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ABSTRACT

Wearable wireless medical sensors beneficial-
ly impact the healthcare sector, and this market
is experiencing rapid growth. In the United
States alone, the telecommunications services
market for the healthcare sector is forecast to
increase from $7.5 billion in 2008 to $11.3 billion
in 2013. Medical body area networks improve
the mobility of patients and medical personnel
during surgery, accelerate the patients’ recovery,
and facilitate the remote monitoring of patients
suffering from chronic diseases. Currently,
MBAN:S are being introduced in unlicensed fre-
quency bands, where the risk of mutual interfer-
ence with other electronic devices can be high.
Techniques developed during the evolution of
cognitive radio can potentially alleviate these
problems in medical communication environ-
ments. In addition, these techniques can help
increase the efficiency of spectrum usage to
accommodate the rapidly growing demand for
wireless MBAN solutions and enhance coexis-
tence with other collocated wireless systems.
This article proposes a viable architecture of an
MBAN with practical CR features based on
ultra wideband radio technology. UWB signals
offer many advantages to MBANSs, and some
features of this technology can be exploited for
effective implementation of CR. We discuss the
physical and MAC layer aspects of the proposal
in addition to the implementation challenges.

INTRODUCTION

In the United States alone, the telecommunica-
tions services market for the healthcare sector is
forecast to increase from $7.5 billion in 2008 to
$11.3 billion in 2013 according to an Insight
Research Corporation study [1]. The healthcare
sector is an ideal example of how cognitive net-
working and cognitive radio (CR) techniques
can be employed to enhance the robustness,
scalability, and utility of medical equipment and
systems using wireless communications. Recent-
ly, there has been increasing interest in wireless
communication technologies for medical applica-
tions, which can significantly enhance the
patients’ mobility, a key factor for speedy recov-

ery after surgical procedures and interventions.
Examples of these applications include electro-
cardiograms, pulse oximeters, dosimeters, and
movement alarms. Additionally, the use of wear-
able biomedical sensors allows the remote moni-
toring of patients suffering from chronic diseases
and the elderly at home by using telemedicine
systems (Fig. 1).

The wireless body area network (WBAN)
standardization working group (IEEE 802.15.6)
has produced the first draft of a document speci-
fying the physical (PHY) and medium access
control (MAC) layer characteristics of the radio
interfaces for WBAN applications [2]. A medical
BAN (MBAN, i.e., a WBAN for medical appli-
cations) comprises multiple sensor nodes, each
capable of sampling, processing, and communi-
cating one or more vital signals. This biomedical
information is transmitted to a body network
controller (BNC) [3]. The MBAN constitutes the
first tier of a telemedicine system (Fig. 1), which
is referred to as intra-WBAN communications.

Although MBANS offer many benefits for
healthcare, the surge in adoption rates across
the healthcare sector will certainly create new
interference scenarios with other collocated elec-
tronic systems. CR is a paradigm for opportunis-
tic access of licensed (primary) parts of the
electromagnetic spectrum by unlicensed (sec-
ondary) users that can provide solutions for
these interference scenarios and also enhance
scalability. A CR user (CRU) can combine spec-
trum sensing and geolocation database access to
determine occupancy, and dynamic reconfigura-
tion of its transceiver parameters in order to
avoid interference with primary users (PUs).

In this article, a CR-based solution for a
MBAN is proposed and we consider both the
PHY and MAC layer aspects. The proposal is
based on the use of ultra wideband (UWB), one
of the technologies for radio interfaces adopted
by IEEE 802.15.6. In this proposal, the cognitive
capabilities are implemented in the BNC using
two UWB modalities: impulse radio (IR) and
multiband orthogonal frequency-division multi-
plexing (MB-OFDM). The main technical con-
tribution of this work is the architecture for an
MBAN with frequency agility and frequency-
domain spectrum shaping capabilities that facili-
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Figure 1. Three-tier architecture of a telemedicine system.

tate interference avoidance in scenarios where
many devices are operating in common spectrum
segments and in close proximity to each other, as
may occur in locations such as a busy medical
center.

We survey the main characteristics of UWB
radio technology. Cognitive radio techniques for
a UWB-MBAN are discussed. We explore the
PHY layer of the proposed CR-MBAN solution
followed by the MAC sublayer. We highlight
perspectives and challenges associated with this
solution. We then conclude the article.

UWB WIRELESS TECHNOLOGIES

Spectrum regulatory policies affect the ability to
deploy MBAN technologies on a global scale;
however, they also offer unique opportunities for
a CR-based solution. Regardless of the different
spectrum regulatory constraints across the world,
several bands designated for medical applica-
tions (or where their operation could be permit-
ted) are mostly available on a license-exempt
secondary basis. UWB technology shows inter-
esting applicability for MBANSs. Both the United
States and Europe have regulated the parts of
the spectrum that can be used by UWB on a
license-exempt basis. The band made available
in the United States corresponds to 3.1-10.6
GHz, whereas in Europe two spectrum segments
have been defined, 3.4-4.8 GHz and 6-8.5 GHz.
In addition, per ECC/DEC/(06)12 in Europe,
UWB devices are allowed in supplementary
bands subject to the implementation of specific
mitigation techniques: in the 3.1-4.8 GHz and
8.5-9 GHz bands using detect and avoid (DAA)
and in the band 3.1-4.8 GHz using low duty
cycle (LDC).

ImpuLSE Rabio UWB

Impulse radio UWB technology has been pro-
posed as a solution in the IEEE 802.15.6 stan-
dard and is currently being developed by the
IEEE 802.15 Task Group 6 [4]. The objectives
include low-power, low-complexity, and low-cost
body area wireless devices (not limited to
humans) with highly reliable wireless communi-
cations. The application areas are divided into
two major categories: medical (wearable and

implanted systems) and non-medical (consumer
electronics/personal entertainment, data transfer
and command and control for interactive gam-
ing) [2, 5]. The major goal of the standard is to
specify a MAC sublayer supporting several PHY
layers, including UWB, defined in two different
flavors:

* JR-UWRB, based on the transmission of a sin-
gle and relative long pulse per symbol (new
paradigm in UWB) or a concatenation or
burst of short pulses per symbol (legacy), ded-
icated to high quality of service (QoS) mode

* Frequency modulated UWB (FM-UWB), opti-
mized for low power consumption and reliable
operation, especially in medical applications

MuLTIBAND ORTHOGONAL
FREQUENCY-DivISION MuLtiPLEXING UWB

ECMA-368 is a high-rate UWB PHY and MAC
wireless standard for mixed populations of
portable and fixed electronic devices. This stan-
dard uses MB-OFDM and divides the spectrum
into 14 bands, each with a bandwidth of 528
MHz [6].

OFDM is a bandwidth-efficient transmission
technology used not only in ECMA-368, but also
in a wide variety of existing communications
standards including digital audio broadcast
(DAB) and digital video broadcast (DVB), IEEE
802.11a/g wireless LAN (WLAN), IEEE 802.16
WiMAX, and wired power line carrier (PLC)
standards PRIME and G3.

OFDM is a frequency-diversity-based trans-
mission scheme that distributes modulated data
across closely spaced and mutually overlapping
carriers called subcarriers. These subcarriers are
precisely spaced at exactly the reciprocal of the
symbol interval, which ensures that they are
orthogonal to each other. An OFDM signal is
generated in the frequency domain using an
inverse fast Fourier transform (IFFT) to create a
time-domain multiplexed signal. Subcarriers are
demultiplexed using a fast Fourier transform
(FFT) at the receiver. These subcarriers can
comprise data, pilot, and null carriers. Null carri-
ers are commonly used at the band edges and
zero frequency (DC) bin primarily for constrain-
ing the spectral leakage to within the desired
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Figure 3. Multiband OFDM.

bandwidth and DC offset minimization, respec-
tively. Pilot carriers are used for phase offset
correction and equalization on an OFDM sym-
bol by symbol basis. For ECMA-368, excluding
guard and null subcarriers, 12 pilot subcarriers
and 100 data subcarriers are used, as shown in
Fig. 2.

Compared to single-carrier systems, OFDM
does not require the complexity normally associ-
ated with single-carrier time-domain equaliza-
tion. Equalization in OFDM systems can be
carried out in the frequency domain using infor-
mation derived from known transmitted pilots
and the received values. The transceiver signal
chain also lends itself well to the use of hard-
ware accelerators for energy-optimized and low-
cost deployment targets (Fig. 2).

COGNITIVE RADIO FOR AN ULTRA
WIiDEBAND MBAN

SuitAsiLITY oF UWB ForR MBANS

UWB technology has other attractive character-
istics for MBANSs beyond the large bandwidth
capabilities of at least 500 MHz for high-rate
communications. Ultra wideband signals have an
inherent noise-like behavior due to their

extremely low maximum effective isotropically
radiated power (EIRP) spectral density of —-41.3
dBm/MHz. This makes UWB difficult to detect
and increases its robustness against jamming,
potentially rescinding the need for complex
encryption algorithms in small, low-cost
transceivers. In addition, compared to single-
band OFDM where symbols are continually sent
on one frequency band, for MB-OFDM, symbols
are interleaved over multiple sub-bands across
both time and frequency as illustrated in Fig. 3.
By interleaving the OFDM symbols across sub-
bands in this manner, multiband UWB can main-
tain the power level associated with a single-band
OFDM transmission yet the data throughput can
be significantly increased. MB-OFDM UWB
technology can currently achieve rates ranging
from 53.3 to 480 Mb/s over distances up to 10 m.

Additionally, UWB signals do not represent a
threat to patients’ safety and are not significant
sources of interference to other medical devices.
Impulse radio transceivers have a simple structure
and very low power consumption characteristics.
These features facilitate their miniaturization for
wearable biomedical sensors [7].

COGNITIVE RADIO CONTROLLER ARCHITECTURE

Characteristics of UWB technology can be
exploited to turn a BNC into a cognitive radio
controller (CRC) in a MBAN. The CRC is a
central unit that controls the transmission
parameters of CR clients (i.e., wearable sensors)
for wireless access. Wearable sensors must be
low cost, small in size, and with low power dissi-
pation; this can be achieved through the use of
an IR-UWB radio interface for communications
in the first communications tier. Hence, the
communication links between the sensors and
the BNC should be implemented with IR-UWB
as specified by IEEE 802.15.6. On the other
hand, for the connection of the BNC with the
second communication tier (Fig. 1), we propose
using the ECMA-368 interface [6]. Besides sup-
porting high data rates, MB-OFDM technology
also provides a relatively straightforward way to
implement DAA and CR.

The proposed architecture for the CRC, as
shown in Fig. 4, consists of two transceivers, an
IR-UWB transceiver with on-off keying (OOK)
modulation (for illustration purposes only) and
an MB-OFDM UWB transceiver. The division
of the 3.1-10.6 GHz UWB spectrum into 14 sub-
bands of 528 MHz, as suggested by the ECMA-
368 standard, is adopted. The lower UWB
frequency band (3.1-4.8 GHz) is covered by
three subbands with center frequencies at 3232,
3960, and 4488 MHz, respectively. Due to better
propagation characteristics, these three subbands
should be preferred for first-tier communica-
tions. Second-tier communications can be imple-
mented in higher frequencies.

The FFT engine monitors the UWB spectrum
and broadcasts information on available sub-
bands for data transmission. It has been demon-
strated that the 128-bin FFT engine of the
OFDM transceiver can act as a rudimentary
spectrum analyzer with a sampling frequency of
528 MHz resulting in a frequency resolution of
4.125 MHz (528 MHz/128 bins) [8]. This enables
the estimation of spectrum occupancy for oppor-
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nology. The bold arrows indicate the flow of information on spectrum availability from the MB-OFDM

UWB transceiver to the IR-UWB transceiver.

tunistic spectrum usage purposes with minimal
additional implementation costs. An MB-OFDM
transceiver also facilitates the protection of sen-
sitive receivers or protected medical devices
from UWB interference by using frequency-
domain spectrum shaping. This can be achieved
by zeroing a range of subcarriers that overlap
with the frequency band one intends to protect
during transmission.

The broadcast channel is one of the three
subbands of the lower UWB frequency band,
which is chosen based on spectrum usage statis-
tics obtained through a spectrum monitoring
campaign. The least congested frequency sub-
band is the most convenient choice for the
broadcast channel, and this information is stored
in the memory of each of the sensor nodes and
the CNC. When a wearable sensor is turned on,
the device is informed (through the broadcast
channel) of which subband it can use for data
transmission. Then it adapts accordingly the
matched filter (MF) of the correlator in the
receiver and the pulse generator of the transmit-
ter. The same is done in the IR-UWB transceiv-

er of the CNC. This can be implemented through
a simple lookup table for the MF and pulse gen-
erator.

We now describe the PHY and MAC layer
characteristics to enable CR for MBANSs under
this proposal in the following sections.

PHYSICAL LAYER FOR CR-MBAN

ImPuLSE RADI0 UWB FOR

Low-POWER COMMUNICATIONS

Ultra wideband has the advantage of high pro-
cessing gain, and the additional advantage of
allowing for coexistence with narrowband sys-
tems by means of spectrum shaping. Spectrum
shaping in IR-UWB signals can be achieved by
acting on two signal parameters: the code (typi-
cally, but not necessarily, a time hopping code
adopted in combination with a pulse position
modulation scheme) or the pulse shape adopted
at the transmitter.

Pulse generation in general is a problem
widely covered in the literature with respect to

Ultra wideband
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of a high processing
qain, and the
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Figure 5. lllustration of channel ranking for MB-OFDM. Subbands are
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not affected by interference. In this case, the two top-ranked subbands can be
used for data transmission in the UWB MB-OFDM system.

implementation efficiency and accuracy, aiming
at encoding information in the pulse shape itself;
see for example [9, 10]. Moving to the specific
problem of addressing coexistence issues by
means of pulse shaping, several algorithms for
selecting the best pulse shape given external con-
straints set by regulation and/or interference
profiles were proposed in the literature. In [11]
an algorithm for the generation of the pulse to
be adopted in a time-hopping IR-UWB system
was proposed, where a linear combination of
pulses obtained as the derivatives of the Gaus-
sian pulse was introduced.

In the case of the code, several solutions were
proposed in the literature for designing codes
that increase the coexistence capabilities of an
UWRB signal. Code design adds an additional
opportunity to meet coexistence requirements
when pulse shaping cannot efficiently be used to
address such issues. As an example, in [10], code
design is used to satisfy coexistence constraints
by forcing nulls in the UWB spectrum at fre-
quencies used by other narrowband systems.

MB-OFDM UWB FOR SENSING AND
INTERFERENCE AVOIDANCE

The ability to sense other narrowband or wide-
band systems in an IR-UWB system can be diffi-
cult in IR-UWB systems; it can be impractical to
identify which specific frequencies are actually
affected by interference over the wide bandwidth
of the UWB front-end filter. MB-OFDM UWB
systems therefore provide a clear advantage over
IR-UWB in terms of sensing capabilities using
power spectral density (PSD) information for
each subband derived from the FFT stage in an
MB-OFDM receiver. Using this technique, UWB
devices can determine the presence of coexisting
systems with a spectral resolution at least equal
to the subcarrier spacing in the UWB signal. A
subband or channel ranking scheme can be
implemented using a combination of two meth-
ods. The first method is to use the subband PSD
information to identify available channels. How-
ever, this does not necessarily indicate the quali-
ty of the channel (i.e., the measured bit error
rate [BER]). To address this, the second method
involves using the BER information obtained
from active channels to yield channel quality
estimation information for more in-depth subse-
quent ranking information in a manner some-
what similar to the use of received signal
strength indication described in [12]. The chan-
nel ranking information can be stored and
retrieved using a lookup table (LUT) in the
transceiver. Compared to OFDM spectral shap-

ing and the creation of spectral holes in the
waveform to avoid interference, subband ranking
and selective subband selection offer energy and
cost savings in addition to a reduction in imple-
mentation complexity. The PSD information is
already available from the receiver signal pro-
cessing chain; therefore, this approach can be
considered a low-processing overhead method.
BER-based channel ranking requires additional
logic to maintain the channel ranking LUT. This
technique can yield information about the quali-
ty of the active subbands, whereas the PSD
approach just indicates the availability of sub-
bands. Both approaches give us the capability to
be selective in how we use the spectrum, the
agility to avoid subbands where interference may
be present, and to trade cost for subband selec-
tion accuracy. Figure 5 is an illustration of chan-
nel ranking for MB-OFDM over example
observation periods. Subbands are reduced in
rank if they are affected by interference or in
use, and increased in rank if deemed unoccu-
pied. The top-ranked subbands can be used for
data transmission in the UWB MB-OFDM sys-
tem.

In the context of WBAN:S, therefore, a multi-
band approach using OFDM allows for a reduc-
tion in design complexity, improved flexibility in
how spectrum is used, and better compliance
with standards and frequency plans used world-
wide. We can trade data throughput for agility,
resilience to interference, and seamless opera-
tion across countries using different spectrum
regulatory policies. We can use CR features for
practical deployments that result in reduced
device cost yet increased robustness in interfer-
ence-prone environments.

ENERGY CONSUMPTION

Energy consumption is an important issue for
MBANSs and elements therein, particularly for
communications at the first tier of operation
(Fig. 1). Energy efficiency facilitates operation
for the user through reducing frequency of bat-
tery charges whereby the user may find it diffi-
cult to carry out such tasks due to his or her
current condition. It also improves reliability
through reducing the probability of the network
or the sensors therein being rendered inoperable
due to energy depletion.

MBANSs employ a range of means to reduce
communications energy consumption [3]. CR is
also highly pertinent to energy saving in MBANSs
through at least two key means. The first is bet-
ter dynamic selection of spectrum, avoiding
interference and therefore reducing necessary
received power and hence transmitted power.
MB-OFDM-based UWB leaves scope to tailor
transmissions toward the lowest interference
spectrum, as discussed earlier in this article.

The second energy-saving advantage of using
CR involves the use of cognition to achieve bet-
ter awareness of context, including higher-layer
communication requirements, the changing
general environment, and the battery energy
level. This awareness can be used to improve
timing of transmissions and dynamic MAC and
PHY positioning given the current and project-
ed interference conditions, variations in
required data rates and constraints such as
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delay, and variations in general channel condi-
tions and sensor energy availability. For exam-
ple, MBAN sensor readings such as blood
pressure, oxygen saturation, and blood sugar
levels might be sampled at changing intervals
and rates, depending on the condition of the
patient and time of day. In order to dynamically
maintain the appropriate configuration of the
MBAN communication with minimized outage
due to battery energy depletion while still aim-
ing to communicate all data with appropriate
delay constraints, learning and cognition can
play a key part in estimating the future in terms
of how requirements for these readings and
battery levels are likely to vary. This can be
matched to sensor transmission timing, rate,
and MAC/PHY characteristics dependent on
battery conditions. Moreover, battery condi-
tions might also be driven by energy harvesting,
through kinetic means through the patient’s
movements, for example, an hence can increase
as well as decrease. Learning and prediction of
such increases is also a key use for cognition,
particularly given that the temporal characteris-
tics of such an incoming charge are highly
dependent on the specific patient’s nature.

MAC SuBLAYER FOR CR-MBAN

Since the wireless telemedicine medium is
shared, devices need to coordinate access time
periods with their neighbors in order to avoid
interference and collisions; this coordination is
performed by the MAC sublayer. To this end, as
anticipated earlier, the proposed solution adopts
the IEEE 802.15.6 standard for communications
in the intra-WBAN tier, while inter-WBAN tier
access is provided by the ECMA-368 standard
[6]. A description of the main features of the
two standards and a discussion of the specific
requirements imposed by the proposed solution
are provided in the following subsections.

THE IEEE 802.15.6 STANDARD

This MAC sublayer intends to define short-
range communications in and around the body.
IEEE 802.15.6 supports two modes of operation
for that communication: beacon and non-beacon
enabled modes. It does not differ significantly
from the MAC defined for IEEE 802.15.4, with
the exception of the definition of multiple differ-
ent phases in the TDMA frame where the stan-
dard defines exclusive access phases (EAPs) for
high-priority devices (e.g., emergency signals
related to a patient’s vital signs), random access
phases (RAPs) based on slotted Aloha, con-
tention access phases (CAPs), and type I/II
phases based on polling.

THE ECMA-368 MAC

The ECMA-368 MAC provides a distributed
reservation-based channel access mechanism as
well as a prioritized contention-based channel
access mechanism. Besides mechanisms for han-
dling mobility and interference situations, this
MAC sublayer supports a synchronization facili-
ty for coordinated applications, device power
management, secure communication, and a
mechanism for measuring the distance between
two devices.

The architecture of the ECMA-368 MAC is
fully distributed. All devices provide all required
MAC functions and optional functions as deter-
mined by the application. No device acts as a
central coordinator. Channel time is divided
into superframes, with each superframe com-
posed of two major parts: the beacon period
(BP) and the data period. The BP is organized
in slots, and is used to achieve network synchro-
nization and exchange reservation and schedul-
ing information for medium access purposes. As
for network synchronization, devices are
required to listen for beacons for a time corre-
sponding to a minimum number of superframes
before starting transmission; if a device detects
a beacon sent by another device, it synchronizes
to such beacon, otherwise it starts emitting bea-
cons to allow later devices to achieve synchro-
nization. During the data period, devices send
and receive data using prioritized contention
access (PCA), or in reservations established
using the distributed reservation protocol
(DRP). PCA permits multiple devices to con-
tend for access to the medium, based on traffic
priority. The DRP allows a device to gain sched-
uled access to the medium within a negotiated
reservation.

Although beacons make network operations
significantly simpler, it should be noted that bea-
conless operation is possible as well, by relying
on header extensions within the physical layer
service data unit (PSDU) used for piggybacking
control information. Details on beaconless oper-
ations can be found in the ECMA-368 standard
but are outside the scope of this work.

REQUIREMENTS OF A
CR MAC ProTocCoL FOR MBAN

The architecture proposed earlier relies on the
interaction between the CRC, equipped with
multiple radio access technologies (at a mini-
mum, IR-UWB and MB-OFDM), and the less
complex MBAN devices transmitting data
acquired by sensors over the IR-UWB interface.
The CRC will send the following information to
the IR-UWB devices:
* Schedule of sensing and data reporting
¢ Input on selected pulse shape according to the
results of sensing carried out
In turn, each IR-UWB device will send the data
gathered by its associated sensor back to the
CRC. Furthermore, since the operation of the
CR-MBAN relies on the capability of the CRC
to carry out sensing in order to determine the
optimal settings to be adopted by IR-UWB
devices, the MAC protocol should foresee the
possibility of reserving time durations for the
sensing phase. In these durations, the MAC pro-
tocol should force all devices in the MBAN to
stay silent in order to avoid creating interference
affecting sensing performance.

The IEEE 802.15.6 MAC has been tailored
for the specific needs of MBAN devices in terms
of expected bit rates and latencies; it is not tai-
lored for CR capabilities. It is therefore worth
looking into the possibility of tuning the IEEE
802.15.6 MAC to address the requirements intro-
duced by the CR-related features described
above. As discussed previously, the 802.15.6
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MAC operates in a TDMA fashion, and sup-
ports a beacon mode where the BNC sends
broadcast information toward the WBAN
devices using a beacon, followed by the rest of
the TDMA frame organized as a mixture of con-
tention periods and contention-free periods,
according to the instruction provided by the bea-
con control. Through the following means, such

a structure can be efficiently tuned to support

the proposed CR architecture:

* The beacon can be modified to include specif-
ic spectrum shaping information (e.g., pulse
shape, code parameters) for the IR-UWB
devices, determined according to the sensing
carried out by the MB-OFDM radio.

* The BNC can reserve a portion of the frame
(e.g., by allocating it as an EAP without allow-
ing any device to use it), thus effectively forc-
ing all devices in the WBAN to keep silent in
this phase and therefore enabling sensing by
the WBAN controller.

The proposed modification will ensure the
correct operation of the sensing phase; it is
worth noting, however, that additional primitives
will have to be defined in the standard in order
to support the selection of different pulse shapes
and code settings at the PHY layer based on the
information received at the MAC layer.

PERSPECTIVES AND CHALLENGES

The implementation of a CRC for a MBAN as
proposed in this article can be achieved with
currently available technology. The so-called
CogniPHY ™ technology can be added to an
OFDM transceiver for full DAA capabilities, at
no additional cost in complexity or power con-
sumption [13]. It is clear that an efficient way of
communicating information to the IR-UWB
part of the CRC on available spectrum seg-
ments identified by the OFDM transceiver must
be devised. This spectrum availability informa-
tion can be encoded and forwarded to the IR-
UWB transceiver in the CRC by a
programmable microcontroller.

Moving to the MAC layer, the design of a
MAC protocol for a CR network is in general a
challenging task, particularly if the network is
required to operate in a distributed fashion [14].

The proposed solution addresses the issue by
introducing the role of the CRC, which will con-
trol the IR-UWB subnetwork by acting as its
BNC, and will at the same time be participating
in the inter-WBAN network through the ECMA-
368 interface. Careful design will be required in
order to enable the two interfaces to work seam-
lessly (e.g., by enforcing a time or frequency
division between the intra-WBAN and inter-
WBAN operations, as detailed earlier). An addi-
tional research line can be foreseen for the
design of the algorithm managing the multiple
radio access technologies (RATSs) available at
the CRC; although this work mainly focused on
IR-UWB and MB-OFDM, it can be expected
that other technologies will be available at the
CRC as well. The design of advanced algorithms
for optimal selection and combination of the
RATS as a function of network and external
environment conditions will constitute a chal-
lenging research problem.

CONCLUSIONS

This article has discussed several cognitive
radio techniques that can be applied to ultra
wideband medical body area networks to
improve their coexistence with other electronic
systems through frequency agility and frequen-
cy-domain spectrum shaping. Frequency agility
allows the sensor nodes to transmit in unoccu-
pied parts of the spectrum, thereby reducing
the risk of interference with other systems,
whereas spectrum shaping creates notches in
the spectrum of the transmitted signals in order
to protect very sensitive receivers in the vicinity
of the medical body area network. These net-
works are being deployed mostly on a license-
exempt secondary basis. This fact, and the
growing use of radio communication technology
for healthcare, motivates further research on
interference mitigation techniques for medical
communication environments. Cognitive radio
offers viable cost-effective and future-proof
solutions addressing both scalability and coexis-
tence issues, and the associated implementation
challenges represent new and exciting research
opportunities.
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