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a  b  s  t  r  a  c  t

This  paper  presents  a  complete  non-invasive  Wireless  acquisition  system  based  on  dry  electrodes  for
electroencephalograms  (WiDE-EEG)  with  emphasis  in the electronic  system  design.  The  WiDE-EEG
is  composed  by  a 2.4  GHz  radio-frequency  (RF)  transceiver,  biopotential  acquisition  electronics  and
dry electrodes.  The  WiDE-EEG  can  acquire  electroencephalogram  (EEG)  signals  from  5  unipolar  chan-
nels, with  a resolution  of  16  bits  and  minimum  analog  amplitude  of  9.98  �Vpp,  at  a sampling  rate of
1000  samples/s/channel  and  sends  them  to  a  processing  unit  through  RF  in  a 10  m  range.  The  analog
channels  were  optimized  for  EEG  signals  (with  amplitudes  in  the  range  70–100  �V)  and  present  the
following  characteristics:  a signal  gain  of  66  dB  and  a  common  mode  rejection  ratio  of  56.5  dB.  Each
electrode  is  composed  by 16  microtip  structures  that  were  fabricated  through  bulk micromachining  of  a
〈1 0 0〉-type  silicon  substrate  in  a  potassium  hydroxide  (KOH)  solution.  The  microtips  present  solid  angles
of 54.7◦, a height  of  100–200  �m and  2 �m spaced  apart.  The  electrodes  have  a thin  layer  (obtained  by
sputtering)  of  iridium  oxide  (IrO)  to  guaranty  their  biocompatibility  and  improve  the  contact  with  the
skin. These  dry  electrodes  are in  direct  contact  with  the  electrolyte  fluids  of  the inner  skin  layers,  and
avoid  the  use  of  conductive  gels.  The  complete  WiDE-EEG  occupies  a  volume  of  9 cm  × 8.5  cm ×  1  cm,
which  makes  it suitable  for true  mobility  of  the  subjects  and  at the  same  time  allows  high  data  transfer

rates.  Since  the  WiDE-EEG  is  battery-powered,  it overcomes  the need  of  galvanic  isolation  for  ensuring
patient  safety  observed  on  conventional  EEG  instrumentation  systems.  The  WiDE-EEG  presents  a  total
power  consumption  of  107  mW,  divided  as  follows:  the  acquisition  system  contributes  with  10  mW  per
channel,  whereas  the  commercial  MICAz  module  contributes  with  57  mW  (e.g.,  24 mW  from  the micro-
controller  and  33  mW  from  the  RF  chip).  The  WiDE-EEG  also  presents  autonomy  of  about  25  h  with  two

class  AA 1.5  V  batteries.

. Introduction

Today, wireless modules (composed by sensors, control and pro-
essing electronics, a RF transceiver and an associated antenna) find

 great field of applications. Such applications are those found in
ireless sensors networks (WSNs) [1–6], whose methodology is to

cquire data from sensors through wireless modules, temporarily
tore the data, and send it by radio-frequency (RF) to an external
tation (e.g., a PDA, other mobile devices, or even a fixed station)
or further processing. RF modules have been used with success in
he monitoring of human-body information, where the biomedical

ata of individuals is wirelessly transmitted to a central process-

ng unit (e.g., a base-station) [7–10]. In a conventional system (see
ig. 1), the electroencephalogram (EEG) electrodes are placed in

∗ Corresponding author. Tel.: +351 253 510190; fax: +351 253 510189.
E-mail address: jcarmo@dei.uminho.pt (J.P. Carmo).

350-4533/$ – see front matter ©  2011 IPEM. Published by Elsevier Ltd. All rights reserve
oi:10.1016/j.medengphy.2011.11.002
© 2011 IPEM. Published by Elsevier Ltd. All rights reserved.

standard locations of a classic braincap, and connected to an exter-
nal (and bulky) central processing unit. Due to the high number of
electrodes, many wires restrain the patient that stays next to the
central processing unit during the exam. In this context and in con-
trary to the classic approaches, new solutions based on wireless
EEG modules fits the clinical requirements for an easy placement
and removal of the electrodes in a braincap, especially with dry
electrodes. Thus, wireless EEG is an important breakthrough in the
monitoring, diagnosis and treatment of patients with neurologi-
cal diseases because it allows patients to maintain their mobility
during the exam.

This paper presents a complete non-invasive (without skin abra-
sion and electrolytic gel) wireless acquisition system (WiDE-EEG)
to acquire EEG signals, which contains the necessary electronics

and electrodes. The WiDE-EEG uses dry sputtered iridium oxide
(IrO) electrodes that can penetrate the outer skin layer (which is
5–10 �m thick and it is called stratum corneum) for avoiding its
high-impedance characteristics and the use of conductive gel.

d.

dx.doi.org/10.1016/j.medengphy.2011.11.002
http://www.sciencedirect.com/science/journal/13504533
http://www.elsevier.com/locate/medengphy
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the electrodes never reach the dermis region (where the sensing
Fig. 1. Photograph showing an individual using a wired classi

. System overview

Recent advances in the biomedical field related with medicine
nd biology have been demanding more sophisticated electrode
abrication technologies [12]. Electrical activity occurs between
eurons as well as in the muscles (e.g., heart) and nerves. The
iopotential electrodes, jointly with acquisition systems, sense
hat electrical activity and make it accessible either for clinical or
esearch trials. Sintered silver/silver chloride (Ag/AgCl) ring elec-
rodes for guaranteeing low-constant transition resistance are the

ost commonly found in EEG sessions with patients [13], but a
lectrolytic gel is needed in order to reduce the impedance of each
lectrode (e.g., to bypass the stratum corneum isolation properties
s illustrated in Fig. 2a) and minimizing unwanted noise in the
ecording [14]. Moreover, the gel also has an important role for
roviding the necessary ions to support the redox reaction at the
lectrode-skin interface that is responsible for the very stable half-
ell potential and subsequent low noise performance. Often some
brasion of the skin is required to remove dead skin cells (which
ave small water contents [15]) and to reduce the impedance.

fter skin preparation, electrodes are placed on the skin and usu-
lly some viscous saline gel, electrolyte, is added to improve the
ontact between the electrode and skin [16]. As an example, the

ig. 2. Application of biopotential electrodes: (a) standard EEG electrode and (b)
EG  electrode with microtips.
braincap with silver/silver chloride (Ag/AgCl) electrodes [11].

preparation time for 32 standard EEG electrodes (as it is the case of
Ag/AgCl electrodes) may take up to 45 min. Therefore, biopotential
electrodes with microtips that are able to penetrate the outer skin
layer and directly interface to the electrolytic fluids (abundance
of some chlorides like NaCl) of living epidermis are of great inter-
est (Fig. 2b). This reduces the preparation time and discomfort of
patients. A microtip is presented in Fig. 3a and a standard sintered
Ag/AgCl ring electrode is presented in Fig. 3b.

The WiDE-EEG presented in this paper uses dry electrodes to be
paced on the individual’s scalp without the need of electrolyte gel
or skin abrasion. Each electrode is an array with 4 × 4 microtips cov-
ered with a thin layer of iridium oxide (IrO). The coated layer of IrO
was  obtained by DC-sputtering after bulk micromachining through
a wet etching process with undercut in a potassium hydroxide
(KOH) solution. As depicted in Fig. 3a, each microtip in the array is
at least 100 �m high in order to pass through the stratum corneum.
It is important to mention that since the length of microtips are
smaller than 200 �m (for providing the penetration of the outer
skin layer, e.g., the stratum corneum with a thickness of 10 �m),
nerves are located). In spite of skin penetration, this feature justi-
fies the non-invasive character of the micro-tips electrode because

Fig. 3. (a) Magnified photograph of a microtip with pyramidal shape, and (b) a
standard sintered Ag/AgCl ring electrode.
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ig. 4. A subject with a WiDE-EEG prototype fixed with the help of an elastic band 

EG  electrodes in the head during the tests.

he patient never feels pain. Fig. 4 shows how a WiDE-EEG proto-
ype and the electrodes are placed on the head of a subject for doing
he tests. An elastic band with a form of strap is placed in the thorax
egion for fixing the WiDE-EEG module then, an ordinary braincap
elps the electrodes positioning and fixation. The risk of infections

s another important topic when designing electrodes, because the
tratum corneum is a natural barrier in the skin. In this context,
hese electrodes do not increase the risk of infection the incision
esultant from skin penetration is small enough (less than 150 �m)
o allow the close up after removal (due to the rapid coagulation).

Several companies have been offering radios (motes) and sen-
or interfaces for development applications [17,18]. The motes are
attery-powered devices that run specific software (e.g., TinyOS
17,18]). In addition to running the networking stack software,
ach mote can be easily customized and programmed, since it runs
n open-source operating system which provides low-level event
nd task management as well as sensor data conditioning. The
ote processor/radio families are ready for working in the 2.4 GHz

SM band and supporting IEEE 802.15.4 and ZigBee protocols. The
iDE-EEG development involved a combination of hardware and

oftware design, utilizing both custom solutions and commercial
ff-the-shelf (COTS) components [18]. As illustrated in Fig. 4, the
mitter mote runs software components that were developed to
ontrol the acquisition electronics, to handle all the communica-
ion with the acquisition electronics, to assemble the data packet,
o implement the medium-access control (MAC) protocol and to
end the data packets wirelessly to the receiver mote. The MAC  pro-
ocol was optimized and implemented in the MICAz [19] platform
o allow high-data throughput [20]. The receiver mote provides

 serial connection to the central processing unit (e.g., a personal
omputer – PC) serial port. The central processing unit receives the
cquired data through software server-client architecture appli-
ations. In this context and as further presented, the architecture
f the WiDE-EEG differs from others previously presented [21,22]

ecause it combines several COTS parts (CPU and RF transceiver)
ith dry electrodes. As presented further, these wireless mod-
les allows the expansion for acquiring and coding analog samples
ith 16 bits in the following situations: (1) using the same ADC is
hite strap) on the thorax region. An ordinary EEG braincap was used for fixing the

possible to expand the system up to eight EEG channels sampled
at the speed of 2k sps or (2) up to 16 EEG channels, keeping the
sampled speed in the original value of 1000 sps.

3. Hardware and software

3.1. The wireless link

The wireless connection between the WiDE-EEG device and the
central processing unit (see Fig. 5a) is based on two radio modules
MICAz from a third party supplier [19], which was previously men-
tioned as motes. These devices were selected due to their flexibility
to implement wireless sensors networks in an expedite way.

A mote allows the establishment of wireless links between the
WiDE-EEG and central processing unit for data transmission pur-
poses, and to control both the analog and the digital electronics of
WiDE-EEG. This module receives the data from the EEG acquisi-
tion board. This board is responsible for picking up the EEG signals
from the electrodes, amplify, convert them to digital format and
send the data to the mote. The other mote is used as a receiver,
and it is in the central processing unit. A serial interface allows the
receiver mote to communicate with the central processing unit.
Fig. 5b shows a block diagram of a mote (the analog and digital
input/output features of the processor were used to control the
electronics responsible for the acquisition of the EEG signals), the
data is processed by a microcontroller Atmega128 (from Atmel)
with 512 kb of flash memory. This microcontroller has analog and
digital inputs/outputs that enable this module to communicate
with an extra instrumentation board. An I2C interface is also pro-
vided by the microcontroller for communication with external
hardware. The motes also contain a system-on-chip (SoC) platform
(with a Chipcon’s radio chip model CC2420 compliant with IEEE
802.15.4), which allows wireless communications at 2.4 GHz [17].

The mote in Fig. 5c presents the dimensions

5.8 cm × 3.2 cm × 1.5 cm including two 1.5-V batteries. The
receiver mote communicates with the central processing unit by
way  of a RS232 serial communication. In Fig. 5c, a regular PC was
used as central processing unit.
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Fig. 5. (a) System overview of the WiDE-EEG, where it can be seen a set of 5 IrO electrodes, the control electronics (digital electronics) and processing (analog electronics),
a  RF transceiver at 2.4 GHz with an associated antenna. The communication between the WiDE-EEG and the central processing unit is done wirelessly. (b) A mote’s block
diagram,  where the block of the processor (with analog and digital inputs) controls the electronics used to acquire the EEG signals. (c) A photography of a complete WiDE-EEG
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ith  an attached mote, which communicates with the receiver mote (i.e., connecte

The receiver mote operates on a standard TinyOS software com-
onent that receives packets and broadcasts them via a serial port
r radio. The data-acquisition software component implements a
ve channel signal-acquisition and an algorithm that assemble each
ata block that will be sent. Each data block contains a header and
ata fields. The header has the source mote ID, the last sample num-
er, and the cyclic redundancy check (CRC). The data field is fulfilled
ith 20 samples of 20 bits for every channel.

.2. The acquisition system

The acquisition system is based on a single-ended structure
here each of the amplified signals is sensed by one of the 5 sig-
al electrodes and a reference electrode. Previous brain–computer

nterface experiments involving the optimization of EEG sensor sets
or task discrimination resulted in classification errors as low as
2.5% with only 5 EEG electrodes and thus, reducing the feature set
imensionality. However, the 8 bits ADC allows future upgrading
f the number of EEG channels. Fig. 6a shows the block diagram
f the acquisition system, where it can be seen that the poten-
ial of each electrode is 1.25 V level-shifted through a summing
on-inverter amplifier. This level-shift is necessary for allowing
he use of a single-rail power supply without compromise the
cquisition of differential signals. This amplifier scheme is based
n an AD822 (whose schematic is illustrated in Fig. 6b) which

ccepts single-supply and offers rail-to-rail FET-input operational
mplifiers. This operational amplifier was selected because it
resents low-power (each operational amplifier absorbs 800 �A)
hus, it is suitable for battery-powered medical instrumentation.
e central processing unit through a RS232 serial communication).

Also, its input impedance is about 100 T� which provides a high-
impedance input stage (due to their implementation using FET
transistors), which allows low polarizing input currents (bellow
25 pA).

Each of the 5 channels (at the instrumentation amplifiers,
AD627) is measured as a potential difference between itself and
the reference channel (the SGND electrode). So, the operational
amplifier output of the SGND electrode connects to all the inverting
inputs of the instrumentation amplifiers (IAs). The AD627 inte-
grated circuit can work in single and dual-supply although 3.3 V
is the only power supply potential available in this system from
two  AA batteries. Thus, rail-to-rail voltages can be provided by
the AD627, making this IA suitable for application in EEG med-
ical instrumentation. The gain of the IA was  selected to be 10.
The reference potential of each channel signal at the IA output is
1.25 V, instead of the potential of the reference electrode, because
the electrode potentials were level-shifted at the high-impedance
input stage. Ideally, this level shifting voltage should be half of the
dynamic range available for the ADC, in order to adjust the reference
voltage, Vref [V] to half of the value provided by the batteries power-
supply (i.e., 1.5 V). This voltage level constitutes the DC value of
the amplified signal, thus any variation will result on errors in the
sampled signal. It is desirable to avoid voltage dividers for getting
voltage references because their unregulated nature can result on
undesirable variations. This happens due to a multiplicity of factors,

such as drops on the supply voltage (due to the battery discharge),
unexpected variations on load impedances (due to the number of
electronic components for supplying) and temperature drifts. These
were few reasons behind the selection of a voltage regulator from
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Fig. 6. (a) The block diagram of the acquisition system. Schematics of the elec-
tronic circuits of (b) non-inverting adders (R1 = 100 k�, R2 = 100 k�,  R3 = 4.7 M� and
R4 = 4.7 M�),  and of (c) an individual bandpass filter. Both electronic circuits used
t
R

T
t
R
u
t
s
m

the difficulty to generate frequencies below 3 Hz with low ampli-
he  operational amplifier AD822 for their implementation (R1 = 470 k�, R2 = 200 k�,
3 = 300 k�, C1 = 0.5 �F and C2 = 22 nF).

exas Instruments supplier for providing the reference voltage for
he instrumentations. The electronic component with the reference
EF3212 with output voltage of 1.25 V was the selected voltage reg-
lator because it was the one with the nearest output voltage next

o the desirable value of 1.5 V. This voltage regulator provides a very
table output voltage with a maximum variation of only 7 parts per
illion per ◦C, measured in the temperature range of [0, 125] ◦C,
 & Physics 34 (2012) 972– 981

as well as an high accuracy (with a maximum error of 0.01%), a
low quiescent current of 100 �A (do not compromising with an
excessive amount the useful life of batteries) and a low dropout
voltage of 5 mV  (i.e., less or equal than 0.4%, when compared with
the reference voltage).

The next stage is composed by 5 bandpass filters that elimi-
nate the interference from the surrounding environment as well
as the interferences induced by the other components. The filters
are composed by a bandpass filter with 100 Hz of bandwidth and
an amplifier with a gain of 100. These filters were implemented
again with the AD822 operational amplifier. The resulting signal
after two amplifications is in the range of ADC (implemented with
an ADS8345), e.g., 0–3.3 V. The resolution conversion (maximum)
of this low-power ADC is of 16 bits. Fig. 6c shows the schematic of
the electronic circuit used for implementing each band-pass fil-
ter. The upper and lower cutoff frequencies of the filter (f1 and
f2 respectively) can be fully customized by selecting the passive
components:

f1 = 1
2�R1C1

(1)

f2 = 1
2�R2C2

(2)

This kind of filter has the advantage to present gain, which can also
be customized by selecting the appropriated passive components:

G = 1 + R2

R3
(3)

It must be noted the fact of the gain to be uncoupled from the upper
and lower cutoff frequencies, because R3 gives the freedom degree
necessary to select the gain without affecting any cutoff frequency.

The resulting signal from each of the 5 channels is con-
verted to digital format using the ADC at a data sampling rate of
1000 samples/s (maximum values). It digitalizes 5 single-ended
signals between the outputs of the IA and a common-reference
which is the 1.25 V. The ADC data registers are available for reading
through an I2C interface. As it was  referred in the previous section,
the task to manage the configuration registers of the ADC belongs
to the mote. The mote also assembles the data packets and sends
them wirelessly to another similar mote (e.g., the receiving mote
in the central processing unit).

3.3. Experimental results

The global gain of each analog channel was  designed to be dis-
tributed by the different blocks in the chain. The gain of the voltage
level shifting circuits is always unitary. The maximal allowable gain
of 66 dB is obtained with 14 dB in the IA and 52 dB in the pass-
band circuit. The main advantage was  to keep a reduced gain in the
IA, because the highest CMRR values are achieved for the small-
est gains. This common voltage is due to the impedance difference
between the skin and the electrode, and it is the main cause of
interference in the IA. A sinusoidal wave with 2 Vpp with 15 Hz
was  connected in two analog channels (after adjusting the gain to
34.8 dB, i.e., 14 dB for the IA and 20.8 for the passband filter after
replacing R3 = 200 k� by another with 20 k�), and both the input
and the output voltages were measured. The ratio between the volt-
ages measured in the outputs (150 mVpp) to the input voltage was
0.075 (−22.5 dB). Because the differential gain was adjusted to be
34.8 dB, the ratio between the differential and the common gains
resulted in 666.66 (56.6 dB). The explanation for this discrepancy is
tudes with the available signal generator for validating the filter
behavior. As it was expected, the maximum measured gain in the
passband was  measured to be about 35 dB.
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ig. 7. (a) The schematic of IrO electrode with 4 × 4 array microtips, and (b) an IrO
lectrode with 4 × 4 microtips and detail of the structure of a microtip [29].

In theory, the minimum amplitude is imposed by the ADC
esolution, whose value for the maximum gain (for a gain of
005 or 66 dB) is about 19 nV (which corresponds to an output
f (216 − 1) × 2005 × 19 nV = 2.4966 V). However, this value is opti-
istic and unrealistic because do not take in account the effect of

oise. A set of tests were done on all EEG channels, which con-
isted on connecting all inputs to the reference electrode (SGND
n Fig. 6a) except one and measuring the maximum voltage peak
roduced by the noise. The respective voltage peak in the input
referred to the node before the non-inverting amplifier responsi-
le for doing the voltage-level shift of 1.25 V) was also measured.
he tests done for the maximum gain of 66 dB showed maximum
eak voltages of 550 �Vpp and 9.98 �Vpp in the output and input,
espectively. The actual minimum amplitude (i.e., the system res-
lution) is limited by the noise voltage (i.e., cannot be smaller than
he maximum voltage peak produced by the noise) and results on
.98 �Vpp, which corresponds to a value 45.3 dB (more than two
rders of magnitude) above the theoretical 19 nV.

. The EEG electrodes

The needle-shape electrodes in Fig. 2b provide microtip length
f about 100–200 �m for providing the penetration of the outer
kin layer (i.e., the stratum corneum) that is 10 �m thick.

Each microtip in the dry electrode has a three dimensional struc-
ure, which is fabricated by wet-etching process in silicon through

 liquid solution of potassium hydroxide (KOH). The microtips
esired shape is obtained by the undercut effect in the etching,
here the planes of fast etching are revealed. In this context, Fig. 7a

hows a schematic of an IrO electrode composed by an array of 4 × 4
icrotips.

The etching process employed is anisotropic, with an angle of

4.7◦ between the [1 1 1] and the [1 0 0] planes [23–28].  The etch-
ng solution of KOH was by 30% at a temperature of 87 ◦C, ensuring
n etching rate of 1.6 �m/min. The microtip pyramidal structure Ta
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Fig. 8. For the whole frequency range (1–1000 Hz) [29]: (a) the conductivity, � [S cm−1] of the fabricated electrodes (solid line with blue colour) and of the control Ag/AgCl
electrodes (dashed line with red colour); (b) the relative permittivity, ε , of the fabricated IrO electrodes (solid line with blue colour) and of the control Ag/AgCl electrodes
( ricate
( figure

d
o
i
a

a
(
o
t

o
t
e
r
c
i
w
R
g
a
t
m
5
f
n
e
a
i
p
a
A
u
b
i
r
A
d
e
(

5

a

r

dashed line with red colour); and (c) the impedance phase measured for the fab
dashed line with red colour). (For interpretation of the references to colour in this 

ue to the anisotropic process is presented in Fig. 7b. It can be
bserved the etching of square corners to a hexagonal shape as
ts final structure. The final microtip was 150–200 �m wider with

 height around 100–200 �m.
The final fabrication step of the electrodes was its coverage with

 conductive thin layer of IrO to pass through the stratum corneum
the non-conductive skin layer) and thus to minimize the resistivity
f the interface electrode/skin. The IrO was also deposited to ensure
he biocompatibility of the electrode.

Further details about the fabrication and characterization (for
btaining the electrochemical characteristics of the electrodes and
heir interface with the electrolyte) of the electrodes done by Dias
t al. can be obtained in [29]. However, Fig. 8 shows the main
esults obtained from the experimental characterization. In electro-
hemical analyses, the admittance values, Y [S], are often assessed
nstead of the impedance values, Z [�], actually read, thus, Y = Z−1,

here Y = G + jB and Z = R + jX (G is conductance, B is susceptance,
 is resistance, and X is reactance). The conductivity is the cell-
eometry-independent value of the conductance, G, and usually
ssumed as the reverse of the resistivity (i.e., material property
hat is the cell-geometry-independent value of the resistance). The

easurements showed that the conductivity ranges from around
 mS  cm−1 at 1 Hz to almost 14 mS  cm−1 at 1000 Hz (Fig. 8a). At
requencies bellow 3 Hz, the conductivity of IrO electrodes is sig-
ificantly different from that found in Ag/AgCl electrodes. Both
lectrode types exhibit comparable conductivity for frequencies
bove 3 Hz. The relative permittivity, εr, is the cell-geometry-
ndependent value of the susceptance, B, in respect to vacuum
ermittivity (e.g., ε0 = 10−11/(36�) F cm−1) and gives some insight
bout the amount of capacitive behavior of each electrode type. The
gCl electrodes relative permittivity ranges from 3.5 × 105 at 1 kHz
p to 1010 at 1 Hz (Fig. 8b). The measurements done on frequencies
elow 3 Hz showed that the relative permittivity of IrO electrodes

s slightly higher than AgCl electrodes. The plot (c) in Fig. 8 rep-
esents the impedance phase measured for both electrodes. The
gCl electrodes presented an impedance phase of −40◦ for 1 Hz that
ecreases with frequency until it gets around 0◦ for 1 kHz. The IrO
lectrodes manifested significantly higher impedance phase values
−67◦ for 1 Hz) for frequencies below 3 Hz.
. The complete WiDE-EEG

The WiDE-EEG is composed by the microtip EEG electrodes, the
cquisition circuitry and a mote. Up to 5 EEG electrodes (and the
d IrO2 electrodes (solid line with blue colour) and the control Ag/AgCl electrodes
 legend, the reader is referred to the web  version of this article.)

additional SGND) can be connected to the acquisition system, con-
taining the analog electronics necessary to the processing of the
acquired EEG signals. Then, a mote composed by a RF transceiver
at 2.4 GHz and a microcontroller attached to a socket located in
the backside of the acquisition system. This socket provides the
I2C signals to control the acquisition process of the individual EEG
channels. Fig. 9 shows the circuit board of the EEG acquisition sys-
tem: (a) the top view of the EEG acquisition system (with analog
and digital electronics), showing the electronic components; the
bottom view of the EEG acquisition system (b) without and (c)
with the mote attached. The RF part (e.g., a MICAz mote [30]) of
the WiDE-EEG starts a wireless transmission at the frequency of
2.4 GHz using the O-QPSK (Offset Quadrature Phase-Shift Keying)
modulation allowing up to 62.5k symbols per second (62.5k sps).
As guaranteed by crossbow manufacturer for a point-to-point,
these features allow wireless communication at the maximum bit-
rate of 250 kbps. This means that the full usage of the ADS8345
analog-to-digital converter (i.e., using the eight analog inputs to
produce binary words with 16 bits) allows the sampling of 2000
samples per second per EEG channel (2k sps/EEG channel or a total
of 8 × 2k sps, which is below the 100k sps ADC limit). The mote
provides the possibility to select one of the 16 RF central frequen-
cies, fk = 2400 + 5k [MHz] with k ∈ {1,2,. . .,  16} for transmission. This
modulation [31] scheme (orthogonal coding with QPSK modulation)
combined with a chip-rate of 2M chips (according Viterby, a chip
is a CDMA symbol used in the context of wireless communications
for improving the error resilience, resulting in smaller transmission
errors and fading sensitivities when the number of chips per effec-
tive information bit is increased [VITERBi]) per second (8k chips
per bit or 32k chips per O-QPSK symbol). These features makes this
scheme extremely reliable in the presence of both slow and fast
multi-path [32], whose probability is very slow due to the patient
is not allowed to be on more than 10 m (i.e., the patients are to be
moving but confined in a limited space apart from the base-station).

The mote controls the circuit board of the EEG acquisition
system as follows: in the beginning of the operation, a specific
interrupt of the MICAz mote (i.e., the INT0 interrupt) is activated.
Simultaneously, an internal timer for controlling the sampling rate
and the EEG channel number is initialized. Then, the mote waits
an interrupt for acquiring an analog sample from the selected EEG

channel and for doing an analog-to-digital conversion (ADC). After
an acquisition and an ADC conversion, the EEG channel is updated.
After all the five EEG channels being acquired, their samples are
stored in the internal memory of the MICAz mote. If the buffer
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ig. 9. The circuit board of the acquisition system, where it is possible to observe th
iew  of the EEG acquisition system (b) without and (c) with the mote attached (bu
F  + control and the acquisition parts).

s not full and is able to accommodate an additional set of five
EG samples, the EEG channel is reinitialized and a new set of
cquisitions are started. On the contrary, if a buffer overflow sit-
ation is expected, then, the stored data is transmitted towards the
ase-station. Meanwhile, the data previously received was already
ransferred from the base-station to the personal computer. This
nd the modulation scheme explain the nice shapes of the EEG sig-
als depicted in Fig. 10.  Fig. 10 shows for illustrations purpose,
wo EEG signals obtained with these IrO dry electrodes using a

ampling frequency of 100 Hz, a selected passband in the range
–30 Hz and a wireless transmission towards the base-station. Fol-

owing the reception of radio-frequency signals and respective
own-conversion to the base-band, the recovered EEG signals were

ig. 10. The acquired EEG signal and respective amplitude spectrum with a sampling fre
he  eyes opened (plots on left) and closed (plots on right).
tronic components: (a) the top view of the EEG acquisition system; and the bottom
 shows the two  class AA batteries for supplying the whole system comprising the

sent trough the serial port to a personal computer for storing and
displaying. The two EEG signals in Fig. 10 were obtained in two  sit-
uations with the patient sitting in a chair, e.g., with the eyes opened
and with the eyes closed, respectively. Fig. 10 also shows the ampli-
tude spectrums of respective EEG signals, where one can observe
two well defined peaks for the eyes-open situation.

The power consumptions in the WiDE-EEG are divided as fol-
lows: the acquisition system contributes with 10 mW per channel,
whereas the MICAz module contributes with 57 mW (e.g., 24 mW

from the microcontroller and 33 mW from the RF chip). The auton-
omy  of the WiDE-EEG is about 25 h, when it is supplied by 2× AA
1.5 V battery.

quency of 100 Hz, a pass-band in the range 1–30 Hz, and with the individual with
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. Comparison with the best state-of-the-art

Table 1 compares the WiDE-EEG with other solutions found
n the very best state-of-the-art. Two types of solutions were
nalyzed, e.g., customized and COTS (commercial of-the-shelf)
olutions. Table 1 shows that the WiDE-EEG is the solution for
cquiring EEG signals that present the best global compromise
etween all the characteristics, e.g., the highest signal resolution,
he highest signal gain, the best detectable signal, the highest
aud-rate, and the most power-supply friendly apparatus. Also,
he WiDE-EEG presents other acceptable characteristics as a whole
or the target application, e.g., a reasonably acceptable number
f analog channels, a small system clock frequency, moderate
imensions, and a good transmission range. Moreover, the most
ttractive characteristics of the WiDE-EEG are to be a solution for
on-invasive EEG with neither skin abrasion nor electrolytic gel.

. Conclusions

This paper presented a non-invasive wireless acquisition system
WiDE-EEG) for acquiring EEG signals with no need for electrode
reparation. The WiDE-EEG can acquire EEG signals from up to 5
hannels at a sampling rate of 1000 samples/s/channel to send them
o a processing unit through RF in a 10 m range. The analog chan-
els were optimized for acquiring EEG signals (with amplitudes up
o 100 �V). Each analog channel can present the high signal gain
f 66 dB, a common mode rejection ratio of 56.5 dB and a system
esolution of 9.98 �Vpp. EEG electrodes with a three-dimensional
tructure (microtip) capable of bypassing the skin non-conductive
ayer, with a low resistance IrO film on its surface permits to the
onstruction of a biopotential recording (and also for stimulating
urposes) electrode with fast application. In conclusion, the use of
ry IrO electrodes with the WiDE-EEG for acquiring EEG signals
llow the patients to maintain their mobility while simultaneously
aving their electrical brain activity monitored.

Future designs will include the instrumentation amplifier model
D8236 for replacing the AD627 (also fabricated by the same
anufacturer) for matching with the IEC60601 standard (the typ-

cal CMRR = 100 dB and minimum CMRR = 90 dB provided by the
D8236 for the same gain – i.e., 10 – ensures a CMRR higher or
qual than the 90 dB imposed by the standard). The AD8236 instru-
entation amplifier will also provide new attractive features such

s: a low power consumption with the small absorbed current of
0 �A, low input currents (a maximum of 1 pA and 0.5 pA for the

nput bias current and for the input offset current, respectively).
lso, a relaxation in the input amplifiers (with level shifting) will
e expected because the new design will allow simultaneously rail-
o-rail inputs and outputs and voltage operation in the range from
.8 V to 5.5 V.
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