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Abstract. 
 Modern BCIs are non-invasive, wireless, wearable and EEG-based systems ca-
pable to transduce brain signals into cognitive information and stream it out in 
form of data. BCIs have rarely been considered as part of the network. Thus, 
data communication approaches have not even tried. The consequence is a 
suboptimal communication in terms of performance, usability and reliability. In 
this paper we present BCI as a paradigm in Wireless Body Area Networks 
(WBANs) that interfaces multisensorial sources with the user brain. The BCI-
WBAN concept treats cognitive processes as communication end-points in 
which sensorial information is consumed by cognitive processes. In the context 
of WBAN, BCIs implement the functionalities of the lower layers of communi-
cation open system: signal transduction into data, access control to the physical 
and cognitive media and data transmission. The BCI-WBAN paradigm extends 
the scope of WBAN from mere biosignal sensing by adding interpretation of 
neural correlates of cognitive information. 
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1 Introduction 

The main purpose of BCI systems is to enable users to communicate with comput-
ers without muscles by interpreting and transmitting cognitive information from elec-
trophysiological correlates. Along the last two decades, many definitions have been 
proposed for Brain-computer interfaces (BCIs), the most popular one, established that 
a BCI “is a communication system that does not depend on the brain’s normal output 
pathways of peripheral nerves and muscles” [1]. Originally, it was intended for people 
with severe motor impairment (e. g. locked-in syndrome, Amyotrophic Lateral Scle-
rosis (ALS), etc.) with no other way of communication but the direct detection of the 
user volition from neurosignals. Currently, there are BCI works in diverse areas, such 
as cognitive rehabilitation, entertainment, education, neuromarketing, etc. [2]. The 
majority of BCIs are based on EEG signals because they can be sensed with non-
invasive techniques and their price is relatively low even for small labs.  

There are several types of BCI systems. For instance, BCIs based on Event-related 
potentials (ERPs) are ones of the most popular. ERPs are indicators of brain activities 
that occur in preparation for or in response to discrete external events [3]. Other BCIs 
use repetitive stimulus to evoke a permanent response (e.g. visual steady-state re-
sponses (SSVEP) [4], auditory steady-state response (ASSR) [5], etc.) whose energy 
can be modulated by cognitive task such as selective attention [6]. These potentials 
are narrow-bandwidth responses with high signal-to-noise ratio (SNR) that facilitates 
their processing and detection. Furthermore, there are BCIs based on the modulation 
of the amplitude of spectral bands. In this classification, we include those based on 
the amplitude modulation of sensory-motor rhythm by means of motor imagery [7], 
alpha band by means of mental switching from relaxation to arousal states, slow cor-
tical potentials by means of own-user strategy, etc.  

BCIs have improved usability and user comfort thanks to new advances in wireless 
technology and the use of new polymers and substrates for dry sensing (see [8] for a 
complete review). Now, the range of potential users is much larger, with applications 
in ambulatory EEG sensing for clinic testing, entertainment and other uses [9][10]. 
The most advanced BCI are low-cost, wearable and dry EEG headsets devices with 
wireless transmission that allows mobile EEG services [11][12]. However, and de-
spite all these new features, both classical and current BCIs suffer from the same in-
convenients. 

Current and classical EEG-BCIs have some problems in common. First, EEG is a 
very noisy signal and any feature considered for the interpretation of the correspond-
ing cognitive or mental state gives rise to poor inference. Typically, this problem has 
been overcome by grand-averaging trials (e.g. approximately one hundred for visual 
evoked potentials [13]). Assuming EEG to be stationary, the improvement in SNR 
follows equation (1) with N the number of trials 

 

 SNRnew(dB) = SNRoriginal(dB) + 10log10(N)                  (1) 

 



SNR improvement is the first step for throughput improvement. Throughput is oth-
er problem. Typically, BCI achieve an information transmission rate (ITR) of approx-
imately between 0.3 to 0.6 bits/s [14]. Furthermore and as far as we know, the maxi-
mum reported ever, was 1.13 bits/s in 2003 [15]. Since then, and despite technologic 
advances, performance has not significantly improved. One of the reasons that could 
justify this disappointment is that other important aspects of BCI have not been 
changed. In this regards we could point out two aspects: data processing techniques 
and psycho-physiologic paradigms. 

Apart of few exceptions, BCIs has not been treated as a technology suited for data 
networks. Brain signals are typically processed with intelligent algorithms of extrac-
tion, dimension reduction and classification of features that include complex multivar-
iate analysis. In this regards we just cite some BCI studies based on Self-Organizing 
Map [16], Support Vector Machine theory [17], Artificial Neural Networks (ANNs) 
such as multilayer perceptron (MLP), etc. However, a simple analysis of the funda-
ments of BCIs would conclude that they really represent interfaces of a dta network. 
Then, typical data transmission issues such as media access and control, signal trans-
duction, throughput improvement or data error correction deserve to be considered 
and applied to the brain as an entity of the data network. In summary, in BCI-WBANs 
a biological organ, our brain, is part of the network. 

 In this paper we present BCIs as a specific link of the data network that interface 
input sensorial information with cognitive processes in the context of WBAN. Taking 
this approach, conventional network procedures and assumption can be reused, thus 
giving rise to a much efficient interface. 

 The most important contribution in the BCI-WBAN paradigm is the definition of a 
cyber area network composed by electric and biologic entities in which data and in-
formation flows bidirectional and transparently 

2 The BCI-WBAN concept 

2.1 Definition and overall concept 

BCI definition 
In BCI literature there are many definitions of BCI. For instance, the first one was 

given in 1973 by Vidal who stated “The BCI system is geared to use both the sponta-
neous EEG and the specific evoked responses triggered by time-dependent stimula-
tion under various conditions for the purpose of controlling such external apparatus as 
e.g. prosthetic devices” [18]. Another definition giving in 2002 by expert established 
that a direct brain-computer interface is a device that provides the brain with a new, 
non-muscular communication and control channel [1]. However, the most popular 
definition was given in 2000 by a group of prestigious neuroscientifics during the 
First International Meeting of BCIs [19]. 

BCI-WBAN definition 



We define BCI-WBAN as the networking area that encompasses from sources of 
multi-sensorial information to our brain. Multisensorial sources are multimedia devic-
es, speakers, TV, audio-head set, traffic lights, etc. Other devices related to clinic and 
rehabilitation are also considered (e. g. electric, tactile, haptic, visual, auditory or 
somatosensory stimulators). There are also biological sources. For instance, voices in 
multi-taker scenarios (e.g. cocktail party phenomenon [20]), human faces, etc. Con-
versely, in the brain side we consider cognitive processes that perceive, attend, inter-
pret these sensorial signals and finally take a decision. Decisions can be taken either 
directly based on these sensorial signals or not. 

Then, BCIs constitute the communication interface in the WBAN that, based on 
brain signals, extract relevant cognitive information generated by brain structures and 
generates and output stream of data. Typically, this data stream is used to feedback 
the sensorial source, thus closing the communication loop . Also, it can be used for 
communication of cognitive states (e.g. level of attention, tiredness, arousal),  interest 
or endogenous context update as response to a novel and relevant sensorial infor-
mation. Some examples of application of BCI-WBAN [21] could be the online meas-
ure of cognitive load in dangerous works, a communication speller for people suffer-
ing from locked-in syndrome or ALS [22], or as an attention/interest detector with 
potential application in neuromarketing or Ambient Assisted Living (AAL). 

 

2.2 Architecture  

BCI  
BCI architecture was firstly defined by [23]. A typical implementation is the EEG-

BCI, which is compounded of the following blocks (see Fig. 1): 

• EEG Acquisition System:  electrodes, front-end amplifier, A/D converter 
• Signal processing: Signal pre-processing, feature extraction and classification. 
• Application Interface: This block provides feedback to the BCI user and also inter-

faces devices, sensors and actuators 
• User interface: Any communication system needs mechanism to feeback emisor 

with the state of the communication. In BCIs, a display is typically used to present 
the BCI user the results. Then BCI users can on-line modify their cognitive actions 
to obtain the optimal result. 

  



 
 
 
 
 
 
 
 

 

 

 

 

Fig. 1. BCI architecture. Adapted from [23]. 

BCI-WBAN  
BCI-WBAN architecture is compounded of the blocks and elements needed to pre-

sent multisensorial information to user and transmit out cognitive information. Figure 
2 illustrates a layered version of the BCI-WBAN architecture. Firstly, a source trans-
mits sensorial signals to the user. User receives the signals by means of receptors or 
sense organs. Receptors transduce this sensorial information into electrical currents 
that reach cortical regions in our brain via afferent pathway. 

• If the context of the OSI model these processes occur in the physical lay-
er. In the context of BCI-WBAN ,these processes occur in the physiologi-
cal layer. 

These electro-physiological signals reach cognitive structures in the cognitive me-
dia and trigger concomitant cognitive processes, such as perception, attention, cogni-
tion and volition. Typically, these processes temporally correlate with middle-latency 
potentials (approx. 100 ms. after stimulus onset). In our daily routine, we are rarely 
surrounded by just a sensorial source. Conversely, we are always immersed in a mess 
of multi-sensorial stimuli that fight to grab our attention. For instance, during our 
daily commuting we listen the radio, hear traffic noise, see traffic lights, hear police-
man shouting and our navigator given instructions at the same time. Although atten-
tion in more than one stimulus is possible [24], human beings are tailored to focus our 
attention in one relevant stimulus and filter out the rest. The latter is the so-called 
selective attention. Attention, in its several flavors (selective, pre-attentional, dichotic, 
etc.) plays the role of referee in the access to cognitive media where cognitive pro-
cesses occur. Then, attention implements the media-access layer. 

• If the context of the OSI model, control to the access media ocurr in the 
link layer. In the context of BCI-WBAN, the access to the cognitive me-
dia is executed by the cognitive task called attention. 



Once user have perceived, recognized and interpreted the external information, 
then decides and action. A simple action that user could take could be switch attention 
to another stimulus. When that happens, top-down mechanisms occurs that cause 
modulation of the energy of signals in physical layer by enhancing of that of the target 
stimuli and attenuating that of the distracters. In turns, the latter causes and diminish-
ing of the energy in the bottom-up direction toward upper cognitive layers. In turns, 
that facilitates the attentional effort needed as media-access controller of the incoming 
stimuli. The latter constitutes a loop (see Fig. 2). 

• If the context of the OSI model, execution of actions as a consequence of 
volition is introduced by users via the application layer. In the context of 
BCI-WBAN, the access to the cognitive media is executed by executive 
system of our brain. 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.   Layered version of the BCI-WBAN architecture. On the left, external devices present 
BCI user sensorial stimuli. In the center, sense organs catch them and transform their mechani-
cal energy into electrical currents. Electrical currents trigger cognitive processes in a bottom-
top directon. Executive functions cause modulation of the electrical signal in top-bottom direc-
tion. BCI measure this top-down influence and feedback the external source (or other network 
enteities). On the right, the equivalence between the BCI-WAN layered model and OSI model. 

2.3 BCI-WBAN in the network 

Figure 3 shows full application model that includes not only the elements of BCI-
WBAN described in previous sections, but elements of remote connections in the 
context of Wide Arena Networks (WANs). This general model would enable tele-
services based on on-line cognitive rehabilitation. Currentely there studies of telemat-
ics services for remote cognitive rehabilitation. However, these proposal lack of inter-
activity [25]. The BCI-WBAN architecture complements these services by offering 



the user mobility, usability and on-line feedback during  the execution of the program. 
The components and elements of the BCI-WBAN concept of the proposed tele-
service are: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Application model of BCI-WAN for a remote service. 

WAN.  

• Application server: The main application runs in this server. It is responsible for: 
─ User control interface: It offers a GUI to person in charge of the execution of the 

session (e. g. in the context of application such as remote EEG testing for clini-
cal purposes, rehabilitation programs, etc.) 

─ Sensorial stimulation control: It triggers sensorial programs stored in a multi-
media server that, in turns, streams down them to the media player. 

─ Signal processing: This function inputs EEG signals form EEG headset and pro-
cess them to obtain an output data stream. 

• Multimedia server: It stores a collection of multimedia programs that users could 
use. 

LAN 

• Access point: Typically, a wireless router. 

WBAN 

• Media player: It plays the multimedia stimulus streamed from Multimedia server. 



• BCI headset: It acquires EEG signals and transmit them toward the Application 
server. 

3 Related works 

As stated in the introduction section there are few studies in which BCIs are con-
sidered as communication interfaces of WBANs or BANs. In these studies, communi-
cation techniques such as analog and digital modulations and constellation of signals 
are used to detect and transmit out information generated in the cognitive media. In 
this section we mention some pioneers works that took benefits of the BCI principles 
to achieve an efficient performance. At the time of some of these studies, BCI were 
wired devices. Then, BCI-WBANs should be interpreted in the context of BANs. 

We present two categories, one for visual and another for auditory sensorial infor-
mation.  In both cases, we present studies that combined hybrid digital communica-
tion techniques with priors about the modulating effect of cognitive task on brain 
signals to detect and transmit out cognitive information. 

Visual BCIs.  
The BCI that achieved the highest throughout was developed by Gao in 2003 and 

achieved a throughput of 1.13 bits/s [15]. The extraordinary performance in this study 
was based upon the supposition that user were able to gaze at different stimulus. 
However, BCI users with the ability to gaze would likely opt for a much faster and 
simpler technology such as eye-trackers. Bearing in mind this limitation, authors in 
[26] developed a high performance BCI without the need of gazing. At that moment, 
this was an extraordinary advantage in comparison with the rest of visual BCIs that 
requested gazing. Despite this handicap, the maximum throughout achieved was 
0.64±0.27 bits/s with peaks of 1.16 bits/s and accuracy (or 1-BER) of 90±7%, which 
is an excellent performance for a binary BCI. The most important factor that contrib-
uted to this excellent performance was the use of customized visual stimulation whose 
corresponding brain response constituted a constellation of two signals. Then, detec-
tion was performed with a coherent on-off keying receiver (OOK) based on a bank of 
two correlators (see Fig 4.1). 

With the idea use digital receiver to detect symbols in a constellation of brain sig-
nals described in the previous paragraph, in [27] and [28] the number of symbols in 
the EEG constellation increased by reusing the same frequency (see Fig. 4.2). This 
was a novel approach in visual BCIs. Till that moment, phase was not been widely 
used in on-line detection. Instead, most of the visual BCI just asynchronously meas-
ure energy of brain activity. The reason for that is the difficulty to keep accurate syn-
chrony between the stimulation unit and the EEG acquisition system. The advantage 
introduced in these two studies was the use of a coherent detection, in which infor-
mation of phase is used to detect the correct symbol from the constellation. According 
to theory, the gain introduced by a coherent OOK receiver is approximately 3dBs in 
comparison with the non-coherent. Then, this efficient design of BCI attained better 
performance. 



 

 
 
 

 

 

 

 

Fig. 4. (1) Bank of correlators that implement a coherent OOK receiver with decisions based on 
maximum a posteriori criterion. The signal in reception (R(t)), passed through two correlators 
that also input a replica of the signals of the constellation (S1(t) and S2(t) ) and the energy of 
each one (E1 and E2); (2) Constellation of m signals of a PSK modulation. Adapted from [27] 
and [28]. 

Auditory BCIs.  
Originally, BCIS were meant for people unable to do muscular movements. How-

ever, visual BCIs contradict the original definition of BCIs because they require the 
subjects to gaze, explore and coordinate the eyes, thus causing muscular movement 
[29]. One important reason of the existence of auditory BCIs is that they do not re-
quire the user to gaze, thus being suitable even for people with visual impairment. 

In [30], a tailored auditory stimulation was design to evoke auditory steady-state 
responses (ASSR). ASSRs are composed of a train of superimposed auditory brain-
stem responses, that added in phase, conforms an averaged response with most of the 
energy located around the frequency of repetition [6]. In this case, detection of cogni-
tive information was performed by building a constellation of two signals. The au-
thors of this study took advantage of well-known properties of the physiology of the 
human auditory system that, when stimulated with an AM modulated signal, can be 
described as a non-coherent AM demodulator. Figure 5 illustrates the following ex-
ample: when we present a stimulus consisting of a carrier (e.g. 1 Khz) AM modulated 
by a sinusoidal wave (e.g. 100 Hz) the transduction from mechanical energy into elec-
trical nerve impulses is performed in such a way that only semi-cycles of the same 
sign (e. g. positive) of the incoming wave evoke electrical nerve impulses. The overall 
effect is a rectification of the shape of the sound that, after low-band filtered, works as 
envelope detector. Then, the modulating signal of 100 Hz, is recovered from EEG as 
if it were an AM receptor. This principle, which is broadly used in clinical testing for 
assessment of hearing impairment [31] was first used in this study to detect and 
transmit out information from the cognitive media. 
  



 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Rectification of an AM modulated stimulus by human auditory system. The first plot 
shows one second window of a sinusoidal wave of frequency 1 Khz (carrier) AM modulated by 
a pure tone of 100 Hz. The plot in de middle shows the rectification process caused by hair 
cells in the cochlea and other neural structures of the human auditory system. The plot on the 
right shows the Power Spectral Density of a typical EEG acquisition in which the modulating 
pure tone of 100 Hz appears with high SNR. In summary, behavior of the human auditory 
system when stimulated with a AM modulated signal, corresponds to that of a non-coherent 
AM receiver. 

 

 

 
 

 

 
 
 
 
 
 
 
 
 
 

Fig. 6. BPSK system for detection of attention. This schema is part of a dichotic listening task, 
in which user must pay attention to one stimulus and ignore the other. To facilitate detection of 
the attended stimulus, both stimulus were perturbed by modulating their envelope by two coun-
ter-phases pure tone of the same frequency. The effect of the perturbation was the generation of 
a BPSK constellation on brain signals. Adapted from [32]. 



 

The most clear example in BCI literature of the use of the BCI as a digital commu-
nication system in the context of BANs was developed in [32]. The authors of this 
study presented a procedure based on the binary phase-shift keying (BPSK) receiver 
that permitted detection of selective attention to human speeches in real-time. They 
used barely-audible counter-phased perturbations of the speeches in such a way that 
the joined EEG response (speeches-perturbations) elicited a robust BPSK constella-
tion (see Fig. 6). Then attention was detected and transmitted by mean of BPSK re-
ceiver. The results confirmed the expected generation of the BPSK constellation by 
the human auditory system. Furthermore, evaluation of performance in terms of 
throughput and BER was measured under different conditions of SNR and the results 
fairly matched the theoretical. The latter was an extraordinary advance in the context 
of BCI as communication system in BANs. Other studies such as [33][34] tried simi-
lar approaches with similar success.  

The PLAT-EEG project.  
The BCI-WBAN is a concept still to develop. Despite some pioneers studies men-

tioned in previous section, more steps must be takenamong BCI researches. In this 
section we briefly present a project that, based on the principles of BCI-WBAN, 
moves forward this direction. 

PLAT-EEG aims for the development of a high performance platform for the ac-
quisition, processing of neurosignals, detection and remote transmission of cognitive 
information (see Fig. 7). The platform will support common services and resources to 
offer tele-services and BCI applications, for instance, on-line sensing of neurosignals, 
or cognitive programs for rehabilitation. Among potential users of this platform, we 
mention people with sever motor and muscular impairment, people suffering from 
attention disorders, etc. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Basic architecture of PLAT-EEG Adapted from [35]. 



4 Conclusions 

Traditionally, BCIs have not been considered as part of WBANs. The consequence is 
a suboptimal communication interface in terms of performance. In this paper we have 
introduced the BCI-BAN concept as a novel paradigm in data communication be-
tween biological and electronic entities that encompass the area network between 
multimedia sources and the user brain. In the context of BCI-WBAN, cognitive pro-
cesses are communicating entities that inputs sensorial information originated by 
multimedia devices and output cognitive information by means of a BCI. In the con-
text of WBAN, BCIs implement the functionality of the lower layers of an intercon-
nection open system, namely physical and access control to the cognitive media, thus 
providing output transmission functionality to cognitive structures. BCIs extends the 
scope of Personal or Body Area Networks by including the brain in the last mile of 
the communication network. 
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