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Resumo

Esta tese descreve o projecto, fabrico e teste de um RF CMOS transceiver para
comunicacgdes sem fios de curta distancia. O RF CMOS transceiver foi projectado para
operar na banda ISM de 2.4 GHz. Utilizou-se a tecnologia RF CMOS de 0.18 um da
UMC, pois podem-se integrar as indutancias, os condensadores e as resisténcias. Além
disso, esta tecnologia permite uma alimentacdo de apenas 1.8 V. Isto torna-a adequada

ao fabrico de microssistemas de baixo consumo e dimensdes reduzidas.

O emissor foi projectado para uma poténcia maxima na antena de 1 mwW
(0 dBm). O amplificador de poténcia (Power Amplifier — PA) pode ser controlado, para
variar-se a poténcia na antena entre quatro valores: 0.28 mW, 1.01 mW, 1.21 mW e
desligado. Os consumos no emissor e no amplificador de poténcia séo de 13.6 mW e de

8 mW, respectivamente.

O receptor possui uma sensibilidade de -60 dBm, e utiliza como método de
desmodulacdo, a deteccdo por envolvente. O amplificador de baixo ruido consome
3.6 mW. O receptor é composto ainda, por um pds-amplificador e por um detector de
envolvente, cujos consumos sdo de 2.1mW e de 0.12 mW, respectivamente.

O consumo total do receptor é de 6.3 mW.

Para um afastamento de dez metros, as especificagdes do RF CMOS transceiver
garantem uma probabilidade de erro inferior a 10°, mesmo quando a transmissdo ASK

é feita ao débito binario maximo de 250 kbps.

Para tornar a integracdo do RF CMOS transceiver o mais completa possivel,
incluiu-se no projecto, um switch que liga o receptor e 0 emissor a antena. O switch

apresenta perdas inferiores a 1.3 dB, e um isolamento minimo de 41.5 dB.

O RF CMOS transceiver possui sinais de controlo que ligam e desligam o
emissor e receptor. Isto permite a programacao de protocolos eficientes em termos de
gestdo de energia para redes de sensores sem fios.

O EEG sem fios e a camisa electronica para monitorizacdo de pacientes em
risco, constituem exemplos de aplicagcdes biomédicas, para microssistemas que utilizem

0 RF CMOS transceiver desenvolvido. Permitem ainda, o uso do método plug-in-play.

Palavras-chave: RF CMOS transceiver, microssistemas, redes de sensores sem fios
por RF.
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Abstract

This thesis describes the design, fabrication and test of a RF CMOS transceiver
for short-range wireless microsystems. This RF CMOS transceiver was designed to
operate in the 2.4 GHz ISM band. The fabrication process used is the
UMC RF 0.18 um CMOS (it has a poly and six metal layers, allowing the use of
integrated spiral indutors - with a reasonable quality factor) with low-power supply of
1.8 V. These features match the short-range wireless microsystems requirements, e.g.,

full on-chip solution with low-power/low-voltage in small-size devices.

The transmitter was designed to deliver a maximum power of 1 mW (0 dBm) to
the antenna. It is possible to have four different RF powers: 0.28 mW, 1.01 mW,
1.21 mW and switched-off. When active, the power consumptions of the transmitter and

the power amplifier (PA) are 13.6 mW and 8 mW, respectively.

The receiver adopts a direct demodulation through envelope detection. This is
enough to achieve a bit error probability less that 10° with a sensibility of -60 dBm, for
a transmitted power of 0 dBm using ASK modulation. These specifications allow data
transmissions with distances up to ten meters and for data-rates up to 250 kbps. The
power consumption of the low-noise amplifier (LNA) is 3.6 mW. The LNA is followed
by a post-amplifier and an envelope detector, with power consumptions of 2.1 mW and
0.12 mW, respectively. The receiver has a total power consumption of 6.3 mW.

It was included an antenna-switch in the design. This improves the full on-chip
solution. The switch has a maximum transmission-loss of 1.3 dB and a minimum
isolation of 41.5 dB.

Innovative topics concerning efficient power management was taken into
account during the design of the RF CMOS transceiver. It consists of control signals,

used to enable or disable the several subsystems of the RF CMOS transceiver.

The applications, using this RF CMOS transceiver in complete microsystems,
include wireless EEG (electroencephalogram) modules plug-in-play and smart

electronic shirts based on wireless sensor networks.

Key words: RF CMOS transceiver, microsystems, RF wireless sensor networks.
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Abstract

This paper describes a chip-size antenna for operation at 5.7 GHz, assembled with a low-power, low-voltage RF CMOS transceiver, fabricated
in UMC RF CMOS 0.18 pm process. Measurements shown a patch antenna with the central frequency of 5.705 GHz, a bandwidth of 90 MHz at
—10dB of return loss, a directive gain of 0.3 dB, with an efficiency of 18%, and a transceiver with a measured total power consumption of 23 mW.
This microsystem is intended for the use in each wireless node of a wireless sensor network mounted in a wireless electronic shirt, that monitors

the cardio-respiratory function and posture.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Wireless sensors networks; On-chip antenna; RF transceiver

1. Introduction

Wireless communication microsystems with high density of
nodes and simple protocol are emerging for low-data-rate dis-
tributed sensor network applications such as those in home
automation and industrial control [1].

It is available a huge range of solutions, concerning the
implementation of wireless sensors networks. A few com-
panies [2—4] are offering products such as radios (motes)
and sensor interfaces. The motes are battery-powered devices
that run specific software. In addition to running the soft-
ware networking stack, each mote can be easily customized
and programmed, since it runs open-source operating Sys-
tems which provides low-level event and task management.
Mote Processor/Radio module families working at 2.4 GHz ISM
band and supporting IEEE802.15.4 and ZigBee are available
[2-4].

However, the implementation of a wireless bus in certain
applications requires compact and miniaturized solutions. More-
over, a chip-size antenna included in the RF microsystem will
be crucial.

* Corresponding author. Tel.: +351 273 303000; fax: +351 273 313051.
E-mail address: jcarmo@ipb.pt (J.P. Carmo).

0924-4247/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.sna.2006.06.001

This type of wireless microsystem with sensors, electronics
and antenna has interest for electronic textiles as the appli-
cation presented in this paper. Moreover, in order to imple-
ment an efficient power-consumption wireless sensor network
in clothes (e.g. an wireless electronic shirt), it is necessary to
develop a low-power low-voltage RF transceiver, mounted with
a patch antenna. As the operating frequencies are increasing
(the IEEE802.11a is an example), on-chip antenna integration
with RF CMOS transceivers with reasonable efficiency becomes
feasible. Moreover, due to the frequency increase, the provided
bandwidth becomes also acceptable both for data communica-
tions and sensor applications. The target application of this RF
microsystem is the implementation of a wireless sensors net-
work in a wireless electronic shirt (WES) for monitoring the
cardio-respiratory function and posture.

2. RF CMOS transceiver at 5.7 GHz
2.1. Design

It was fabricated a RF CMOS transceiver operating at
5.7GHz ISM band, with ASK modulation. The UMC RF
0.18 um CMOS process allows to trade the high-frequency capa-
bility of minimum-length transistors with lower current con-
sumption by biasing the devices at lower current densities, even


mailto:jcarmo@ipb.pt
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PLL

Drive

From antenna
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Fig. 1. The RF transceiver structure.

for devices working at RF. This process provides a poly and six
metal layers, the use of integrated spiral inductors (with a quality
factor of 10), high-resistor values (a special layer is available)
and a low power supply of 1.5V. The transceiver has a low-
noise amplifier (LNA) that provides a 50 2 input impedance,
the amplified RF signal is directly converted to the baseband
with a single balanced active MOS mixer. The internal oscilla-
tor is a phase-locked loop (PLL) working at 5.7 GHz. The whole
transceiver structure is illustrated in Fig. 1.

The transceiver is able to operate at the [5.420-5.8265 GHz]
frequency range. This is done by changing the frequency division
ratio in the feedback path of the PLL. The PLL has four digital
inputs for the division ratio programming. The output frequency
is

Jout = fref X 2 x (200 + D) ey

where D is the decimal representation of the division ratio. The
used reference frequency was fr.r = 13.56 MHz.

In high frequency PLLs, the high power consumption is
mainly due to the first stages of the frequency divider that often
dissipates half of the total power. The use of conventional static
CMOS logic in the first stage is not possible. This is due to
the high input frequency [5]. The overall divider has three true-
single-phase-clock (TSPC) frequency dividers, that halves the
following dividers, which use static logic.

In order to have the lowest noise figure (NF), the LNA is an
inductively degenerated common source amplifier with tuned
load. This makes the input impedance at 5.7 GHz equal to 50 (,
for matching with antenna. As depicted in Fig. 2, it was used a
single transistor in the amplifier. The reduction of active devices
sacrifices the gain, but achieves lowest NFs.

It was used for the up and for the downconversion frequency,
I-Q mixers that are ac-coupled to the LNA and are based on the
modified Gilbert cell (Fig. 3) [6]. The mixers are directly driven
by the differential outputs of the on-chip frequency synthesizer.

2.2. Results

At frequencies in the range [5.420-5.8265GHz], the
measurements show for the LNA a gain in the range
[9.597-9.807 dB], a NF in the range [0.775-0.841dB] and a
stabilization factor K of 1.209, making the LNA uncondition-
ally stable (K> 1). Measurements show for the LNA, a power
consumption of 9.65 mW. The power consumptions are about of

Output
(To mixer)

1054m/0.18 tm

Input
(From antenna)

Fig. 2. The low-noise-amplifier schematic.

9.51 mW for the mixers, and 4.14 mW for the PLL. A photo of
the transceiver used for the transmission at 5.7 GHz is depicted
in Fig. 4.

3. Antenna
3.1. Design

Different solutions have been suggested to achieve antenna
integration within a single chip. Since high losses of standard-
resistivity silicon are prohibitive for antenna integration, most of
the proposed solutions rely on high-resistivity silicon (HRS) or
micromachined substrates. The HRS solution uses a bulk sub-
strate having the same electrical permittivity but lower losses.
In micromachined substrates, the losses are reduced by selective
substrate removal underneath the metal patch. The drawback is

R
R L
| Lo IF output
z 0—|E 1052em/0.18 tm ]}—|
E CLO
. L 4
o _”: 105 1em/0.18 yum
From LNA

Fig. 3. The mixer schematic.
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io008

Fig. 4. A photo of the transceiver used for the transmission at 5.7 GHz.

an increase of antenna size due to the effective electrical permit-
tivity reduction resulting from the partial replacement of silicon
by air. It was used for the substrate, high-resistivity silicon (HRS)
together with insulations layers to keep the losses at low as pos-
sible. The HRS substrate has a dielectric permittivity of 11.7,
conductivity in the range 0.02—0.05 S/m, and the wafer thickness
of 525 + 25 pm. The use of HRS is enough to provide consider-
able loss reduction. Nevertheless, the losses can be reduced even
further with the use of a dioxide layer between the silicon wafer
and the metal patch. This layer has a permittivity of 3.9 and is
an insulator. The ground and metal patches were made of alu-
minum, with a thickness of 2 wm. Fig. 5 illustrates the materials
and configuration used in the fabrication. Antenna feeding was
carefully designed, in order to provide a correct input impedance
(50 () to do the measurements. A photo of the fabricated patch
antenna prototype, with 7.7 mm x 7.6 mm area dimensions is
illustrated in Fig. 6.

3.2. Results

A 8510C vector network analyzer was used to measure the
return loss. The measured values for the antenna using HRS
substrate are plotted against the simulated data in Fig. 7. It can be
seen that the simulated data agrees quite well with the measured.
The obtained operating frequency was near to 5.705 GHz and the
—10dB return loss bandwidth was 90 MHz.

2um Aluminum 1

SiO2

300nm

High resistive substrate
525um

2um Aluminum

Fig. 5. Cross-section of the patch antenna design in HRS wafer.

Fig. 6. A photo of the patch antenna fabricated on an HRS wafer, mounted on
an SMA connector for measurements.

4. Wireless electronic shirt application
4.1. Introduction

Today, the link between textiles and electronics is more real-
istic than ever. An emerging new field of research that combines
the strengths and capabilities of electronics and textiles into one:
electronic textiles, or e-textiles is opening new opportunities.
E-textiles, also called smart fabrics, have not only wearable capa-
bilities like any other garment, but also have local monitoring
and computation, as well as wireless communication capabili-
ties. Sensors and simple computational elements are embedded
in e-textiles, as well as built into yarns, with the goal of gathering
sensitive information, monitoring vital statistics, and sending
them remotely over a wireless channel, for further processing
[7]. For integration into everyday clothing, electronic compo-
nents should be designed in a functional, unobtrusive, robust,
small, and inexpensive way. Therefore, small single-chip micro-

Return Loss [dB]

—=  Measured ||
—e— Simulated

I 1 I
I I I
- 1 1 1
56 5625 565 5.675 57 5.725
Frequency [GHz]

575 6775 58

Fig. 7. Measured and simulated return loss for the antenna using HRS as sub-
strate.
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electronic systems rather than large-scale computer boxes are a
promising approach.

The electronic shirt’s goal is the monitoring of the cardio-
respiratory function. This makes it able to recognize qualita-
tively and quantitatively the presence of respiratory disorders,
both during wake and sleep-time in free-living patients with
chronic heart failure, providing clinical and prognostic signifi-
cance data [8,9].

In traditional e-textile, the communication among processing
elements is wired [7]. Generally, a flexible data bus integrated
into the structure, is used to route the information from the
sensors to the controller [10,11]. The wired concept is a prob-
lem when the textiles going to wash, because require removal
of complex electronics before starting the cleaning process.
Another disadvantage, is that the topological location of dif-
ferent processing elements is fixed throughout the lifetime of
the applications.

4.2. Wireless electronic shirt concept

Like any other every-day garment piece, the WES will be
lightweight, machine washable, comfortable, easy-to-use shirt
with embedded sensors. To measure respiratory and cardiac
functions, sensors are plugged into the shirt around patient’s
chest and abdomen. A single channel measures heart rate and a
MEMS capacitive accelerometers network records patient pos-
ture (arms and body position) and activity level (arms move-
ments). Inductive cooper filaments will be used for monitoring
the respiratory function. It is used the commercial FLX-01 sen-
sor to monitor the shoulders positions [12]. The FLX-01 has
changes in the electrical resistance when it is bent. As the FLX-
01 sensor is bent the resistance gradually increases. When the
sensor is bent at 90°, its resistance will range between from
the 30k through the 40k<2. It was also used the MLT1132
Piezo Respiratory Belt Transducer [13] to measure the changes
in thoracic or abdominal circumference due to respiration. The
transducer contains a sensor placed between two elastic strips
that measures changes in abdominal or thoracic circumference.
Stretching of the elastic places a strain on the piezo-sensor,
which generates a voltage. The device should be placed around
the body at the level of maximum respiratory expansion. This
level will change between erect and supine positions. At maxi-
mum inspiration the belt should be stretched almost to maximum
extension. This allows the recording of respiratory changes with
maximum sensitivity and linearity.

It is shown in Fig. 8 a photo of the patient wearing an WES
ready to plug the RF microsystem (antenna + transceiver). It can
be seen the three connections for heart-rate respiratory function
and posture.

In WES, the sensor interfaces, data processing, the wireless
interface and antenna are integrated in the same microsystem by
multi-chip-module techniques. The wireless communication is
between the base-station and the multiple processing elements
placed in the shirt. The main advantage is to allow the posi-
tioning of the sensors where we like. The sensors can also be
removed from the shirt, either when the sensors are no more need
or when the shirt is to be cleaned and washed. This wireless bus

1

Fig. 8. A photo of the patient wearing a electronic shirt ready to plug the RF
microsystem (antenna + transceiver). We can see the three connections for heart
rate with a single electrode, respiratory function and posture.

Fig. 9. Chip-size antenna for operation at 5.7 GHz assembled with an RF CMOS
transceiver.

introduces the concept of plug-and-play in textiles. Fig. 9 shows
a photo of the chip-size antenna for operation at 5.7 GHz assem-
bled with a RF CMOS transceiver.

5. Conclusions

WES allows patients to wear electronic devices and main-
tain their mobility while simultaneously having their cardio-
respiratory function and posture monitored.

A chip-size antenna for operation at 5.7 GHz, assembled with
a low-power, low-voltage RF CMOS transceiver was presented
in this paper. The microstrip patch antenna fabricated on HRS
has area of 8 mm? and operates at 5.705 GHz with approximately
90 MHz of bandwidth and a gain of 0.3 dB. The measurements
show a total power consumption of 23 mW, for the transceiver.
This microsystem is intended to the implementation of wireless
nodes in a wireless sensors network mounted in an electronic
shirt that monitors the cardio-respiratory functions. It was also
presented a new type of wireless bus, where the RF interfaces
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containing sensors can be added and removed without special
care concerning the wireless network management. In WES it
was introduced a new technological concept: the plug-and-play
modules in textiles.
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A 2.4-GHz Low-Power/Low-Voltage Wireless
Plug-and-Play Module for EEG Applications
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Abstract—This paper presents a plug-and-play module for
wireless electroencephalogram (EEG) applications. The wireless
module is composed by an electrode, processing electronics, a
radio-frequency (RF) transceiver, and an associated antenna. The
RF transceiver was fabricated in the UMC RF 0.18 pxm CMOS
process, and operates in the 2.4-GHz ISM band. The receiver has
a sensitivity of —60 dBm and a power consumption of 6.3 mW
from a 1.8 V supply. The transmitter delivers an output power of
0 dBm with a power consumption of 11.2 mW, for a range of 10 m.
It is also presented the electrical performance and comparison be-
tween different electrodes for EEG applications, namely sputtered
titanium nitride (TiN) electrodes, standard sintered silver/silver
chloride (Ag/AgCl) ring electrodes and sputtered iridium oxide
(IrO:) electrodes. The experimental results show a better per-
formance of the sputtered IrO, electrodes compared with the
standard sintered Ag/AgCl ring electrodes. These results promise
a new opportunity for the application of a dry IrO- electrodes in
wireless modules for using in a wearable EEG braincap. These
wireless EEG modules will allow patients to wear a brain cap
and maintain their mobility, while simultaneously having their
electrical brain activity monitored.

Index Terms—Plug-and-play module, radio frequency (RF)
CMOS transceiver, wireless electroencephalogram (EEG), wire-
less sensors networks.

I. INTRODUCTION

IRELESS monitoring of human-body signals, ranging

from physiological to kinetic information, is an
emerging field. Body area network (BAN) is one tech-
nology being used, which comprises smart sensors able to
communicate wirelessly to a base station. A wireless elec-
troencephalogram (EEG) will provide a breakthrough in the
monitoring, diagnostics, and treatment of patients with neural
diseases, as epilepsy [1]. A wireless EEG module composed
by the neural electrodes (noninvasive and distributed in a
braincap), processing electronics and a radio-frequency (RF)
transceiver with an associated antenna, will be an important
breakthrough in EEG diagnostic (see Fig. 1).

The RF transceiver (attached to an antenna) makes possible
the data communication between the braincap and the external
monitoring instrumentation used by health professionals. The
RF transceiver must have low-power consumption, and small-
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Fig. 1. Classic EEG braincap with Ag/AgCl electrodes and respective wires.

size so it can be assembled with an antenna and the EEG elec-
trode. A coin-sized battery placed in the braincap powers the
modules. The size-reduction achieved with these modules, make
them suitable to be easily plugged and unplugged in the wire-
less EEG braincap according the medical doctors requirements.

II. RF CMOS TRANSCEIVER DESIGN

The UMC RF 0.18 pm CMOS process was used for the fab-
rication of a 2.4-GHz RF transceiver. This process has a poly
layer and six metal layers, allowing integrated spiral inductors
(with a reasonable quality factor), high resistor values (a special
layer is available), and a low-power supply of 1.8 V. Therefore,
a high on-chip integration is possible, in favor of better repeata-
bility, as well as less pin count [2].

The transceiver consists of a receiver, a transmitter, and a fre-
quency synthesizer. The receiver uses direct demodulation by
means of envelope detection. It is enough to achieve a bit-error
probability less that 10~6 with a sensitivity of —60 dBm, with
a transmitted power of 0 dBm using ASK modulation.

A. Receiver

Fig. 2 shows the receiver’s front-end schematic. The low-
noise amplifier (LNA) is the first gain stage in the receiver path
where the signal must be amplified as much as possible, with
small signal-to-noise ratio (SNR) degradation. This is achieved
with the smallest noise figure (NF).

The LNA is an inductively degenerated common source am-
plifier [3]. This allows the input impedance at 2.4 GHz to be
tuned to 50 €2, for matching with antenna. Cascading transistor
M, is used to increase the gain, to better isolate the output

1530-437X/$25.00 © 2007 IEEE
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Fig. 2. The schematics of the receiver.
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from input and to reduce the effect of M;’s Cy,. The LNA may
be switched to sleeping mode, by operation of the polarization
stages. The same principle applies to the all subsystems of the
transceiver. The inductance L is implemented with the bonding
connection to the external PCB, which has been calculated to
be 0.9 nH/mm [4]. The wires used to connect the die to an ex-
ternal PCB, with a RF substrate, have an inductance that adds to
the LNA circuit. The use of the inductance L g4, helps to reduce
these effects.

A minimum RF level at the envelope detector is achieved by
means of further amplification of the signal at the LNA output.
This minimum level defines the receiver’s sensitivity. The main
idea of an envelope detector is as follows: an increasing of the
voltage amplitude in the input amplifier, implies a decrease in
the M3 gate voltage (this keeps the branch current constant),
meaning a decrease in the M, s gate voltage (after filtering),
thus decreasing the transistor M, current itself. When this cur-
rent reaches a point that cancels with the transistor M5 mirror
current, then the output capacitance starts to discharge and the
output voltage goes to high.

B. Transmitter

The ASK modulated signal is generated by means of a
switched power amplifier. The power amplifier has a cascade
of five inverters, in order to drive the ASK output signal to the
input of the power amplifier. The Fig. 3 shows the schematic
of the power amplifier, as well as, the whole transmitter. The
network L,Cy is tuned to the carrier frequency, while the
network L2C5 reduces the emissions outside of the 2.4 GHz
band.

C. Frequency Synthesizer

As depicted in Fig. 4(a), the PLL has a reference generator
circuit with a crystal-based oscillator at 20 MHz, followed by
a phase-frequency difference circuit (PFD) without dead zone,
a current steering charge pump (CP), and a third-order passive
filter. The passive section output is connected to the VCO that
generates the desired frequency of 2.4 GHz. This frequency
must be divided by 120 and connected to the PFD again, closing
the loop.
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Fig. 3. The schematic of the transmitter.

In real PFDs, there is an offset around the zero phase differ-
ence, and a gain inversion region takes place for phase differ-
ences higher than 2 — A rad. In this gain inversion region,
the PFD outputs the wrong control signals increasing the phase
and frequency differences between the inputs, and the lock time
takes a sudden turn for the worse [5]. The implemented PFD
has a linear gain in the range [—m,+], and a large constant
gain in the range [—27, —n] and [+7, +27] [6]. This type of
PFDs makes PLLs faster, compared with those using conven-
tional PFDs.

The charge pump (CP) is of current steering type. This cir-
cuit avoids the conventional problem in CPs, which limits the
opening and closing of current sources, in fact, in spite of being
switched, the current is routing from the load to an alternative
path, and from that path to the load.

A current starved ring oscillator was used as voltage con-
trolled oscillator (VCO). Ring oscillators have more phase noise
than LC oscillators. For overcoming this limitation, the band-
width of the PLL must be high enough to “clean-up” the output
spectrum around 2.4 GHz. A third-order passive filter, com-
posed by a second-order section (C7, Cs, and R5) and a first-
order section (C5 and R3), providing an additional pole it is
used. The first-order filter reduces spurs caused by the multiples
of reference frequency, whose consequence is the increasing of
the phase noise at the output. The stability is guaranteed by
putting this last pole five times above the PLL bandwidth and
below the reference. A bandwidth of approximately two times
the difference between the maximum and minimum frequencies
generated by the VCO was used. The stability in the loop is ob-
tained with a phase margin of 7 /4 rad.

The division by 120 in the feedback path is done with a cas-
cade constituted by 1/2 divider implemented with a true-single-
phase-clock (TSPC) logic [7], one divider by 30, followed by a
toggle flip-flop to ensure a duty-cycle of 50% at the PFD input.
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Fig. 4. (a) The PLL structure, (b) the schematic of the PFD-CP, and (c) the schematic of the VCO.

The TSPC logic was used to overcome the impossibility to im-
plement the first toggle flip-flop with static logic in this tech-
nology. It is required a rail-to-rail input to work properly. The
ratio of 30 was achieved with the use of simple frequency di-
viders by 2/3 with modulus control.

D. Antenna Switch

The receiver and transmitter subsystems are connected to the
antenna by means of a digitally controlled antenna switch. The
isolation between nonconnected ports must be high, maintaining
low the losses between connected ports. For a compact RF front-
end, the integration of the antenna-switch must in the same die
of the transceiver [8].

III. ELECTRODE CONCEPT

One of the keys to recording good EEG signals is the type
of electrodes used. Electrodes that make the best contact with a
subject’s scalp and contain materials that most readily conduct
EEG signals (low impedance), provide the best EEG recordings.
Some of the types of electrodes available include the following.

1) Reusable disks. These electrodes can be placed close to the

scalp, even in a region with hair because they are small.
A small amount of conducting gel needs to be used under
each disk. The electrodes are held in place by a washable
elastic head band. Disks made of titanium, silver, and gold
are available. They can be cleaned, for example, with soap
and water. The cost of each disk and lead is dependent on
the type of metal used as a conductor, the gauge of wire
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used as a lead, and the type of insulation on the wire lead.
Since these electrodes and leads can be used for years, their
expense is low.

2) EEG caps with disks. Different styles of caps are available
with different numbers and types of electrodes. Some caps
are available for use with replaceable disks and leads. Gel
is injected under each disk through a hole in the back of the
disk. Since the disks on a region of the scalp covered with
hair cannot be placed as close to the scalp as individual disc
electrodes, a greater amount of conducting gel needs to be
injected under each. After its use, more time is required to
clean the cap and its electrodes, as well as the hair of the
subject. Depending on the style and longevity of the cap
and the electrodes, their expense can be moderate to high.

3) Adhesive gel electrodes. These are the same disposable
Ag/AgCl electrodes used to record ECGs and EMGs,
and they can be used with the same snap leads used for
recording those signals. These electrodes are an inex-
pensive solution for recording from regions of the scalp
without hair. They cannot be placed close to the scalp
in regions with hair, since the adhesive pad around the
electrode would attach to hair and not the scalp. When
purchased in bulk, their expense is very low.

Beyond its electrical properties, another and not less im-
portant requirement for good electrodes is the issue related to
the biocompatibility. The best definition of biocompatibility is
the ability of a material to perform with an appropriate host
response in a specific application, thus EEG electrodes must
match this requirement. Following, it is shown a comparison
of used electrodes, e.g., the silver/silver chloride (Ag/AgCl)
electrodes, the sputtered titanium nitride (TiN) electrodes
and the sputtered iridium oxide (IrO2) electrodes. Polarizable
electrodes such as stainless steel and platinum are not suitable
for the application described on this paper, due to its noneffec-
tiveness on the recording of EEG slow-potentials [9].

A. Silver/Silver Chloride (Ag/AgCl) Electrodes

Commercial sintered Ag/AgCl ring electrodes for guaran-
teeing low constant transition resistance were used in the mea-
surements. This type of electrode is usually used in EEG ses-
sions with patients.

B. Sputtered Titanium Nitride (TiN) Electrodes

TiN was deposited by means of DC magnetron sputter depo-
sition from a Ti target in an Ar/N,, plasma. A Nordiko NS 2550
sputtering equipment was used for TiN deposition and the sput-
tering chamber was evacuated to at least 4 x 10—6 mbar by
means of a cryogenic pump. A previous study of the nitrogen
gas flow (between 0.6 and 2.2 sccm) showed that for the same
pumping speed (270 I/s) and a power of 500 W the lowest resis-
tance is achieved with 0.8 sccm N (440 x 1076 Q.cm at films
with a thickness of 230 nm).

C. Sputtered Iridium Oxide (IrOs) Electrodes

Also, IrO5 was deposited by means of DC magnetron sputter
deposition from a target in an Ar/O,, plasma, prior to which a
Ti adhesion layer (with a thickness of 50 nm) was deposited on
the substrate. The oxygen gas flow was fixed at 1.85 sccm ac-
cording to the procedure described in [10]. The IrO, resistance
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Fig. 5. Photography of the fabricated RF transceiver.

in a 270-nm-thick film was 349 x 1076 Q.cm. The film thick-
nesses were determined via liftoff process with a Tencor Pa-10
profilometer. The thin film resistance was measured in a classic
four-point probe system.

D. Electrodes Impedance Comparison

Electrode impedance reflects the electrode’s capability to
transfer signals at a given frequency. For the desired frequencies
(up to 30 Hz), the standard Ag/AgCl and TiN electrodes have
typical contact resistances less than: 1-6 k{2, 29-80 k(2. The
electrodes using traditional materials, such as the stainless steel,
platinum, and gold, the impedances are as following: for the
stainless steel and platinum, the impedance responses go almost
immediately out of a maximum given scale of 120 k{2, because
of rapid polarization. The commercial gold electrodes has a
typical impedance of 50-92 kf2. Gold electrodes presents very
high values, compared with those found in the Ag/AgCl and
TiN electrodes, which are not higher than 1-6 and 29-80 kf2,
respectively [11].

IV. MEASUREMENT AND ANALYSIS

A. RF Transceiver

Fig. 5 shows the photograph of the RF CMOS transceiver die,
which occupies an area of 1.5 x 1.5 mm?, but the final structure
can be optimized for including processing electronics for the
acquired neural signals.

The experimental tests made to the transceiver showed a total
power consumption of 6.3 mW for the receiver (4 mW for the
LNA, and 2.3 mW for the postamplifier + envelope detector).
The transmitter delivers a maximum output power of 1.28 mW
(very close to the specified 0 dBm) with a power consumption
of 11.2 mW.

The LNA has a gain of 15.1 dB, a NF of 1.076 dB (noise
factor /' = 1.28) and a 1 dB compression point of —12.4 dBm.
The LNA has also the stabilization factor K = 1.4 (greater than
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Fig. 6. The 10-20 electrode system is recommended by the International Fed-
eration of EEG Societies. The left bottom image shows the position FP2 used
in the measurements.

the unity), that makes this amplifier unconditionally stable. The
CP has Up and Down currents of Iy, = 173 pA and Ipgyy =
178 pA, respectively, and with a detector constant gain Ky =
175 pA/2 7 rad. The used VCO has the advantage to control
the full range [0, 1.8 V], providing a frequency range of [2.016,
2.757 GHz], with a tuning constant Kyco = 876.6 MHz/V,
calculated in the linear working range.

The antenna switch provides a minimum port isolation of
41.5 dB and a maximum insertion loss of 1.3 dB, overcoming
reference values [8]. It was selected as a commercial antenna
measuring 6.1 x 3.1 X 1 mm and weighting 0.05 g. This antenna
has a maximum return loss of 2.5 dB, a bandwidth of 40 MHz,
an efficiency of 55%, and a nominal impedance of 50 €2 in the
[2.4, 2.5 GHz] frequency range.

B. EEG Electrodes

The amplitude of the EEG is about 70 1V when measured
on the scalp. The bandwidth of this signal is from under 1 Hz
to about 50 Hz. The data-acquisition system used in the experi-
ments is composed of an amplifier with 40 channels, connected
to analog-to-digital converters of 22-bits (sampling frequency at
2000 Hz), and a braincap with large filling holes and flat clip-on
adapters making skin preparation and gel application simpler,
improving preparation time. The amplifier is connected to a PC
(via USB) that runs the recording software. The recording elec-
trode was applied in the frontopolar area (in position FP2) in a
standard configuration 10-20 system used in EEG clinical diag-
nostics and the other electrode of the pair was the reference (see
Fig. 6).

During the measurements, the patients were in contemplation
of a picture for trying to avoid the frequently blinking of the
eyes during 3 min. The study contemplated the extraction of
the power of the signal in FP2 versus the frequency, using the
fast Fourier transform (FFT) in the range of interest, 0.5-30 Hz,
for EEG (analyzing the Delta 0.5-3 Hz, Theta 3-7 Hz, Alpha
7-13 Hz, and Beta 13-30 Hz waves). Figs. 7-9 show the
FFT response of the sputtered TiN electrodes, standard sin-
tered Ag/AgCl ring electrodes and sputtered IrO4 electrodes,
respectively.

The FFT response was obtained in terms of power of the
signal (11V?) versus the frequency. The amplitude of the signal
in average is higher for the IrOs electrodes (high-amplitude
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signals in subdelta). Also, they have an excellent response in
Theta and Beta waves compared with the standard sintered
Ag/AgCl ring electrodes. The sputtered TiN electrodes shows
an excellent amplitude signal in Alpha waves but they show the
lowest amplitude of the signal in average compared with the
standard sintered Ag/AgCl ring electrodes and the sputtered
IrO; electrodes. In [12], sputtered TiN thin films deposited
with a pumping speed of 9 1/s and a power of 2.2 kW, and
nitrogen gas flow of 3.4 sccm showed a resistance in the range
of 27 x 1075 Q-cm to 33 x 1075 Q-cm. Comparing with
the sputtered TiN films resistance fabricated in this work,
we believe that their performance as EEG electrodes will be
improved.

V. WIRELESS EEG MODULE

The standard wireless EEG solutions use a braincap with
wires running from the electrodes position to a bulky central
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Fig. 10. Wireless EEG module. Note that the neutral electrode, which is con-
nected to the grounds of the module it is not shown.

unity (amplification, signal filtering and analog-to-digital con-
version, RF transceiver, and antenna) [1]. A more interesting so-
lution is to use compact wireless EEG modules, where the elec-
tronics, the antenna, and each electrode are mounted together.
The power supply for these modules is obtained locally from a
coin-sized battery placed in the braincap.

Bipolar or unipolar electrodes can be used in the EEG mea-
surement. In the first method, the potential difference between a
pair of electrodes is measured. In the second method, the poten-
tial of each electrode is compared, either to a neutral electrode or
to the average of all electrodes. Fig. 10 shows the full schematic
of the wireless EEG module, where it can be seen the electrode
connected to an amplifier, followed by an A-to-D converter. In
order to meet the EEG specifications, the amplifier was designed
to have enough gain, to amplify signals with amplitudes of only
70 pV. The analog-to-digital converter (ADC) was designed to
have a resolution of 22 bits and a minimum sampling frequency
of 2000 Hz. The electronics comprising the control logic and
the memory was designed together with the amplifier and ADC
in the same microchip.
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Fig. 11. Reconstructed EEG signals, simultaneously acquired in the Fz, Cz,
and Pz positions.

Fig. 12. A module photograph, where it is shown the sputtered IrO electrode
mounted together with the electronics (the microchip on the left), the RF trans-
ceiver (the microchip on the right) and a planar antenna.

In Fig. 11, it can be seen, three simultaneous acquired (recon-
structed) signals from three of the proposed wireless EEG mod-
ules. These signals were obtained during a period of 500 us,
from Fz, Cz, and Pz positions. The dynamic variation of the
three EEG signals didn’t exceed 70 pV.

The modules must offer the plug-and-play feature, in order to
mount distributed networks in the patient’s head. Moreover, as
the EEG data is periodically acquired in all the modules, thus the
latencies of data transmissions are not allowed. The proposed
EEG modules uses a communication protocol that overcomes
these problems [13]. This protocol combines the distributed and
coordination modes, e.g., when a new module is putted in the
head of patient, a contention-based time interval is used to make
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the registration request in the network. A contentionless time
interval, constituted by timeslots, is granted to the new EEG
module if the registration is successful completed on the net-
work. The maximum number of simultaneous modules is lim-
ited to the number of time-slots in the contention-free interval.

The Fig. 12 is a photograph of the full wireless EEG module,
where it is shown the sputtered IrO, electrode mounted to-
gether with the processing and control electronics (is the mi-
crochip located above), the RF transceiver (is the microchip lo-
cated below), and an associated antenna. The whole electronics
and the associated antenna are mounted in the back of the elec-
trode package.

This solution fits the medical doctor requirements for an easy
placement and removal of the electrodes in the braincap. More-
over, with this solution it is very easy to populate electrodes in
different positions or takeoff. In many medical diagnostics, the
patients are monitored only with a low number of electrodes
(e.g., 2-5 electrodes), making possible to mount an EEG wire-
less-electrodes network with these plug-and-play modules.

VI. CONCLUSION

A low-power/low-voltage RF transceiver for a wireless EEG
single-electrode module was fabricated in a UMC RF CMOS
0.18 pm process. The transceiver consumes 6.3 mW in the re-
ceive mode and delivers 0 dBm with a power consumption of
11.2 mW in the transmitting mode. These characteristics fulfill
the requirements for short-range communications for using the
2.4 GHz ISM band.

Also presented was the electrode concept, showing the fab-
rication process of three different EEG electrodes with a spe-
cial focus in the sputtered IrO- electrodes, due to its very useful
dry usage capability in EEG application with our module. The
experimental results show a better performance of the sputtered
IrOs electrodes (high-amplitude signal average) compared with
the standard sintered Ag/AgClring electrodes and sputtered TiN
electrodes. Sputtered IrO, electrodes have shown good perfor-
mance as stimulating electrodes (high charge delivery capacity
and low, constant impedance over the entire frequency range for
neural stimulation) [14], [15], and with these experiments they
promise to be a good solution as recording electrodes in nonin-
vasive EEG. In all experiments electrolytic gels were used. This
results in long application times (up to several minutes per elec-
trode) and long stabilization times (diffusion of the electrolytic
gel into the skin) [16]. The results promises a new opportunity
for fabricating a dry sputtered IrO, electrodes that can penetrate
the outer skin layer (5-10 pm thick), called Stratum Corneum
(for avoiding its high-impedance characteristics) without the
use of the electrolytic gel. Moreover, sputtered IrO4 electrodes
do not present the known problems that Ag/AgCl electrodes
showed in contact with biological tissue; the silver chloride on
the surface dissolves and causes inflammations due to its toxi-
city [12].

Also presented was a plug-and-play EEG module composed
by the fabricated RF transceiver, a second microchip comprising
processing and control electronics, an associated antenna, and a
sputtered IrO5 EEG electrode. The main goal is improving the
EEG medical diagnostics and therapy by using devices, which

IEEE SENSORS JOURNAL, VOL. 7, NO. 11, NOVEMBER 2007

reduces healthcare costs and facilitates the diagnostic, while
preserving at the same time the mobility and lifestyle of patients.
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