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ABSTRACT An application specific integrated circuit (ASIC) and a custom-made microelectromechanical
system (MEMS) sensor are presented, designed to function together as a sensor system for measuring low
amplitude low frequency magnetic fields. The MEMS system comprises several free-standing double-wing
magnetoelectric resonators with a size of 900 um x 150 um to measure alternating magnetic fields in the
sub-kilohertz regime. It utilizes piezolelectric (AIN) and magnetostrictive (FeCoSiB) layers to exploit the
delta-E effect for magnetic field sensing. On the ASIC a three-channel current-reuse amplifier with lateral
bipolar transistors in the input stage is implemented occupying a chip area of 0.0864 mm?. Measurements
demonstrate a voltage gain of 40 dB with a 3-dB bandwidth of 75 kHz and an input referred noise floor
of 8 nV/,/Hz while consuming 199 uW per channel. The sensor system is capable of detecting magnetic
fields with a limit of detection (LOD) of 16 nT/,/Hz for single sensor elements. By operating three
sensor elements in parallel, one on each amplifier channel, the LOD is further reduced to 10 nT/,/Hz.
Owing to the high reproducibility of the sensor elements, this improvement in the LOD is close to the
ideal value of /3. The results imply that the system can be scaled to large numbers of sensor elements
without principle obstacles.

INDEX TERMS Multichannel amplifier, CMOS, NEF, MEMS resonator, magnetic field sensor, magne-
toelectric sensor, delta-E effect, biomedical.

NTEGRATED magnetic field sensors are a growing field

of investigation in numerous research areas. Detecting
magnetic signals with high spatial resolution or very low
LOD is relevant in a variety of fields and applications
including the automotive industry [1], object localization [2],
healthcare [3], [4], [5], information technology [6], or space
applications [7]. MEMS with thin film magnetoelectric sen-
sors have attracted interest in recent years [8], [9], [10] and
macroscopic sensors have shown to be capable of detecting
magnetic fields in the picotesla range and withstand a broad
temperature range [11], [12], [13], [14]. The sensors employ
a combination of mechanically coupled magnetostrictive and

piezoelectric layers to exploit the direct magnetoelectric
effect but are limited to small bandwidths of a few Hz around
the resonance mode used [15], [16], [17]. This bandwidth
limitation can be overcome by utilizing the delta-E effect [18]
of the magnetostrictive layer. This layer induces additional
magnetostrictive strain in the resonator, changing its stiffness
in the presence of a magnetic field [19], [20], [21]. This
detunes the resonator, i.e., the resonance frequency of the
sensor shifts.

To measure magnetic fields, the resonator is electri-
cally excited at its nominal resonance frequency by a
voltage source and a read-out circuit determines the sensor
impedance at that specific frequency. A resonance frequency
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shift alters the impedance at the excitation frequency,
which is electrically measurable. With this approach the
magnetic field is not detected directly, but rather measured
as a modulation of the electric excitation power. The
signal thus obtained, is amplified and eventually digi-
tized. Finally, the signal is demodulated in the digital
domain to extract the information about the magnetic field.
Based on the delta-E effect sensor concept, magnetic field
sensors have been presented with free-standing cantilever
geometries [14], [22], [23], nanoplate resonators [24], [25]
and surface acoustic wave devices [26], [27], [28] typically
operated with external, discrete electronics.

In this work, microscopic MEMS resonators and an ASIC
amplifier are presented. With this setup, resonator arrays can
be formed, parallelizing resonators to enhance the LOD of
the sensors system.

When operating the sensors in delta-E mode, the readout
electronics have to meet high demands, especially regarding
noise and bandwidth. Bipolar junction transistors (BJT) can
provide very low noise when used in the input stage of
an amplifier [29], [30]. Moreover, the finite small-signal
base input resistance of the BJT is employed here to form
a voltage divider with the sensor element for reading out
the modulated excitation voltage as explained in Section II.
The BJTs can be manufactured as lateral devices in a
conventional CMOS process technology and so provide a
good compromise between performance and manufacturing
costs [31]. Therefore, despite their reduced performance,
especially in terms of the typical forward current gain B
compared to vertical devices that require a costlier BICMOS
technology, lateral BJTs (L-BJT) are used in the circuit
presented here.

To increase the capability of measuring small amplitude
magnetic fields, the microscopic size of the MEMS and ASIC
chips can be exploited by grouping sensors in arrays. As
shown in [32], the use of n sensors placed in a homogeneous
magnetic field increases the measured signal amplitude by
a factor of n. Conversely, the noise of the sensors only
increases by /n, as it is generated by uncorrelated noise
processes in the sensor system. Thus, the signal to noise
ratio (SNR) and the LOD improve by a factor of ./n.

In Section II we present additional detail of the ASIC
amplifier design (for which we presented preliminary results
in [33]) and we report its operation in direct combination
with custom-made MEMS resonator sensors. New measured
results are presented in Section III which confirm the
low LOD of the combined ASIC-MEMS system. It is
followed by a discussion in Section IV and conclusions in
Section V.

Il. SENSOR SYSTEM DESIGN

The MEMS sensor elements and the ASIC amplifier
are specifically designed to work in array configurations.
Therefore, a low-power multichannel amplifier is imple-
mented which occupies only a small chip area and can be
operated in an open-loop configuration. The sensor elements
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FIGURE 1. a) The MEMS layout measures 9 mm x 9mm. It offers space for 66
resonators ranging from 256 pm x 40 gm to 900 xm x 200 x«m in size. The resonators
used in this work are marked in black. b) Top view photograph of the resonators 9.1 to
9.4 with a size of 900 xm x 150 um - Visible are the aluminum top electrodes and the
wires connecting the electrodes to the bonding pads.

can be fabricated in a large number and with a high
reproducibility of the device characteristics [34]. In Fig. la
the layout of the fabricated MEMS chip is shown, where test
structures with 66 sensor elements were fitted in an area of
9 mm x 9 mm. Fig. 1b is a microphotograph of a selected
array of four nominally identical sensor elements, of which
the three best matching ones (9.1, 9.2, 9.4) are chosen for
the array setup reported here.

The MEMS resonators offer resonance modes in the range
of 10 kHz up to 1 MHz, reaching into a frequency range
where high gain is challenging to achieve in the target
CMOS technology without considerable increase in power
consumption. The available L-BJT transistors yield a transit
frequency of about 30 MHz, which is the technological
limit above which the single transistor yields no more
usable voltage gain. Here, it is proposed to operate the
amplifier in an open-loop configuration despite its potentially
higher sensitivity towards process and temperature variations.
This way higher gain is maintained around the 3dB-cut-
off frequency and also the additional load of a closed-loop
feedback network is avoided.

A diagram of the measurement setup with the sensor in
delta-E mode is shown in Section III and will be explained in
more detail there. Basically, the magnetic field measurement
works as follows: The magnetic signal of interest induces an
impedance change in the sensor element which is determined
by observing the voltage between the piezo electrodes. The
amplifier is connected to the sensor via blocking capacitors.
Around the resonance frequency of about 350 kHz these
blocking capacitances pose negligible impedance, and the
small-signal resistance of the amplifier input is dominated
by r;, the base-emitter resistance of the L-BJT. Resistance
r; together with sensor impedance Zg form a voltage divider
with attenuation Ag, so that

Ve _qg= 1o B

Vex ri+Zs B+ Zsgm
where g, is the L-BJT transconductance, approximately
given by Ic/Vr, and Vr is the thermal voltage. The
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FIGURE 2. Schematic of the three main stages of the three-channel current-reuse
amplifier. a) The analog input stage utilizes L-BJTs and offers three stacked channels.
b) The current mirror stage mirrors every current from the input stage thrice and
recombines them to retrieve the individual inputs. ¢) The transimpedance stage
transforms the currents provided by the current mirror stage to a voltage. Source: [33].

approximation holds for small base spreading resistance and
negligible base-emitter capacitance [35]. The sensitivity of
the readout circuit to changes in Zg is determined by this
divider, yielding
dAS/ dZs _ 8m (2)
Ag :8 + Zng
Using typical values for g, of 500 uA/V, Zg = 45 kQ
and, owing to the limited efficiency L-BJT implementation a
B of only 20, yields As = 0.5 and a sensitivity of (85 k2)!.

A. ASIC AMPLIFIER DESIGN

The ASIC is designed and fabricated in a 350 nm CMOS
process technology. This mature technology was chosen
for its attractive price-to-performance ratio and its well
characterized analogue device models.

The amplifier employs the current-reuse configuration to
achieve a favorable noise-to-power trade-off [36]. The dif-
ferential input stage shown in Fig. 2a offers three channels.
It employs L-BJTs as input transistors. Starting with two
transistors (Q1 and Q2) for the first channel, every following
channel doubles the number of transistors (Q3 ... Q6 resp.
Q7 ... QI14) such that the output currents of the previous
channel can be reused as tail current for the next channel
differential input pairs. This lowers the power consumption
per channel and thus the noise efficiency factor (NEF) of
the amplifier. The NEF is defined as

NEF = Vg | ——ttot___ 3)
’ H-VT-4kBT-fC
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FIGURE 3. Microphotograph of the fabricated ASIC. Because a passivation layer
blocks the direct view to the circuits, the layout is projected on top in the enlarged
view of the inset. It shows the occupied area (270 xm x 320 pm) of the current-reuse
amplifier in the yellow dashed box. The red line marks the output buffers.

where Vs, is the integrated input referred noise, I, is
the total current drawn by the amplifier, kp is the Boltzmann
constant, 7 is the temperature in kelvin, and f. the amplifier
cutoff frequency [37].

For optimum operation all input transistors have to work
in saturation. Therefore, a resistive network on the ASIC
generates appropriate common-mode voltages V¢, for each
channel individually. The input channels are supplied from
a bias current Ip;,s of 50 nA. The resulting base-emitter
voltage Vpg of the transistors is approximately 800 mV.
Starting at channel 1 with at least Vpr above the negative
voltage supply (Vss = —1.5 V), the common-mode voltages
are staggered by an overdrive voltage of Voy = 250 mV for
each following channel to ensure the transistors are operated
in saturation.

Every output current /;—Ig emanating from the input stage
is a weighted sum of all channel contributions. To retrieve the
differential analogue signals of the individual input channels
these currents have to be recombined properly [38]. As an
example, the addition of I;-I; yields the current provided
by the positive input of channel 1 as contributions from
channel 2 and 3 cancel out. With six different input signals
(three symmetrical channels) six additions are necessary.
Every recombination is the sum of four currents, leading to
three copies of every current I;-Ig as shown in Fig. 2b and
24 current mirrors in total. In a final step, these recombined
currents are converted to a single-ended voltage output in a
transimpedance stage as shown in Fig 2c.

Fig. 3 shows a microphotograph of the fabricated ASIC
amplifier. Because a passivation layer blocks the view
of the implemented circuits, the layout is superimposed
in the enlarged area. The amplifier occupies an area of
approximately 270 um x 320 wm. Three buffer amplifiers
are placed below, to drive the output signal for external
loads. They will not be necessary in a final system, where
on-chip demodulation and analog-to-digital conversion is
targeted.
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Magnetistricitve layer (0.2um FeCoSiB)

FIGURE 4. Layer stack of the MEMS resonator sensors with a length of 900 xm and
a width of 150 um. The thickness of each layer is given in parentheses.

B. MEMS DESIGN

MEMS consisting of multiple thin film layers are used as
a base for the sensor elements. Free-standing double wing
resonators are etched from a SOI wafer. A piezoelectric layer
is utilized to excite the sensor in resonance and read it out
simultaneously. The sensing element of the resonator is a
magnetostrictive single layer made of (FeggCo19)78Si;2B1o
(FeCoSiB). Except from the magnetostrictive FeCoSiB layer,
the MEMS chips are manufactured in a commercially avail-
able production process. The MEMS resonator layer stack is
shown in Fig. 4. It consists of a 10-um-thick doped poly-Si
substrate, which also operates as a backside electrode,
0.2-pum-thick pad oxide to isolate the back electrode from
following layers where needed, 0.5-um-thick piezoelectric
AIN to excite the sensor and retrieve its impedance and
1-um-thick Aluminum as a top electrode. Afterwards, we
deposited a 0.2-pum-thick FeCoSiB layer on the rear side in
a shadow mask process. No further postprocessing was done
to the sensor elements. More details are reported in [34].
The resonators used in this work measure 900 um in length
and 150 um in width with an anchoring in the middle of
the long axis as shown in Fig. 4.

lll. MEASUREMENTS

A. MEASUREMENT SETUP

The amplifier measurements are conducted using a lock-
in amplifier (MFLI, Zurich instruments, Switzerland) to
measure gain, phase and noise while the ASIC is placed in
an electrically shielded chamber (dbSAFE DUO, DVTEST
INC., Canada). The used lock-in amplifier is well suited
for noise measurements as it offers a low input noise of
only 2.5 nV/,/Hz. A laboratory power supply (EDU36311A,
Keysight Technologies, Inc., USA) is used to generate
the supply voltage for the ASIC with Vgg = +1.5 V,
Ve = —1.5 V and ground (GND) Vgyp = 0 V. For noise
measurements, the power supply was replaced by a pair of
1.5 V batteries.

For magnetic measurements, MEMS and ASIC are
placed inside the electrically shielded chamber for testing.
Additionally, the MEMS sensors are magnetically shielded
(Zero Gauss Chamber, Aaronia AG, Germany). This shield-
ing setup was established in [39]. Inside this shielding
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chamber two separate coils provide homogenous magnetic
fields along the long axis of the resonators One coil provides
alternating and the other one DC magnetic fields. The coil
for the alternating field generates a synthetic sinusoidal
signal to be measured, while the DC field provides the Bpc
working point field for optimal operation of the resonators.
The resonators are placed in the middle of these coils. A
schematic of this setup is shown in Fig. 5.

A current source (6221, Keithley Instruments, Inc., USA)
operates the AC coil with a sine wave providing a magnetic
field of Bsc = 500 nT at fac = 10 Hz as a magnetic signal
to be measured. These parameters are chosen, as 10 Hz is a
typical frequency in the envisioned application in healthcare,
whereas 500 nT is chosen to yield clearly readable peaks
in the amplitude spectrum. A DC current source (BOP
20-10ML, Kepco, INC., USA) is connected with the DC
coil to generate a field of Bpc = 0.5 mT to bias the
resonators in their operating point. To electrically excite the
resonators at their resonance frequency f, = 343.6 kHz with
Ver = 100 mV a lock-in amplifier (HF2LI, Zurich instru-
ments, Switzerland) is used as an oscillator. This voltage
amplitude is chosen as it yields high MEMS sensitivity and
makes good use of the amplifiers output range. The rear side
electrode of the MEMS chip is connected to this oscillator.
The top electrodes of three resonators are connected via
DC blocking capacitors (C;, = Cz, = 10 uF) to the
negative input of the three channels of the ASIC current-
reuse amplifier. The positive inputs of the amplifier are
connected to GND, also via DC-blocking capacitors. The
single-ended outputs of the amplifiers are wired to the
lock-in amplifier to digitize the signal. The amplifiers are
used in open-loop configuration. Since the channels are
averaged in the end, small variations in gain are negligible
and no feedback for closed-loop operation is necessary. In
some cases, idle current supplies are switched off (e.g.,
no alternating magnetic signal is used when measuring
impedance).

For impedance measurements, the presented amplifier is
exchanged for a charge amplifier described in [40]. Then,
the excitation frequency of the lock-in amplifier is swept.
At resonance frequencies the impedance of the MEMS
resonators changes rapidly, yielding a variation of the current
flowing through the resonator. This current is converted to a
voltage by the charge amplifier, acting as a transimpedance
amplifier. The impedance of the sensor element Zg can then
be calculated with

N Zf Vex
Vo

Zs “)

where Z; is the feedback impedance of the charge amplifier,
Vey 1s the excitation amplitude and v, the measured voltage
at the amplifier output [41].

Since the lock-in amplifier only provides two inputs,
only two signals can be measured simultaneously. However,
the signal is time invariant, so that measuring resonators
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FIGURE 5. Setup to characterize the sensor system. An oscillator excites the three resonators Zs , at their resonance frequency with the voltage ve,. The resulting signal is
amplified by the three channel current-reuse amplifier and measured at v, ,. The coil for the bias field Bpc is operated by the current ipc and a sinusoidal measurement signal is
generated with coil B, and the current i,c. The capacitances C; , and C; , serve as DC blocks. The MEMS resonators are magnetically and electrically shielded. The ASIC is

electrically shielded.
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FIGURE 6. Measured gain and phase of the three-channel current-reuse amplifier
with a tail current I;,s of 50 pA. The lines almost coincide as the channels are well
matched.

consecutively is not detrimental for the overall measurement
results.

B. ASIC CHARACTERIZATION

The total current consumption of the amplifier measures
199 uA, when the input stage is driven with the Ij;,; current
set to 50 pnA. The current is distributed evenly among all
channels of the amplifier, so that the current per signal
channel calculates to 66 wA. The total power consumption
of the amplifier is thus 597 puW, respective 199 uW per
channel. The resistive network generating the DC common-
mode voltages is included in this value. The DC voltages
are measured as —390 mV for channel 1, —150 mV for
channel 2 and 115 mV for channel 3.
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FIGURE 7. Input referred noise of the amplifier per channel with a tail current I;,s of
50 pA. The noise floor settles at about 8 nV/,/Hz.

The results of the open-loop gain and phase measurements
are shown in Fig. 6. The 3-dB cutoff frequency of the
amplifier is observed at 75 kHz. The low-frequency gain of
all channels is measured as 40 dB. At the targeted resonance
frequency of 343 kHz the amplifiers have a reduced gain
of approximately 24 dB. Albeit the lower gain at resonance
frequency, it is sufficient for the operation of the sensor
system that utilizes almost the entire output range of the
amplifier when exciting the resonator with v,y = 100 mV.

For the noise measurements the channels were connected
to ground potential through a capacitor. The on-chip resistive
network continues to generate the common-mode voltage for
the differential input channels. The measured noise floor of
all three channels settles at about 8 nV/,/Hz (Fig. 7) caused
by noise originating from both the resistive biasing network
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FIGURE 8. Sweep of excitation frequency plotted against voltage amplitude at the
amplifiers output from 10 kHz to 1 MHz. Every peak corresponds to a resonance mode
of sensor 9.1. The resonance mode with the highest amplitude located at 343kHz is
used here.
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DC[

FIGURE 9. Shift of the resonance frequency f. depending on the magnetic DC Bpc
field applied along the long axis of the resonator 9.1 normalized to the value of
Bpc = OmT. Here the magnetic field is swept from —3 mT to 3 Mt.

and the amplifier. Integrating the input referred noise (IRN)
from 100 Hz to 200 kHz yields 3.92 uVrms for channel 1,
3.77 uVrms for channel 2 and 3.76 wVrms for channel 3.
Using (3) leads to a NEF of about 2.7 for all channels.

C. MEMS CHARACTERIZATION

To determine the available resonance modes, a frequency
sweep is conducted from 10 kHz to 1 MHz. At the resonance
frequencies a sudden change in impedance is measured. As
shown in Fig. 8, the sensor elements offer several resonance
modes below 1 MHz. The higher the gradient at such a
peak, the higher the electrical sensitivity this mode offers.
We use the mode at 343 kHz in this work to exploit its high
sensitivity.

Fig. 9 exemplarily shows the resonance frequency of one
of the MEMS resonators as a function of the surrounding
magnetic field. Here, the Bpc bias field is swept from
—3 mT to +3 mT and for every step the resonance frequency
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FIGURE 10. Closely matching resonance frequency curves of the three sensors at
0.5 mT DC bias field and their average resonance frequency f,.

ﬁ_—/

(" MEMS inside | f
Magnetic Shiclding] =

4'\
AR

a

FIGURE 11. Measurement setup for the system evaluation. The setup is electrically
shielded by a box covered in copper fleece. The sensor elements are additionally
magnetically shielded by a cylinder made of Mu-metal. The current supplies are used
to drive coils for the magnetic bias field. The coils bias the sensor elements and
provide a synthetic magnetic field to be measured. The ASIC is powered by a voltage
supply with +1.5 V. The lock-in amplifier provides an oscillator output that is
connected to the bottom electrode of the sensor elements and provides an AC voltage
to excite the sensors in resonance. The top electrodes of the elements are connected
to the ASIC amplifier via a DC-block capacitor. The amplifier output voltage is
measured by the lock-in amplifier.

fr is calculated using a modified Butterworth van Dyke
(mBvD) equivalent circuit model [42] fitted to the measured
impedance. This measurement shows the typical w-shape
expected for magnetostrictive resonators [21]. At zero DC
field the resonator is rather insensitive to magnetic fields
(small change of resonance frequency), whereas a large
gradient (i.e., high magnetic sensitivity) is visible, e.g., at
4+0.4 mT up until £1.2 mT. At higher field strengths the
effect reverses, offering another potential working point until
the magnetostrictive layer reaches saturation for fields larger
than &2 mT where sensitivity decreases rapidly to zero and
the sensor element reaches saturation. A working point with a
large magnitude of slope is chosen, to increase the sensitivity
of the resonator. Here, we use Bpc = 0.5 mT as a magnetic
DC bias field since it is convenient to generate with our
instruments and very similar for all three resonators in use.

To fulfil the premise of using several sensor elements
in parallel to increase the overall system LOD, the sensor
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elements have to match closely regarding noise, sensitivity
and resonance frequency. To increase the SNR, the difference
of the resonance frequency across all sensor elements must
satisfy the condition

Af;
fr

where Af; is the difference between the resonance frequency
of the single sensor element and the average resonance
frequency of all used sensor elements and Q is the quality
factor of the sensor elements [32]. Hence, to make use of
all available channels of the current-reuse amplifier, three
similar sensor elements are necessary. On the MEMS chip,
four resonators with the same size of 900 um x 150 pum
are available. This resonator size is chosen as it provides a
high magnetic sensitivity due to the large area that can be
covered with the magnetostrictive FeCoSiB. Resonators 9.1,
9.2 and 9.4 (indicated in Fig. 1) were chosen among the four
candidate devices as they exhibited the closest resonance
frequency match. The resonance frequencies f, and quality
factors Q are obtained by a mBvD-fit to the impedance
measurements of the sensor elements.

As shown in Fig. 10 an excellent agreement of simulations
and measurements is achieved and the resonance frequencies
of the three sensor elements match closely. With the DC
bias field Bpc = 0.5 mT applied, the sensor elements offer
resonance frequencies with a mean value of f, = 343.6 kHz.
Sensor element 9.1 deviates by Af, = 5.3 Hz, sensor
element 9.2 by Af, = 484 Hz and sensor element
9.4 by Af, = 43.5 Hz. This results in deviations from
the average resonance frequency of 0.0015% to 0.0141%,
highlighting the great reproducibility of the production and
post-production process. The rejected resonator 9.3 deviates
by Af, = 130 Hz or 0.04% from the average resonance
frequency. Together with Q-factors in the vicinity of 680, (5)
yields values < 0.1 for the presented setup. Additionally, this
impedance measurement confirms that the sensor element
impedance is in the range of 45 k2 as expected in Section II.

0<05 5)

D. SYSTEM PERFORMANCE

To measure the performance of ASIC and MEMS together,
for all following measurements sensor element 9.4 is
connected to channel 1 of the current reuse amplifier, sensor
element 9.1 to channel 2 and sensor element 9.2 to channel 3.
The whole measurement setup is shown in Fig. 11. Noise
and signal measurements were conducted to test the whole
sensor system in regard to operation as single sensors and
as an array. The demodulated amplitude spectra are shown
in Fig. 12 and a summary of the key parameters is given in
Table 1. For the individual channels, the noise floor e is the
average of the amplitude density spectrum in the vicinity
of f = 10 Hz. The overall system noise settles around
4 uV//Hz. Across all channels the applied alternating
magnetic field modulates the excitation voltage in amplitude.
It can be retrieved in the amplitude spectrum as a side
peak next to the excitation frequency and yields a signal of
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FIGURE 12. Amplitude spectra of the signals for all sensor channels after
demodulation into the baseband and the calculation of a parallel readout signal. The
dashed lines show the calculated noise floor.

Vpeak = 80 'V to 88 wV in the spectrum. The amplitude
modulation sensitivity

Vpeak\/i 6)
Bac

can be calculated as 225 V/T to 249 V/T. The LOD is given
by

Sam =

LODay = —— @)
Sam
and yields 16 nT/,/Hz to 20 nT/,/Hz per channel.

For the calculation of the three channels in parallel,
the demodulated time domain data is further processed
in MATLAB software. To synchronize the data, a cross-
correlation is used to determine timing offset between
datasets. Afterwards, the datasets are shifted to a matching
position and added up in the time domain. Then the
amplitude and amplitude density spectra are calculated and
the same quantities as for the single measurements are
derived. The results are compared in Fig. 12 and Table 1
respectively. Sensitivity is increased to 718 V/T, noise
reduced to 7.4 uV/\/Hz and the LOD is decreasing to
10 nT/\/Hz. A slight discrepancy compared to adding the
sensitivity values directly is observed, mainly because of
rounding effects and imperfect synchronization of the time
data.

IV. DISCUSSION

The current-reuse amplifier presented here offers a NEF
of about 2.7 with the measured current consumption of
66 A per channel and an IRN of 8 nV/,/Hz. Overall
channel 1 with sensor element 9.4 performs slightly worse
compared to channel 2 and 3 with sensor element 9.1
respective 9.2 regarding noise and gain. Since the amplifiers
channels behave very similar, this difference is attributed to
varying sensitivity of the magnetostrictive layers deposited
on the sensor elements. Here, sensor element 9.4 offers lower
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TABLE 1. Measured quantities of the sensor system with F, = 343.6 kHz, vex = 0.1V,
Bac = 500 nT and Fac = 10 Hz.

"\c‘;‘gﬁ? Amplitude at  Sensitivity (Eﬁ:fy LOD
(Sensory 10 HZ[1V] [V/T] (V2] [nTAHz]
Channel 1

9.4) 79.7 225.4 4.53 20.1
Channel 2

©.1) 86.9 2459 3.99 16.2
Channel 3

9.2) 88.2 249.6 3.90 15.6

All
Channels 254.1 718.6 7.43 10.3
Parallel

sensitivity in comparison to the other two. This could also be
confirmed in additional measurements with the same setup
as used in [32].

In Table 2 a comparison to a selection of other amplifiers
for biomedical applications is given. The IRN of the
presented amplifier is close to [36] and [43] especially
considered the small bandwidth of the other reported circuits.
The noise floor is comparable to [29]. The NEF of all
reported amplifiers is very close ranging from 2.2 to 3.2.
For multi-channel systems an area comparison is important.
Since the area is heavily dependent on the used technology
node size here, as a figure of merit a normalized area is
calculated, dividing the area/channel by the square of the
node size [33]. The presented amplifier in this paper uses
the smallest normalized area.

The sensor system exhibits a sensitivity around 250 V/T
and a LOD of 16 nT/\/Hz for single channels when the
resonators are excited in the resonance mode at 343 kHz.
The sensor resonance frequencies match well, yielding the
expected signal improvement when all channels are added.
The sensor elements also have similar properties regarding
their noise and sensitivity, and the amplifier exhibits highly
similar behavior on its three channels to enable parallel
recording of three channels as shown in Fig. 12. Adding
the parallel sensor channels offers increased sensitivity by
a factor of 3.18, 2.92 or 2.87 in comparison to the single
channel 1, 2 or 3 respectively. The amplifier operates in
open-loop configuration and thus die-to-die gain variation
and temperature effects are expected. Still, the measured
results confirm that on-die matching of amplifier channels
is sufficient for the parallel usage of three channels: The
presented setup increases the signal amplitude almost by
the theoretically achievable factor of 3, while the noise
increases roughly with the expected factor of /3. This results
in an improvement of the LOD by a factor of 1.95, 1.57
and 1.51 respectively. For the sensitivity and the LOD the
performance of channel 1 increases more than the theory
suggests. This is due to the better performance of the
other channels. The presented approach can principally be
scaled to more than three channels to further improve the
LOD.
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TABLE 2. Comparison of this work to other published biomedical amplifiers.

This work JTCASIIEB JSSC 13 SVLSIC
21 [29] [36] 18 [43]
Technology 350 180 130 180
[nm]
Input L-BJT L-BJT CMOS CMOS
transistors
Supply
voltage [V] 3 33 - -
Bandwidth 100-75k 0.1-392k 199k 8k
[Hz]
Gain [dB] 40 40 40 60
IRN
[uVrms] 39 i > .
Noise floor
[nV/AHZ] 8 >33 ] e
NEF 27 322 3 22
Power/ch.
199 481.8 13.4 5.5
[WW]
Arca/ §h~ 0.0288 0.297 0.03125 0.073
[mm’]
Normalized 235k 92 M 1.8 M 22M
area/ch.

V. CONCLUSION

In this work it was shown that the MEMS and ASIC designs
are suitable for a complete multi-channel recording system.
The MEMS production process yields almost identical sensor
elements capable of parallel usage to improve sensitivity and
LOD. The setup shows, that this approach is scalable to
bigger numbers without principle difficulties. In the future,
exchange bias layers [23], [32] could be implemented,
to generate the needed Bpc bias field directly on the
sensor elements, making the external coil unnecessary. To
further improve the sensitivity and reduce the noise of
the resonators, findings from [44] can be implemented in
the measurement process, especially regarding the optimal
excitation amplitude. The presented system is very compact
with microscopic MEMS sensors and a densely stacked
multi-channel amplifier, all while offering low-noise low-
power performance.
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