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Abstract—This paper presents a hand-held microsystem based
on new fully integrated magnetoresistive biochips for biomolecular
recognition (DNA hybridization, antibody antigen interaction,
etc.). Magnetoresistive chip surfaces are chemically treated, en-
abling the immobilization of probe biomolecules such as DNA or
antibodies. Fluid handling is also integrated in the biochip. The
proposed microsystem not only integrates the biochip, which is an
array of 16 16 magnetoresistive sensors, but it also provides all
the electronic circuitry for addressing and reading out each trans-
ducer. The proposed architecture and circuits were specifically
designed for achieving a compact, programmable and portable mi-
crosystem. The microsystem also integrates a hand-held analyzer
connected through a wireless channel. A prototype of the system
was already developed and detection of magnetic nanoparticles
was obtained. This indicates that the system may be used for
magnetic label based bioassays.

Index Terms—Biochip, biological analysis, microsystem, magne-
toresistive sensor.

I. INTRODUCTION

RECENTLY, there has been a continuously increasing re-
search effort for developing highly integrated instruments,

which are able to automatically deliver results concerning drug
and antibiotic administration, DNA hybridization detection,
etc., not only near the patient but also in real time. The main
goal of this research is to obtain a complete lab-on-a-chip
system for the highly demanding medical-diagnostic market.
These instruments are frequently based on biochips, which
are recent technological breakthroughs achieved by combining
expertise of different research areas, such as biology, chemistry,
microelectronics, signal processing, data mining, etc.

In some biochips designed for DNA recognition, DNA target
is marked with a fluorescent molecule. The labelled target is
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then made to interact with DNA probes immobilized on the chip
surface. DNA hybridization is detected by laser illumination of
the biochip surface and by acquiring and processing the corre-
sponding images. This type of biochip requires a bulky, sophis-
ticated and expensive readout system, which does not facilitate
the design of the envisaged modern hand-held instrument.

Recently, magnetoresistive biochips have been introduced
for fully integrated biomolecular recognition assays [1], [2],
using target biomolecules marked with magnetic particles. Sub-
sequently, the labelled targets are recognized by biomolecular
probes immobilized on the surface of the chip over sensing
sites. The markers fringe magnetic fields are then detected by
magnetic sensors [3]–[7]. The great advantage of this type of
microsystem is the possibility to directly detect biomolecular
recognition (eg. DNA hybridization) by reading the magnetic
field created by the markers using a sensor located below each
probe site. The action of taking an electrical measurement,
instead of an optical one, reduces considerably the readout
system complexity and increases sensitivity.

Among the various types of magnetic sensors, magnetic
tunnel junctions (MTJs) assume greater importance because
of their flexibility in resistance design (by changing the tunnel
barrier thickness) and because they benefit from recent research
and technological advances aiming at the design of future
ultra high density magnetic memory chips [8]. This research
already led to higher magnetic sensitivity, when compared with
other types of magnetic sensors, which enables the detection of
smaller magnetic labels.

In order to increase the number of magnetoresistive sensor
sites in the biochip and make the biochip fully scalable, a new
matrix-based magnetoresistive biochip was designed and fab-
ricated. The biochip is a matrix array of 16 16 sensors and
each one consists of a thin-film diode (TFD) connected in se-
ries with a MTJ (see Fig. 1) [9]. Biochip scalability is of great
importance in biodetection applications as it enables analysis of
a larger number of different targets in parallel. Such biochips
could, for instance, be used in clinical diagnostics of genetic
diseases characterized by a large number of mutations (over one
hundred), like in cystic fibrosis [6].

In the developed system, the biochip is integrated in a
new miniature [credit card dimension, see Fig. 1(b) and 19]
hand-held platform incorporating all electronics for addressing,
reading out, sensing, temperature controlling and fluid sample
handling [10]. Since readout signals have very small amplitude
(about 15–20 V /bead, for 250-nm particles), advanced
signal processing techniques are implemented in a digital
signal processor (DSP). The DSP processes the recovered
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Fig. 1. Magnetoresistive biochip. (a) Simplified electrical scheme.
(b) Photograph.

Fig. 2. Magnetoresistive biochip detailed. (a) Microphotograph of matrix cells.
(b) Encapsulated biochip.

signals, reduces noise and offset effects and controls biochip
temperature. The analogue circuitry, which was optimized and
reduced to the minimum, is controlled by the DSP, replacing
conventional bulky lock-in analogue amplifying techniques.
High-level system control and data analysis are remotely per-
formed through a personal digital assistant (PDA) via a wireless
channel or a universal serial bus (USB).

This paper presents the proposed architecture for the hand-
held platform and discusses the details of biochip design, fab-
rication, modelling and reading techniques. The paper is orga-
nized as follows. Sections II and III present the biochip main
characteristics. Section IV details the proposed architecture and
Section V gives some description of the implemented proto-
type. In Section VI experimental results are presented. Finally,
in Section VII, relevant conclusions are drawn and directions
for further research are pointed out.

II. BIOCHIP TECHNOLOGY

The system is based on a new type of magnetoresis-
tive biochip, fabricated at Instituto de Engenharia de Sis-
temas e Computadores-Microsistemas & Nanotecnologias
(INESC-MN), Lisbon, Portugal, using standard microfabrica-
tion techniques. As depicted in Fig. 1, each biosensor detection
site incorporates a TFD, , in series with a magnetoresis-
tive sensor, based on an MTJ, , leading to a matrix-based
biochip. Each TFD has two main functions: 1) to act as a
switching device enabling the connection between column
and row of the matrix; 2) to act as a temperature sensor of
each biosensor site, . The MTJ is very close to the TFD
[see Fig. 2(a)] and operates as a sensor of the planar magnetic
field transversal to its length. The MTJ is also slightly
temperature dependent as it will be shown.

In each biosensor site [Fig. 2(a)], an electric current
flows from row conductor (large transversal metal con-
ductor), through the TFD into the MTJ (perpendicularly to
the plane of the photograph), and finally to column conductor

. The biochip has a configuration of 16 16 cell matrix
integrating hydrogenated amorphous silicon (a-Si:H) TFDs
with aluminum oxide barrier MTJs [6].

Each detection site also incorporates a patent-pending
U-shaped carrier line (U-CL) structure [Fig. 2(a)] that has two
main purposes: 1) to generate a magnetic field to sweep target
biomolecules at low frequencies over the immobilized probes
increasing the hybridization rate; 2) to heat biochip sites. The
CL [carrier-heater, see also Fig. 1(a)] has approximately 60
of total resistance and is divided in four lines associated in
series, each one with 15 , surrounding 64 biochip sensors. By
using the U-CLs it is possible to implement different objectives
and strategies for temperature control of the biochip four
subregions.

Layers of different materials are deposited over a glass sub-
strate by an ion beam deposition or by magnetron sputtering and
are defined by direct write laser lithography and ion milling.
The TFDs are Schottky-barrier diodes formed at the interface
of an a-Si:H thin film and an aluminum lead and their size is

m m. MTJ sensors are m m in size
and comprise an anti ferromagnetic layer (MnIr thickness of
250 ), a fixed ferromagnetic layer (50 of CoFeB), a tun-
nelling insulating barrier (12 of aluminum oxide) and a free
layer (15 of CoFeB 45 of NiFe). These transducers show
a relative change in resistance (tunnelling magnetoresistance
ratio—TMR) of 27%. In addition, a microfluidic chamber with
volume of 5 mm 5 mm 0.5 mm is mounted over the encap-
sulated chip [Fig. 2(b)]. A plexiglass window is provided with
two fluid ports, where two silicone tubes (2 mm of external di-
ameter) can be connected to the fluid dispenser.

When the biosensor is used for detection of DNA hybridiza-
tion, the site over each MTJ transducer is previously function-
alized with a DNA probe, as represented in Fig. 3(a). The target
DNA, tagged with paramagnetic nanoparticles, is transported
in fluid and focused at sensing sites using alternating magnetic
field gradients created by the U-CLs. Subsequently, the DNA
target hybridizes with the available complementary probe and
finally, the magnetic labels remain bound to the surface of the
sensors after washing the chip with a buffer solution (see Fig. 3).

The application of a dc or an ac external magnetic field in-
duces a magnetic moment on the nanospheres and each MTJ
sensor detects this change depending on the number of labels
bound to its surface. In the system described in this paper, the
reading magnetic field ( , in Fig. 3) is generated by an external
coil or, alternatively, by appropriate electric currents circulating
in the carrier lines.

III. BIOCHIP CHARACTERIZATION AND MODELLING

Each matrix element is driven with a measuring current,
, and small changes of the MTJ resistance are read as small

voltage changes at the input driving port. Each biosensor ele-
ment may then be characterized by a large-signal
model (Fig. 4) which takes into account the biosensor measured
voltage, , nonlinear relationship with the measuring current,
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Fig. 3. DNA hybridization. (a) Magnetically labelled DNA targets are focused
at DNA probe functionalized sites by use of on-chip carrier line structures.
(b) DNA hybridization is detected through the sensing of the magnetic stray
fields created by the labels using a MTJ transducer.

Fig. 4. Biosensor element large-signal model.

Fig. 5. Biosensor element small-signal model.

, absolute temperature, , and external magnetic field, ,
through the TFD and MTJ voltages ( and , respectively)

(1)

A small-signal model (Fig. 5), valid near a quiescent point
, may be derived

(2)

This proposed small-signal model does not take into account
noise components that may be generated in the TFD or in
the MTJ (shot noise, thermal noise and noise), because
biosensor noise contribution will be filtered out.

A. TFD Electrical Characterization and Modelling

The I–V characteristic of an amorphous TFD is slightly
different from the I–V characteristic of a crystalline semi-
conductor junction due to the space charge limited current

(SCLC) phenomena [11], that typically occurs in amorphous
semiconductor films. In order to achieve a very good V–I
characterization regardless current range, a compound model,
including the semiconductor junction voltage drop and a
compound bulk voltage that varies nonlinearly with
current, is considered for the TFD

(3)

where is the emission coefficient, is the thermal
voltage, and is the diode saturation current. The first two
terms of the sum and , lead to a very good characteri-
zation of the TFD for low and medium current/voltage values.
When a global model is desired in order to include the high
current/voltage region, the second nonlinear term must be
added. The proposed compound model allows a better charac-
terization of TFD behaviour in the high current/voltage region
(an operating upper limit of A is assumed for reasons ex-
plained below). The two last contributions, and , may be
seen as the contributions of two nonlinear resistors.

Fig. 6 depicts the I–V experimental characterization (circle
marks) of one of the 256 TFDs of the biochip, at room tem-
perature of 24 C and at 40.5 C. It can be seen that, at room
temperature [Fig. 6(a)], TFDs are very well modelled by model
A (two first terms) in the low/midle region but only model B
(complete model) may achieve a good match with experimental
data in the high current/voltage region. Only for extremely high
currents/voltages the proposed model differs slightly from ex-
perimental data. For higher temperature values only the com-
pound model achieves a good characterization (see Fig. 6(b) for
40.5 C).

For the proposed model, the TFD incremental resistance is

(4)

Fig. 6(c) shows the TFD (same conditions as before), both
calculated directly from experimental data (circle marks) and
through the considered models (dashed and solid lines). As in
the I–V characteristic, it can be seen that model B may achieve a
better characterization. Only for extremely high currents, where
the biosensor will not operate, due to MTJ current limitations,
the proposed model differs from experimental data.

B. TFD Temperature Characterization and Modelling

The temperature of each biochip matrix element carries
relevant information to characterise and analyze the DNA
hybridization that occurs in the site placed over the magnetic
biosensor. The TFD V–T characteristic is used for measuring
this temperature because the TFD is implanted very close to
the magnetic sensor [see Fig. 2(a)] and has a very good thermal
connection with it. If the TFD is fed with a very small constant
current , voltage drop dominates over and , and
varies almost linearly with temperature , although it depends
on technological junction parameters ( , and ) [11]
due to

(5)
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Fig. 6. TFD I–V characteristic and incremental resistance. (a) I–V at 24 C. (b) I–V at 40.5 C. (c) r at 24 C.

Fig. 7. TFD V–T characteristic for I = 100 nA.

The sensitivity of the V–T characteristic, for low values, may
then be calculated at a quiescent point as

(6)

For low current values and the second term
may be neglected, leading to , which corresponds to
an almost linear characteristic (for a certain temperature range).
This linear behaviour is exhibited by experimental data shown
in Fig. 7 (circle marks) when the TFD was fed with a small
constant current of 100 nA. A direct linear fit over data leads
to mV/ C (dashed line), while, on the other
hand, estimating technological parameters from data

leads to mV/ C (solid line).
Because the TFD temperature characteristic depends on tech-

nological parameters, each sensor needs to be calibrated in a
certain temperature range. For a given, small and constant cur-
rent, voltage , at a temperature , can be estimated using
a known value at a reference temperature , through

Fig. 8. MTJ I–V characteristic at 30.4 C.

linear interpolation. Higher order interpolating schemes may be
considered whenever higher current values cause sensitivity to
deviate from a linear characteristic.

C. MTJ Electrical and Temperature Characterization and
Modelling

Each MTJ has an I–V characteristic that is almost linear, as
can be observed in Fig. 8 (square marks represent experimental
data). A linear model with constant coefficients may then be
considered, , and k and

A were obtained for 30.4 C (solid line). Due to the
ultra thickness of the dielectric needed to obtain tunnelling ef-
fect, typical MTJs may breakdown for applied voltages over
1.1 V. This fact limits the maximum secure driving current to

A for a MTJ with a nominal value of .
Although is slightly temperature dependent in a linear

way, due to its low sensitivity and the fact that each MTJ is
always in series with a TFD, it is possible to consider that
it is almost temperature independent. Experimental results
(square marks in Fig. 9) evidence temperature dependence.
Assuming a linear model and considering the estimated values
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Fig. 9. MTJ R temperature dependence.

, it is possible to obtain C and
k .

Assuming this temperature dependent model and considering
all estimated parameters, Fig. 8 also depicts the expected voltage
drop for each drive current value. For a drive current of 1 A a
sensitivity of C corresponds to a voltage drop sen-
sitivity of V/ C which is negligible when com-
pared with mV/ C exhibited by the TFD that is
in series with the MTJ. From what was stated before and these
experimental results and models, it can be inferred that it is pos-
sible to use each TFD as a site temperature sensor and neglect
the MTJ very low temperature sensitivity.

D. MTJ Magnetic Characterization

The MTJ resistance also changes with the transversal compo-
nent of an applied magnetic field . Its sensitivity to the mag-
netic field is measured through the tunnelling magnetoresistance
ratio (TMR). A maximum change occurs when no voltage is ap-
plied to the tunnel junction

% (7)

where and are the maximum and minimum resis-
tance values obtained with magnetic opposite saturation fields
(typically Oe, . The TMR signal is almost con-
stant until 30 mV (an initial value of % was ob-
tained for the technology used in the biochip) and then starts
to decrease almost linearly with bias voltage increase. The de-
creasing rate is almost constant in the range where the signal
drops to half the initial value at 300–500 mV ( in Fig. 10).
In the range 300–500 mV it is possible to model

(8)

showing that the MTJ TMR increases with the decrease of the
dc bias voltage applied to it.

However, if resistance is constant the reading signal, ,
increases with current. This means that there is a tradeoff be-
tween these two phenomena and a maximum voltage variation,

, is observed at a certain current. This current value de-
pends on the MTJ resistance: the higher the resistance, the lower

Fig. 10. TMR dependence with bias voltage.

Fig. 11. MTJ voltage variation dependence with drive current.

will be the current value at which the maximum is observed
(Fig. 11). Its value may be derived through

(9)

and may be estimated as .
Experimental characterization of one of the biochip MTJs

showed a resistance of 14.4 k and the voltage variation max-
imum occurs for a drive current of A (see Fig. 11). Device
simulations for three different MTJ resistances (10, 14.4, and
20 k ) are also shown and agree well with experimental data.
The decrease of for higher bias currents is caused by TMR
decrease at increasing bias voltage. For biochip applications a
maximum voltage variation is desirable.

Increasing MTJ resistance decreases current values required
to maximize signal output but at the expense of increased
sensor noise (mostly for low-frequency applications). For
the present TFDs, currents in excess of a few hundred A will
cause irreversible damage. MTJ area and values must
be optimized for maximum tolerable current through the TFD.

E. Reading the Biosensor

The reading of each biochip cell is performed several times
and the obtained results are low-pass filtered and averaged by
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Fig. 12. Block diagram of the biochip platform architecture.

the DSP. The proposed biochip platform has an excellent flexi-
bility leading to a lot of alternate reading techniques.

Stated in a simplified way, one of the various available
reading procedures may be envisaged through a set of ten
steps: 1) to choose the common mode of amplification for the
instrumentation amplifier and set it with a minimum voltage
gain; and 2) for each addressed site, drive the chip with a set of
very small currents and measure the corresponding dc voltages;
calculate TFD parameters and in site temperature using the
exponential portion of its I–V characteristic; swept current in
order to generate and store each TFD I–V characteristic; choose
a differential configuration for the instrumentation amplifier;
set up an appropriate current drive for the sensor and output
the corresponding voltage stored in I–V characteristic; drive
the external coil that generates transversal magnetic field with
an ac current; set the amplifier gain ensuring no output voltage
saturation occurs; digitally filter the acquired signals with a
small bandwidth bandpass filter; measure the acquired rms
value of the signal originated in the biosensor, which is related
to the number of magnetic beads placed over the sensor.

Two methods are considered in order to control the biochip
temperature: overall heating using the U-CLs; and heating using
a persistent reading of each cell with higher current values. In
this procedure, a temperature reading cycle (small currents) al-
ternates with a heating cycle (larger currents) in order to increase
site temperature.

IV. PLATFORM ARCHITECTURE

As depicted in Fig. 12, the proposed modular architecture for
the biochip platform is organized into two main modules: 1) the
sensing and processing module (SPM); and 2) the fluid con-
trol and communication module (FCCM). The SPM integrates
the biochip and provides the circuits that directly interact with
the array of biosensors (biochip), in order to individually ad-
dress the sensors and readout data from them, and to control
the temperature in the different sub-areas of the biochip. The
FCCM interfaces the platform with the external world, by con-
trolling the fluid carrying the magnetically tagged biomolecules
and providing wireless communication with a hand-held ana-
lyzer, based on a PDA. The graphical user interface (GUI) and
information processing and classification algorithms are hosted
within the hand-held device, taking advantage of its computing
power and input/output peripherals. In fact, the biochip platform

Fig. 13. Block diagram of the fluid flux controller.

is a peripheral itself of the PDA, which can be a pocket PC or a
laptop.

The biochip is integrated in the central module of the plat-
form, which generates the electrical signals to drive the sensor
array and to individually address and readout signals provided
by each sensor. Moreover, it is also in charge of individually
measuring and controlling temperature in subsections of the
biochip, by using the CLs or by taking advantage of the TFD
V–T characteristic derived in Section III.

Sensor addressing is based on a commutating matrix of
integrated TFDs, each one acting as a switch in series with
the corresponding MTJ magnetoresistive sensor. The micro-
controller provides the row/column addresses of the sensor to
read and define the drive current through a digital-to-analog-
converter (DAC). This allows the usage of a single DAC and
a single instrumentation amplifier to drive and to read all the
sensors in the array. These are the only analog circuits, since
control and signal processing are performed by digital proces-
sors associated to 1-Mbit memory for storing the processed
data to be transmitted to the hand-held analyzer.

The temperature sensors are calibrated by programming the
digital processor to generate current pulses modulated in width
(PWM). The calibration is performed in dc, by amplifying the
voltage at the terminals of the serial circuit in each sensing site.
This calibration phase is performed at setup time in order to ex-
perimentally extract the junction parameters that allows to relate
voltage with temperature. Calibration tables are filled for each
sensor with absolute and differential voltages measured using
reference sensors available on the chip. To measure the resis-
tance variation of the magnetoresistive sensors, an ac excitation
is performed, using an external magnetic field generated by a
coil placed below the biochip. The generation of this magnetic
field is digitally controlled. This ac analysis allows the measure-
ment of small relative variances on the resistance (less than 5%)
by using the differential mode of amplification; the reference
signal can be generated by a microcontroller or registered from
the sensors themselves in specific operating conditions.

The biochip is automatically fed with the biological material
by the fluid source/dispenser controller, which generates con-
trol signals to open/close external microvalves to push the fluids
in and out of the biochip. Two main operations are supported
by the digital fluid flux controller (a simplified diagram is in
Fig. 13): 1) to carry the fluid with the sample and the magnetic
labels to the microchamber placed over the chip; and 2) to push



2390 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 53, NO. 11, NOVEMBER 2006

Fig. 14. Biochip platform details. (a) Biochip platform diagram. (b) Current generator circuits.

a washing fluid over the surface of the chip, in order to wash off
uninteresting biomolecules and unspecifically bound markers.
The order to start the operations is always received from the
hand-held analyzer.

The other block of the FCCM is an emitter/receiver used to
communicate through a serial bus channel, wired (USB) or wire-
less (bluetooth), with the hand-held analyzer.

The hand-held device acts as the master of the system, al-
lowing the execution of a set of pre-programmed tasks. It also
provides a GUI and implements the algorithms for data anal-
ysis. The PDA also acts as a logger, storing the read values for
future analysis and to build a data repository. This can be useful,
for example, to compare the evolution of a given parameter in a
series of time-spaced tests.

V. PROTOTYPE

This section is focused on the prototype implementation of
the different modules, both hardware and software components.
The presented implementation corresponds to a small au-
tonomous platform, hand-held, capable of performing sample
analysis. Fig. 14(a) depicts the two main modules of the archi-
tecture that correspond to two printed circuit boards and the
PDA for user interface and high-level processing.

A. Main Board

The core of the system is a 16-bit integrated microcontroller
(MC/DSP), the Microchip dsPIC 30F6014. It has a performance
of up to 30 million instructions per second (MIPS) and an ex-
tended instruction set for digital signal processing [12]. It com-
municates with the microcontroller in the auxiliary board trough
the serial peripheral interface (SPI). It is programmed to perform
a set of pre-defined tasks, according to the commands received
from the PDA. This MC/DSP addresses and reads data from the
array of magnetoresistive sensors provided by the biochip and
measures and controls temperature through the same devices. To
perform all these operations, the MC/DSP controls the circuits
represented in Fig. 14(a) and described in the next subsections.

1) Current Generators: The biochip matrix is driven by a dc
current or by a dc current with a small superimposed ac compo-
nent. The current is generated using a DAC and a voltage-to-
current converter [Fig. 14(b) depicts a simplified diagram of
the circuit]. Current is generated through

, where is the DAC output voltage. A re-
duced number of reference sensors are placed in different sub-
areas of the biochip for reference purposes.

The current for the external coil is generated by a similar cir-
cuit to the one depicted in Fig. 14(b), but the current mirror is
replaced by a coil and a free wheel diode.

2) Addressing Circuits: To address and read the sensor array,
the sensor current is demultiplexed/multiplexed using two six-
teen channel switches with very low resistance in the ON state
and high channel matching. The voltage across each matrix el-
ement (TFD plus magnetic sensor) is measured.

The biochip also includes a carrier circuit, represented in
Fig. 2, which generates local magnetic fields through the CLs
to guide the target biomolecules over immobilized biological
probes. The current required for this circuit is generated using
the MC/DSP PWM output ports. The only required external
component is a MOS transistor operating as a switch. The
heater circuit (represented in Fig. 1) provides thermal power
that can be controlled in order to ensure the required temper-
ature changes. This circuit is also implemented using a PWM
port output and a transistor.

3) Signal Acquisition: Electronic circuits for signal acqui-
sition are represented in Fig. 15. The signals connected to the
amplifier stage are defined using two switches. Hence, this cir-
cuit can provide several measurement types, ac or dc, and use
different references: 1) measuring by using a reference sensor
(differential); 2) measuring without reference sensor (non dif-
ferential, the reference is the circuit ground); and 3) measuring
by using a calibration value as reference (differential). The ar-
chitecture (see Fig. 15) allows the extraction of a differential
voltage between each matrix element and reference elements
placed in the biochip. To overcome mismatches between sen-
sors, each sensor uses oneself as a reference. At the calibration
phase, matrix elements are scanned with scaled currents and cal-
ibration tables are built. These registered values are used as ref-
erences at the next reading phase.

On the amplification block, the dc gain has a range between 1
and 20 and the ac gain can be set from 50 to 1000. The am-
plified signal is then converted to the digital domain using a
high resolution sigma-delta converter or a successive approx-
imation faster analog-to-digital converter (ADC). These faster
converters are used to read the sensor temperature even during
the acquisition phase when the sensor signal is converted by the
high-resolution low-speed ADC.
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Fig. 15. Circuit diagram of the sensor reading.

4) SPM Configuration and Programming: The MC/DSP
perform several tasks beyond reading the biochip. The biochip
reading involves the following phases: calibration, temperature
control and signal measuring. Furthermore, there are several
types of measurements that can be selected. The PDA acts
as master for the entire system and determines which type
of measure should be performed and, in the end, it receives
the collected data after a pre-processing at the MC/DSP. The
system is in sleep mode until a user action takes place and
a measurement type is selected and send from the PDA to
the biochip platform. After that, the system enters a cycle of
calibration, sensor measurement and transmission to the PDA
until all 256 sensors are read.

At the calibration phase, the ambient temperature is known
and no magnetic field is applied to the sensor. Each matrix ele-
ment is driven with sequentially increased scaled constant cur-
rent values, sensor values are acquired for single sensor cur-
rent and these values are processed to decrease the noise. These
values are stored in MC/DSP memory and are used in future
biochip readings.

For temperature control, a cycle is associated with a timer
interruption which becomes active when a sensor reading takes
place. Using the read sensor value, the current temperature can
be calculated and used to determine the new duty cycle for the
PWM current line controller.

At the measuring phase, the MTJ resistance variation due to
the magnetic particles captured over each sensor must be mea-
sured. A burst of an ac current, superimposed to a dc biasing
current, is generated by the MC/DSP, and it is applied through
the addressing circuits to each matrix element. The measure can
also be performed using only a dc bias current and an ac mag-
netic field (internal or external to the biochip). The sensor signal
is digitized and is processed by the MC/DSP through digital
signal processing algorithms.

B. Communication System and Fluid Control

As stated before, to allow a flexible and easy operation, the
biochip platform is controlled from a PDA. Two types of com-
munication can be used to control the platform: a wireless con-
nection using the bluetooth protocol or a USB connection.

The bluetooth uses a fully integrated class 2 module [13].
This module has a maximum output power of 2.5 mW and a
typical range of 20 m. The firmware supplied with this device
offers a complete bluetooth (v1.1) stack including profiles and
command interface. It also provides the generic access profile
(GAP), the service discovery application profile (SDAP), and
the serial port profile (SPP). This firmware features point-to-
point and point-to-multipoint link management, supporting data
rates up to the theoretical maximum of 704 kbps. This module is
linked to the peripheral control module via an UART interface.

For the USB, a microcontroller from Microchip that includes
a USB interface was adopted [14]. This device features an USB
communication module that is compliant with the USB speci-
fication revision 2.0. The module supports both low-speed and
full-speed communication for all supported data transfer types.
The programming in the master device is performed using a dy-
namic link library (DLL) module that provides wrapper func-
tions for the Microchip general purpose USB Windows driver.

The transmitted messages are processed at the FCCM and
then packed and send over a SPI connection to the SPM. There
are two exclusive messages that are used to terminate or to ini-
tiate the biochip operation. Before any measurement takes place
it is necessary to deploy the fluid over the sensors. When all
the readings are done with a given sample, the biochip must be
washed. Both these operations are controlled by the FCCM. If
any other command is received the data is transmitted to the
SPM. The data transfer between the processing platform and
the communication platform is done using an SPI interface.
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C. PDA User Interface

The interface with the biochip platform was tested using a
PDA from Fujitsu Siemens, a Pocket Loox 720 with an Intel
XScale PXA 272, 520-MHz processor, 128-MB RAM memory,
Bluetooth 1.2 and USB 1.1 host capabilities. The graphical in-
terface software to the PDA has been developed using Microsoft
embedded Visual C++ 4.0 environment [15]. The system was
designed to perform several types of measurements and also
to act as a data logger, providing the capability to compare re-
sults from different experiments. The developed GUI provides a
simple and user friendly interface, being suitable for users less
familiar with computer devices.

VI. EXPERIMENTAL RESULTS AND LIMITATIONS

OF THE PROPOSED SYSTEM

Several experimental results have been presented all through
the paper, especially in Section III, where the proposed models
were confronted with experimental data characterization of the
biochip elements. TFD I–V and incremental resistance charac-
teristics were measured for different temperatures (Fig. 6), al-
lowing the proposed models parameters estimation. The TFD
V–T characteristic for a constant current was also character-
ized and TFD technological parameters considered in the pro-
posed model were estimated (Fig. 7). The agreement between
experimental data and the proposed model showed a linear char-
acteristic indicating that the TFD may be used as a tempera-
ture sensor with a sensitivity of mV/ C. MTJ electrical,
temperature and magnetic characterization was also performed.
Biochip MTJs showed resistance values typically of 15 k and
a sensitivity of C (Fig. 9), which, for a current of
1 A, leads to a voltage sensitivity of V/ C that is
negligible when compared with mV/ C exhibited by the
TFD that is in series with it. These results prove that the TFD
may be used as a temperature sensor. MTJ magnetic characteri-
zation showed that there is an optimum current value ( A)
leading to a maximum voltage variation of 50 mV (Fig. 11).

The biochip small-signal frequency response was analyzed
and it was determined that, due to the MTJ extremely small size,
its associated capacitances are very small and, as a consequence,
its cutoff frequency is very high (beyond the reading platform
limit). However, due to the big size of the TFD its capacitances
(diffusion capacitance for forward bias and junction capacitance
for reverse bias), associated with the large resistor due to the
SCLC phenomenon, already referred, lead to a low-pass fre-
quency response for the biosensor with a low cutoff frequency.
The biosensor reading was then performed by measuring the
input voltage (Fig. 4) obtained by feeding a small ac cur-
rent superimposed over the dc bias. The reading speed of each
biosensor depends mainly on the time and frequency responses
of the associated TFD.

Fig. 16 shows the amplitude of the frequency responses of
(Fig. 4), when an ideal current source, shunted with a 100 k
resistor, was used to directly drive the TFD (the MTJ was short-
circuited). Three different bias current values were considered
(150 nA, 3.5 A and 10 A) to which a very small ac current
signal was added. For a 150 nA of bias current (0.5 V of
bias) a -dB cutoff frequency of 11.8 kHz and a dc gain of

dB were obtained (line 1). When the diode was biased

Fig. 16. TFD amplitude frequency response for three typical bias current
values: (1) 150 nA. (2) 3.5 �A. (3) 10 �A.

Fig. 17. TFD time response. (1) Input signal. (2) Output signal.

with 3.5 A ( V), a cutoff frequency of 24 kHz and
a dc gain of dB were obtained (line 2). Finally, a bias
current of 10 A ( V) led to a dB dc gain and a
cutoff frequency of 200 kHz (line 3). These results show that the
TFD impedance decreases with frequency as expected and, as
a consequence, decreases with frequency, exhibiting a low-
pass frequency response. In conclusion, the biosensor frequency
response is expected to have a minimum cutoff frequency of at
least 10 kHz, which will impose an upper limit on the biochip
platform reading frequency.

The TFD high-level commutating behaviour was also studied
and the time response for one of the chip biosensor TFDs is
shown in Fig. 17. It was measured with a 10 M //10 pF probe
and the TFD was driven with a 4 kHz square wave with 1 V of
amplitude and a source resistance of 100 k (this voltage source
corresponds to a 10 A current source shunted with a 100 k
resistor, see Fig. 5). Experimental results show that the TFD turn
off time is 10 s and the turn on time is about 50 s. Considering
an additional ac reading time, a maximum safe commutation
rate of about 5 kHz is obtained which leads to an expected total
biochip reading rate of about 20 Hz.

The noise generated by a typical biosensor presented in this
paper was measured. For an operating frequency of 400 Hz,
the TFD contributes with a voltage noise of 98 nV/ Hz and
79 nV/ Hz for the currents A and A,
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Fig. 18. Output of the MTJ detecting the effect of an external transversal mag-
netic field of �10 Oe over nanomagnetic spheres in a fluid with different con-
centrations.

respectively. This is essentially 1/f noise. The MTJ with
k contributes with a total noise, including the magnetic

one, of 290 nV/ , mainly thermal noise because 1/f corner
frequency is about 450 Hz. Therefore, the total noise for the
biosensor is about 306 nV/ . Even for a large measuring
bandwidth of 50 Hz, the noise is only about 2.16 V, lower
than the resolution of the proposed system, which in the current
version is about 8 V.

The biological response of the biochip to 250-nm diameter
magnetic nanoparticle solutions at two different dilutions
is shown in Fig. 18. Upon particle settling over the sensor,
detection signals of 450 Vrms and 650 Vrms were ob-
tained for 10 l of 1:100 and 1:10 ( particles/ml) dilutions,
respectively.

Regarding the developed prototype, Fig. 19 presents a real
size picture of the microsystem. The overall functionality of
the implemented prototype has been thoroughly tested and
experimental results have been collected. The microcontroller
18F4550 and the microcontroller with the instruction set ex-
tension for digital signal processing, the dsPIC 30F6014, were
both mainly programmed in the language. After profiling,
segments of the code are now being tuned by using assembly
language.

Power consumption of the developed prototype is relatively
high for the purpose of having an autonomous platform. Oper-
ating at a voltage of 5 V, the maximum power consumption of
the board is 750 mW. This maximum value occurs when the
dsPIC operates at its maximum internal frequency of about 120
MHz. The power consumption drops to around 300 mW when-
ever the dsPIC operating frequency is reduced to one quarter of
its maximum value.

To achieve maximum resolution it is necessary to reduce
noise by reading each sensing element several times. Experi-
mental results show that the time to scan all the sensor array and
to process the corresponding data has an order of magnitude
of 1 s, but it can be increased up to 4 s if more reads were
performed for each sensor.

Fig. 19. Picture of the prototype main board.

The present biochip is limited to 256 probe sites for a chip
with 64 mm , a density much larger than that obtained with tra-
ditional microarrays read by laser. The density is actually lim-
ited by diode size, but a new type of smaller diodes are now
being developed for the design of the next generation of the pro-
posed biochip. The biochip platform sensitivity is now limited
by the noise generated in the DAC to signals greater than 30 V.
This value may be reduced to about 8 V by digital filtering but
even this value is greater than biosensor noise. For this reason,
the electronic read-out system is now being improved in order
to overcome this limitation.

VII. CONCLUSION

This paper discusses a new hand-held microsystem architec-
ture for biological analysis. The microsystem is based on a mi-
crochip with a matrix array of 16 16 sensors, each consisting
on a thin-film a-Si:H diode connected in series with an alu-
minium-oxide barrier MTJ. Each of this detection sites incorpo-
rates a new technique based on a U-shaped current line to carry
the target biomolecules over immobilized probes and to heat the
biochip sites.

The biochip was experimentally characterized and modelled.
Biosensor experimental results show that the proposed models
may be used to predict some of its main characteristics, namely
electrical and thermal behaviour. It has been shown that TFDs
may be used as a linear temperature sensor and MTJs present a
maximum voltage variation for an optimized bias current value.
Moreover this paper shows that a device comprising a MTJ in
series with a TFD can be used for nanoparticle detection. It was
shown that it can be used to detect 250-nm diameter magnetic
nanoparticles at two different dilutions.

A hand-held microsystem was designed based on digital mi-
crocontrollers and DSPs. The analog circuitry required for tem-
perature control and sensors reading was reduced to a minimum
and all the required processing and control are performed in
the digital domain. A hand-held device acts both as the system
master controller and the core for data analysis. The imple-
mented prototype of the microsystem showed that with the pro-
posed architecture and actual technology it is possible to imple-
ment portable microsystems for biological analysis.
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