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Abstract—This paper proposes techniques for the extrac-
tion of biological information in a recently developed handheld
biochip-based microsystem. The microsystem is based on a mag-
netoresistive array biochip composed of a number of sensing sites
with magnetic tunneling junctions (MTJ) and diodes. Different
techniques are addressed to drive the MTJs with different types
of signals. Different filtering strategies that allow the recovery
of biological signals from the noise without overly increasing
either the time required for accessing the sensors or the power
consumption of the board are proposed. Finally, new techniques
and algorithms are proposed to deal with the variability of the
fabrication parameters of the MTJ and the diodes. Experiments
with the system in a setup to detect actual biological signals are
presented with encouraging results.

Index Terms—Biochip, biomolecules, magnetic sensors, micro-
system, signal processing.

I. INTRODUCTION

ONE of the trends of the last decade has been the minia-
turization of typical large laboratory experiments. This

has been made possible by the advance in microfluids and
microelectromechanical systems (MEMS) technologies. One
of the outcomes of this trend has been the so-called “lab-on-
a-chip” system [1]. For lower scale production, microsystems
such as that described in this paper offer great promise.

We developed the microsystem used in this paper, which is
based on magnetoresistive biochips [2]. These chips have been
introduced for fully integrated biomolecular recognition assays
[3], [4]. In these experiments, target biomolecules are marked
with magnetic particles and are subsequently recognized by
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biomolecular probes immobilized at the surface of the chip
over sensing sites. The marked magnetic fringe fields are then
detected by magnetic tunneling junctions (MTJs) [1].

The developed system consists of a compact credit-card-
dimension portable handheld microsystem for biomolecular
recognition assays. The microsystem includes the magneto-
resistive biochip and all the electronics that are necessary to
address and read the sensors and to implement temperature and
fluid control. This paper mainly addresses the signal processing
techniques and algorithms for measuring and extracting bio-
logical information on this new handheld microsystem.

II. ARCHITECTURE

The proposed architecture for the biochip platform is or-
ganized into two main modules (Fig. 1): 1) the sensing and
processing module (SPM) and 2) the fluid control and commu-
nication module, as represented in Fig. 1.

A. Reading and Controlling Circuits

The core of the system is the 16-bit integrated micro-
controller/digital signal processor (MC/DSP) Microchip
dsPIC 30F6014. This device has a performance of up to
30 MIPS and an extended instruction set for digital signal
processing. A static random-access memory (RAM) is also
included. This MC/DSP addresses and reads the data from the
array of magnetoresistive sensors provided by the biochip and
measures and controls the temperature by using those same
devices.

1) Current Generator Circuits: To perform readings in the
complete sensor array, the current to the sensor is generated
using a digital-to-analog converter (DAC) and a voltage-to-
current converter and is multiplexed into the biochip. Fig. 2
depicts the circuit diagram employed in the current generator.
In this circuit, the current that flows to the sensor is the
same current that runs through RF , which is defined by iM =
vDAC/RF . This decreases the temperature and the current
errors introduced by the current mirror that drives the sensor
and by transistor QF .

For the required external magnetic field generator, a circuit
similar to that used for the generation of the sensor driving
current is used. The current intensity in the coil (ac and dc) and,
consequently, the magnetic field is controlled using the DAC
and scaled through a resistor.

2) Heater/Carrier: The heater/carrier line represented in
Fig. 1 is designed with a U-shaped geometry around each
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Fig. 1. Full diagram of the microsystem.

Fig. 2. Current generation circuit.

Fig. 3. Prototype microsystem main board (SPM).

magnetic sensor. By applying a low-frequency current
(∼0.1 Hz), the magnetically labeled biological targets are car-
ried to the top of each sensing site [5].

3) Prototype: The prototype of the SPM is shown in Fig. 3.
The biosensor array can be seen at the top of the figure, and the
MC/DSP and the 1-Mb RAM chip can be seen at the bottom.

III. BIOCHIP SENSING SITE

The biochip was fabricated using state-of-the-art, thin-film
microelectronic techniques in the Instituto de Engenharia de
Sistemas e Computadores Microsistemas & Nanotecnologias

Fig. 4. Magnetoresistive biochip schematic (inside the dashed line).

[6]. The schematic diagram of the biochip is shown in Fig. 4.
It is composed of a number of sensing sites formed by an MTJ
and a junction diode. The sites are arranged in an array (16×16)
and are accessed through line and column wires that are se-
lected through multiplexers outside the chip. The diode has two
functions: 1) as a commutator that prevents sites, other than
the selected site, from being accessed and 2) as a temperature
sensor for biological reactions that take place on each chip
site. A typical set of magnetic tunnel junctions used in the
biochip was characterized in [7]. The resistance of the MTJ
varies with the transversal component of the applied magnetic
field. An important characteristic of the junction is its tunneling
magnetoresistance ratio (TMR), which is given by

TMR =
Rmax − Rmin

Rmin
(1)

where Rmax and Rmin are the maximum and minimum resis-
tance values obtained with magnetic opposite saturation fields,
respectively. The resistance variation follows a hysteresis curve.
Assuming that the junction is being driven by a current I0, the
sensitivity to the magnetic field of the measured voltage signal
is given by

∂v

∂h
= Sv

H = TMR(V)
RJ

ΔHmax
I0. (2)
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Fig. 5. Variation of the MTJ signal voltage with the applied current.

The TMR almost linearly decreases with applied voltage within
a range up to 500 mV. It is maximum with zero applied voltage
TMR(0). This can be modeled as

TMR(V)
TMR(0)

= 1 − V

2V1/2
(3)

where V1/2 is about 350 mV [7]. This suggests the use of
low junction polarization voltages. However, a low polarization
voltage implies a low driving current.1 The sensitivity to the
magnetic field of the measured voltage signal, which is given
by (2), is optimal for the driving current of

I0 =
V1/2

RJ
. (4)

For the junction in [7], which has about 14.4 kΩ, the optimum
current is at about 30 μA, as shown in Fig. 5.

IV. SIGNAL ACQUISITION: DRIVING AND SENSING

To measure the resistance of the MTJ, a known current
was applied at each biosensor, and the resulting voltage was
measured. Some important design considerations are discussed
in the succeeding sections.

A. AC and DC Measures

Applying a current through the sensing site and measuring
the voltage signal will result in a signal that combines the
voltage drop across the diode and across the MTJ. To extract
the diode signal, one can simply subtract the signal measured
before the insertion of the particle solution at the sensor. The
result is a signal that is proportional to the number of particles
immobilized over the MTJ.

However, this signal is a small signal that is embedded in a
large signal. A typical value for this may be about 100 μV. Even

1Note that, due to the ultralow thickness of the dielectric, the MTJ may
break down for applied voltages over 1.1 V. For example, for MTJs with
RJ = 15.3 kΩ, the maximum drive secure driving current is 65 μA.

Fig. 6. Input noise power spectral density after the ADC with the DAC
configured to a maximum current of 1 mA.

with a fully saturated MTJ, the signal level will be about 50 mV.
This signal level requires the analog-to-digital converter (ADC)
to have a large dynamic range. This problem can be reduced if
the applied external magnetic field has a sinusoidal component.
This alternating magnetic field will produce a corresponding
variation on the MTJ resistance value. This signal can then be
separated from the dc bias voltage through a high-pass filter and
then amplified.

B. Selecting the Drive Current Value

Note that, in Fig. 5, the driving current was optimized for
the highest signal level. If the requirements were to optimize
the signal-to-noise ratio, then the results would be different.
However, for this application, as we will see later, the noise
level is not limited by the junction.

V. SYSTEM NOISE PERFORMANCE

The magnetic particle detection of the system is limited
by its noise performance and measuring resolution. Each bio-
sensor contributes 1/f noise with a spectral density of about
370 nV/

√
Hz at a measuring frequency of 300 Hz and about

3.7 μV/
√

Hz at 30 Hz when fed with an optimal reading current
of 30 μA. However, the overall system has a higher equivalent
input noise voltage, as we will see next. Measurements of noise
levels in the board were made for the case of a sinusoidal cur-
rent drive signal (ac mode). The sampling frequency is 480 Hz.
The signal is a 30-Hz, 5-μA current injected through a 10-kΩ
resistance. The noise power spectral density is shown in Fig. 6.
The noise is mostly composed of five components: 1) harmon-
ics of the 30-Hz frequency; 2) quantization noise from the DAC;
3) 50-Hz power line frequency noise; 4) low-frequency noise;
and 5) white noise. The total noise level reaches 1 mVRMS,
due to DAC quantization. The 50-Hz power line noise and
low-frequency noise amount to 370 μVRMS, and the resulting
noise is about 37 μVRMS. Further filtering with a 3.3-s-length
bandpass filter (a finite impulse response (FIR) filter with
1584 taps) reduces the noise to about 8 μVRMS.
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Fig. 7. Noise power spectral density relative to the sensing site measured by
the ADC with the DAC configured to a maximum current of 100 μA and the
board set to ac mode. In lines a and b, the system has a gain of 10. In line a, the
load is a sensing diode site. In line c, the board is shielded, and the gain is 899.
The peak at 325 Hz is the applied signal.

The quantization noise leads to a change of the DAC scale
from a maximum of 1 mA to only 100 μA. The change of the
board to ac mode with a gain of 10 leads to the reduction of the
noise floor by ten to 1 μV/

√
Hz, as shown in Fig. 7 (line b).

The noise level when the load is set to a sensing site diode is
shown in Fig. 7 (line a), where a high low-frequency noise is
visible, which leads to an increase in the signal frequency to
325 Hz, with a sample ratio of 4 spl/period and a conversion
ratio of 1300 cvs/s. In Fig. 7 (lines a and b), there is a strong
50-Hz interference signal. This can easily be removed through
digital processing, but it limits the gain of the amplifier. In
Fig. 7 (line c), the board was shielded using an iron and Mu-
metal case, removing the 50-Hz signal and allowing the gain
to be increased to 899. This resulted in further reduction of the
noise floor to about 100 nV/

√
Hz.

VI. SIGNAL PROCESSING

In the system, there are two main tasks for the signal proces-
sor embedded in the board: 1) the generation of the drive signal
and 2) the recovery of the biological signal. Some of the signal
processing techniques rely on previously obtained models for
the MTJ and diode [7].

A. Generating the Drive Signal

For ac measurements, a sinusoidal driving signal was chosen,
while for dc, a constant current was used. The sampling ratio
was chosen to be a constant multiple of the sinusoidal signal.
This allows the signal to be generated by the DSP in a very
simple way through a lookup table.

The output of the DAC resembles a staircaselike signal, due
to the sample-and-hold, which could be interpreted as nonlinear
distortion of the sinusoidal signal. However, since the ADC
samples this signal at the same frequency, this is not the case. In
fact, the action of the sample-and-hold can be integrated with
the frequency response of the system in a linear way so that the

full loop from the DAC to the ADC can be viewed as a discrete-
time linear system, as shown in

sad(t) =
∑

n

y[n]δ(t − nTa) ∗ h(t). (5)

The only nonlinear distortions that do occur are due to quan-
tization caused by the limited resolution of the DAC (10 bits).
Taking this into account, it is safe to say that there is no need
for the inclusion of a reconstruction filter at the DAC output.
However, a filter at the ADC input is desirable to reduce the
noise acquired by the ADC, which can be, for example, the
antialiasing filter.

B. Noise Filtering

Assuming an ac drive, either with an ac magnetic field or
an ac current through the sensor, the amplitude of the volt-
age signal at the sensing site must be determined. This can
be done using several techniques. The measured signal y[n]
can be approximated by the sinusoidal signal, with analog
frequency f0, which corresponds to the digital frequency w0 =
2πf0/fs (fs ≡ sample frequency). The signal is corrupted by
white noise v[n] with standard deviation σv

y[n] = A cos(ω0n + φ) + v[n] (6)

and the goal is to estimate the amplitude A of the signal.
Three techniques are proposed. The discrete Fourier transform
(DFT) amplitude estimator in Section VI-B2 was chosen for
implementation. The method in Section VI-B3 is optimal but
can be reduced to that in Section VI-B2. It corresponds to
a matched filer [8] that maximizes the output signal-to-noise
ratio. In [9], methods are addressed to estimate complex sinu-
soid amplitudes in white and colored noise, and our methods
are related to the least-squares (LS) estimator. In [10], Rife
and Boorstyn show the maximum-likelihood estimator for the
unknown phase, which is presented in Section VI-B2.

1) RMS Value Calculation: One approach is to calculate the
RMS value of the received signal, as given by (7). This only
gives reasonable results as long as the noise level is low. If this
is not the case, the signal can first be bandpass filtered to reduce
the noise, although this can be more costly than the operations
in other methods. Assuming that N samples are taken from the
received signal, where N is a multiple of the signal period, then
the signal amplitude estimate will be

ARMS =

√√√√ 2
N

n0+N−1∑
n=n0

y[n]2. (7)

This amplitude estimator is biased, its expected value is
given by

E[ARMS/A] = 1 + (σv/A)2 (8)

and the standard deviation or RMS value of the noise will be
σ(ARMS/A) =

√
(2/N)σ(v/A).

Authorized licensed use limited to: UNIVERSIDADE TECNICA DE LISBOA. Downloaded on January 18, 2010 at 09:16 from IEEE Xplore.  Restrictions apply. 



60 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 59, NO. 1, JANUARY 2010

2) DFT Amplitude Estimator: Since we intend to calculate
the amplitude of the received signal, an obvious approach is
to calculate its DFT and determine the amplitude at the drive
frequency. However, it is not required to calculate the full
DFT: only its amplitude at the given frequency. This can be
calculated by

I =

∑n0+N−1
n=n0

2y[n] cos(ω0n)
N

(9)

Q =

∑n0+N−1
n=n0

2y[n] sin(ω0n)
N

(10)

ADFT =
√

I2 + Q2. (11)

This is an unbiased estimator of the amplitude. Its standard
deviation, for small values of the noise signal, is given by

σ(ADFT/A) =

√
2
N

σ(v/a). (12)

This result is the same as that from the RMS calculation.
However, since this estimator is almost unbiased, the resulting
estimation error is usually much lower. This technique can also
be interpreted as the use of two bandpass filters, which measure
the in-phase (I) and quadrature (Q) signal components. If one
wishes to filter out higher harmonics from the signal, which
may not be precisely controlled, then N should be chosen to
be a multiple of the period. The square-root operation can be
costly to implement but would not limit the sampling rate of
the system.

3) Optimal Passband Filter: Assuming a model for the
noise signal in (6), namely, its power spectral density or its
autocorrelation function, an optimal filter for removing the
noise can be determined in the form of an FIR filter with
impulse response wj and length N [11]. We chose an FIR filter
because of the limited time window to the signal at each sensor,
which can easily be implemented with FIR filters.

This can be formulated as a Winner filtering problem [12],
where d[n] = A cos(ω0n + φ) in (6) is the desired signal, and
y[n] is the input signal. The input y[n] can be decomposed in
two components: y0[n] = A cos(ω0n + φ) and v[n]. Only v[n]
is considered to be stochastic. If one assumes that the noise is
white, as is approximately the case around the drive frequency
(Section V), then the optimum filter results in the truncation of a
sinusoidal signal. Defining y0 = [y0[n], . . . , y0[n − N + 1]]T

and w = [w0, . . . , wN−1]T , the autocorrelation matrix of the
signal is given by R[n] = y0yT

0 + σ2
vδ[i − j], and the cross-

correlation vector is P[n] = y0y0. This will result in a time-
varying optimal filter W [n]. The output of this filter is then
sampled at its maximum to determine the amplitude of the
sinusoid, resulting in

w =
y0y0[nmax]
y0

T y0 + σ2
v

. (13)

For the given y0, as long as σ2
v is low and N is a multiple of

the period, this reduces to wj = 2 cos(ω0j + φ), which, in fact,

Fig. 8. Time variation of the measured signal for evaluation of particle
detection capabilities.

corresponds to the calculation of the correlation of the received
signal with the drive signal. The resulting estimator is then

AOpt =

∑n0+N−1
n=n0

2y[n] cos(ω0n + φ)
N

. (14)

This is also an unbiased estimator, and the standard devi-
ation is the same as that for the DFT amplitude estimator
(Section VI-B2). However, this technique requires the knowl-
edge of the phase of the measured signal. If cos(φ) and sin(φ)
are calculated from I/

√
(I2 + Q2) and Q/

√
(I2 + Q2), then

the method in Section VI-B2 is obtained.
The filter obtained corresponds to the truncation of a si-

nusoidal signal. It matches the design of a single-frequency
extraction filter using the rectangular window method [11]. This
method is optimum in the presence of white noise, as in our
case. Other methods of filter design, i.e., minimax methods,
lead to elliptic filters for infinite impulse response or equiripple
filters for FIR. These methods are optimum in the minimax
sense, so that any signal in the stop band is attenuated at least
A dB but are no longer optimum when the noise spectrum is
known.

VII. EXPERIMENT

The microsystem was tested using a solution of 2.3 ×
109 particle/mL with 1.5-μm-diameter magnetic nanoparticles.
An 5-μA dc current was driven by the DAC through a 10-kΩ
MTJ. The voltage signal was measured by an ADC at a sample
rate of 6 Hz after passing through a suitable antialiasing filter.
The measurement time was about 8 min. The measured signal
is shown in Fig. 8, after the removal of a 47-mV dc signal. The
solution was dropped on the sensor after about 1000 samples,
and the sensor was washed with distilled water after about
1750 samples. The figure clearly shows a 190-μV signal due
to the presence of magnetic particles, demonstrating that the
microsystem can be used for particle detection. In addition, if
the current level was increased to 50 μA, the signal level could
be increased to 300 μV, but this would lead to higher noise
levels and lower the signal-to-noise ratio.
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VIII. CONCLUSION

New techniques and algorithms are proposed to measure and
extract biological information in a recently developed handheld
biochip-based microsystem. A noise floor of 100 nV

√
Hz has

been reached. Different filtering strategies, based on the analy-
sis of the noise levels in the system, are also proposed. These
strategies allowed the noise to be filtered without excessively
increasing the total time required to measure the signals at
the sensors while maintaining a low computational complexity
and power consumption of the board. The proposed techniques
are fundamental to measure and extract biological information.
Moreover, experimental results show accurate results when
applied to real biological signal detection.
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