7(a) indicates the frequency characteristics
of a HPF. It shows that gain increases by approximately
25 dB/dec when traversing from low to high frequency and
at a particular frequency (50 Hz) the shows a flat curve
proceeding towards higher frequencies.

The IA in the fabricated chip operates as a BPF, with a
frequency bandwidth in between 0.5—5000 Hz. Frequency
response of the TA is shown in figure 7(b). The measurement
data indicates a maximum mid-band gain of 70 dB and
maximum CMRR of 128 dB is achieved. To integrate
the filter capacitor on the chip, the G, of the low G,,
OTA is tuned appropriately. Table 2 shows the performance
comparison of the fabricated IA to prior artworks.

Table 2: Performance comparison of prior IAs.

[10] [10] [10] This work
Technology 0.18 um | 0.35 um | 0.8 pum 0.18 um
Supply Voltage 1V 3V 33V 33V
CMRR 124 dB 110 dB 80 dB 128 dB
Gain 46 dB 50 dB 50.5 dB 68 dB
Power 165 uW | 4.9 uW n/a 84 W
input r(elii‘;[rsef 284V | nfa | 0954V | 087 uV
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Figure 8: (a) Measured gain (b) Die-micrograph of sensor.

Together with the gain of the sensor coil and the IA a
BPF is formed with lower -3 dB cutoff frequency of 50
Hz and upper -3 dB cutoff frequency 5000 Hz. Figure 8(a)
shows the combined gain of the high inductance coil sensor
for varying frequency. The maximum mid-band gain of the
chip is 30 dB at 100 Hz. For noise analysis an input signal of
1 kHz generated in the coil is applied to TA that resulted in
output signal of 515 mV,,,s, noise voltage of 6.48 1V s
and 97 dB signal-to-noise ratio (SNR). The measurement
details are depicted in figure 9(a). The performance analysis
of sensor is done creating magnetic field in reference coil
and using EHP-50C electric and magnetic field analyzer as
reference, the sensor is calibrated. The measurement results
indicate sensitivity of 3.25 fT/uV. The noise analysis shows
29 fT/\/Hz inferred at 300 Hz. Table 3 shows a property
comparison of the existing artworks to the proposed work.

For verification by experiment, bio-magnetic signals are
measured for process of muscle contraction and relaxation
for a period of 10 s. The measurement results indicate 52



mV,.,s during muscle contraction and 32 mV,.,,,s for muscle
relaxation. The experimental result is depicted in figure 9(b).

Chl RMS 525mV
@ ®)

Chl Freq 1.05kHz

Figure 9: Experimental (a) Noise analysis (b) Test results.

Table 3: Performance comparison of prior Sensors.

SQUID sensor

Elekta Neuromag (1] This work
. 10 Hz to 30 mHz to 50 Hz to
Bandwidth 5 KHz 300 KHz SKHz
Sensitivity I-10 fT/uV n/a 3.25 fT/uV
Noise 3 fT/\/Hz 40 fT//Hz 29 fI/\/Hz
at 6 Hz at 300 Hz at 300 Hz
Gradiometer 26.8x10 18x300 mm? 5x5
x17 mm?® 235¢g x 0.2 mm?
Coil Area 21x21 mm? 10x9 mm? | 3.2x3.2 mm>
CONCLUSION

The paper presents the design and fabrication of a
high inductance coil sensor and IA for bio-magnetic signal
acquisition. The proposed multi-path planar inductor and IA
is fabricated in 0.18 ym CMOS technology. The inductor
coil sensor replicates HPF response and the IA with low
G, shows BPF characteristics. Together with the coil sensor
and the IA forms a BPF with lower and higher -3 dB cutoff
frequency of 50 Hz and 5 KHz respectively. The fabricated
sensor recovers the bio-magnetic signals with this band.
The implemented IA exhibits high CMRR of 128 dB with
low input referred noise of 0.87 ©V,,s. The sensor system
in comparison to prior works, occupies relatively smaller
area and thereby increases the portability of system for bio-
magnetic signal acquisition. Future works include the system
design for acquisition of signals for very low frequency
range and improving the signal integrity. The fabricated
device can be applied for medical systems.
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