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Abstract. The existing bio-signal monitoring systems are mostly designed for 
signal recording without the capability of automatic analysis so that their 
applications are limited. The goal of this paper is to develop a real-time wireless 
embedded electroencephalogram (EEG) monitoring system that includes multi-
channel physiological acquisition, wireless transmission, and an embedded 
system. The wireless transmission can overcome the inconvenience of wire 
routing and the embedded multi-task scheduling for the dual-core processing 
system is developed to realize the real-time processing. The whole system has 
been applied to detect the driver’s drowsiness for demonstration since 
drowsiness is considered as a serious cause of many traffic accidents. The 
electroencephalogram (EEG) features changes from wakefulness to drowsiness 
are extracted to detect the driver’s drowsiness and an on-line warning feedback 
module is applied to avoid disasters caused by fatigue. 
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1   Introduction 

There are verities of researches that focused on bio-signals monitoring system. 
However, most of the existing physiological signal monitor systems can only record 
the signals without the capability of automatic analysis. There’s a tendency to make 
the developed BCI system more convenient to use. Traditionally, the variations of 
brain waveforms are measured and analyzed by personal computers (PCs). The 
complexity of the EEG data requires excellent calculating capabilities for the 
analyzing procedures. However, the inconvenience of using PCs can limit the 
applications of designed BCI systems. We need to develop wearable and inexpensive 
BCI systems—small devices with long battery life that can be carried indoors or 
outdoors [1]. With the development of embedded system and signal processing 
technique, there is a tendency to apply the techniques to BCI systems. 
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The goal of this paper is to develop a real-time wireless embedded electro-
encephalogram monitoring system that includes multi-channel physiological 
acquisition, wireless transmission, and an embedded system. The proposed system 
employs signal acquisition and amplification units to collect EEG signals and wireless 
modules to transmit data to a signal processing embedded system. A multi-task 
scheduling mechanism was also implemented to increase the signal acquisition and 
analysis performance. The wireless transmission can overcome the inconvenience of 
wire routing and an embedded multi-task scheduling for the dual-core processing 
system is developed to realize the real-time processing. Finally, a real-time 
drowsiness detection method combined with an on-line warning feedback is 
implemented in the developed system for demonstration.  

This paper is organized as follows. The system architecture of the BCI system is 
introduced in Section 2, including a multi-channel physiological acquisition and 
amplification unit, a wireless transmission unit, a dual-core signal processing unit, a 
remote real-signal display and monitoring unit, and a warning device. The application 
in driver’s drowsiness detection is given in Section 3 and the results are shown in 
Section 4. The conclusions are summarized in Section 5. 

2   System Architecture 

The block diagram of the developed EEG-based BCI system is showed in Fig.1, 
which includes five units: (1) signal acquisition and amplification unit, (2) wireless 
data transmission unit, (3) signal processing unit, (4) remote system for data storage 
and real-time display, and (5) warning device.  

 

Fig. 1. The block diagram of the proposed BCI system 

The data flow of the system can be divided into two streams: (1) The EEG signal 
was first acquired by signal acquisition and amplification unit, and then transmitted 
from wireless data transmitter to wireless data receiver. The EEG signals are then 
processed by the data processing unit and transmitted to the remote system for data 
storage and real-time display. (2) After the process of EEG data, the system will 
transmit the result to remote system by TCP/IP and trigger the warning device when 
the drowsiness condition occurs. 

The signal acquisition and amplification unit is applied to measure the EEG signal 
and to filter the artifacts. The structure is shown in Fig. 2(a), the EEG amplifying 
circuit consists of a pre-amplifier with the gain of 100, an isolated amplifier to protect 
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the subject, a band-pass filter to reserve 1-100Hz which was composed of a low-pass 
filter and a high-pass filter, a differential amplifier which had the gain of ten or fifty 
(which can be chosen by a switch), and a 60Hz notch filter to eliminate the effect of 
the line noise. 

 

Fig. 2. The detail architecture of the BCI system 

Fig. 2(b) shows the wireless data transmission unit which includes an A/D 
converter, a Complex Programmable Logic Device (CPLD) and wireless modules. 
The acquired signal is first converted from analog to digital, and then transmitted 
through the wireless modules. The ALTERA (San Jose, California, USA) FLEX10K 
EPF10K10TC144-3 CPLD is employed to control the A/D converter and encode the 
data for the wireless modules. Two different devices can be selected as the wireless 
module according to transmission distance in the designed BCI system. Bluetooth 
modules are a frequently choice in medical science with short transmission distance. 
In our previous study [2], we used Bluetooth in the proposed embedded system. Since 
the transmission distance was limited with Bluetooth, we currently combined the 
radio frequency (RF) module (RF3100/3105) in the system for longer operational 
distance. Because the interface of RF3100/3105 and Bluetooth were identical so we 
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could simultaneously load the codes of each of these two modules into CPLD and 
switch between them. 

The dual-core processing unit is the main part of the wireless BCI. The operating 
core is Texas Instruments (TI) Open Multimedia Architecture Platform (OMAP) 
1510, which is composed of an ARM925 processor and a TMS320C55x DSP 
processor. The EEG signals were mostly processed in PCs because of its complexity. 
The DSP processor is helpful for EEG data processing with a large number of 
mathematical calculations. In this study, the DSP core was used to process EEG data 
and the ARM925 was used to communicate with other devices, such as wireless 
transmission modules and TCP/IP network. The DSP Gateway is used as the 
cooperation structure for the communication between the two cores since these two 
cores have different function which is shown in Fig. 2(c). DSP Gateway can be 
considered as a software layer that connects the ARM and DSP processors. DSP 
gateway makes ARM core possible to use resource of DSP core by Application 
Program Interface (API), and works like a small real-time kernel which manages the 
source and data flow in the DSP core. With this mechanism, the DSP processor is 
started only when the system needs to process the EEG data. The Linux operating 
system (OS) is built to manage the resource of ARM core [3]. The structure of the 
dual-core processing unit is shown in Fig. 2(c), the functions of ARM core can be 
divided into three parts: (1) wireless receiver control, (2) TCP/IP control, and (3) DSP 
Gateway driver. The ARM core was selected for these tasks for the reason of its 
excellent interface control ability. An embedded multi-task scheduling system is used 
to manage these tasks. The multi-task scheduling mechanism was developed to ensure 
the accurate sampling rate for EEG signal acquisition and data process and analysis in 
real time [4]. With the architecture, the ARM core will not only hold and wait but also 
keep transmitting data from the wireless module to the display unit when the DSP 
core is processing EEG signals. 

The structure of the remote system is shown in Fig. 2 (d). The remote system has 
two important functions, including data storage and real-time EEG signal display. The 
data size of continuous EEG recordings is beyond the storage capacity of the 
embedded system. Thus, we have implemented a network file system to store EEG 
signals remotely. Additionally, we built a graphic user interface (GUI) to show in 
real-time the bio-medical signals. The connection between the remote system and 
OMAP we used in BCI system is TCP/IP protocol. 

3   Real-Time Driver’s Drowsiness Detection and Warning 

The proposed BCI system is designed to process bio-signals in real-time. And the 
system is then applied to estimate driver’s drowsiness via automatic EEG analysis for 
demonstration. In order to implement that, we developed a real-time EEG data 
analysis algorithm and built an experiment environment to test and verify the 
algorithm. 



 Development of a Wireless Embedded Brain - Computer Interface and Its Application 565 

3.1   Experiment Environment and Experimental Design 

A virtual-reality (VR) based highway-driving environment that was developed in our 
previous studies [5][6] to investigate the changes of drivers’ cognitive states during a 
long-term driving. The VR driving environment includes 3D surround scenes 
projected by seven projectors and a real car mounted on a 6-degree-of-freedom 
Stewart platform. During the driving experiments, all scenes are moving according to 
the displacement of the car and the subject’s steering-wheel handling. The driving 
speed is fixed as 100 km/hr and the car is randomly and automatically drifted away 
from the center of the cruising lane to mimic the consequences of a non-ideal road 
surface. We asked the subject to keep the car on the third cruising lane (from left to 
right). While the subject is alert, his/her response time will be short and deviation of 
the car will be small; otherwise, the subject’s response time will be slow and the car’s 
deviation can be large. In this driving experiment, the VR-based freeway scene 
provides only one car driving on the road without any other event stimuli to simulate 
a monotonous and unexciting task that it tends to make drivers fall asleep. The  
32-channel electrode cap was used in our study, in which the electrodes are placed 
according to traditional 10-20 placement system. 

  
                          (a)                                                                  (b) 

Fig. 3. The virtual-reality scene and the environment 

3.2   EEG Signal Analyzing System 

The acquired EEG signals are first down-sampled to 64 Hz to reduce the calculation 
loading to the system and a Hanning window is then applied to the signals for 
reducing distortion. The EEG power spectrum transformed by using Short-Time 
Fourier Transform and then applied to a moving average filter to eliminate noises. We 
use principal component analysis (PCA) on the normalized EEG power spectrum to 
reduce data dimension. The features extracted by PCA are finally fed into a linear 
regression model to estimate the driving performance of the driver. There is no PCA 
model in our previous studies [5][6], because the algorithm without PCA model can 
estimate very well in our previous studies. However, in the current setting, changing 
electrodes position makes the method we developed in our previous studies not valid. 
Thus, we have to redesign the feature extraction method. We choose 1~25 Hz instead 
α band in tradition. By using all the EEG data between 1~25 Hz, the computational 
loading of OMAP becomes very heavy. So we use PCA to reduce the data 
dimensions. 
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4   Results 

The multi-task scheduling mechanism was developed to ensure the accurate sampling 
rate for EEG signal acquisition and data process and analysis in real time. In order to 
test the performance of the embedded multi-task scheduling system, we use two-
channel data (sampling rate is 65Hz) EEG signals. The BCI system executes the 
signal processing procedure in DSP for 1000 times for the comparison of with and 
without embedded multi-task scheduling system performance. It takes 2425 seconds 
for a system without multi-task scheduling to complete the 1000 cycles, whereas the 
system with multi-task scheduling needs only 1933 seconds. However, the execution 
time is mainly used in receiving data. It takes 1838 seconds for a BCI system to 
complete 1000 cycles for only receiving data, which means it takes only 587/95 
seconds for the BCI system without/with multi-task scheduling to complete 1000 
cycles. The system without embedded multi-task scheduling needs 2.425 seconds to 
complete one cycle, while the system with embedded multi-task scheduling needs 
only 1.933 seconds. If the time of receiving data is not considered, the executing time 
of system without embedded multi-task scheduling is 0.6 second per cycle, and the 
executing time will be less than 0.1 second if the system uses embedded multi-task 
scheduling. As a result, the embedded multi-task scheduling system can help to 
reduce execution time and ensure the accurate frequency of receiving data. 

    
(a) Training result   (b) Testing result 

Fig. 4. The training and testing results of driving performance 

In order to test and verify that the analysis algorithm is reliable to estimate driver’s 
drowsiness level, EEG data are collected and tested on both PC and the proposed 
system. Two different sessions of EEG signal are acquired in different day for each 
subject. The EEG data collected in the 1st session is used as training data to construct 
a driving error estimating system. The EEG data collected from the 2nd session is then 
applied to the constructed estimating system to predict the driving performance of the 
driver. The correlation coefficient between the predicted driving performance and the 
actual driving performance recorded in the second session is calculated and is 
considered as an index of system performance. The training and testing results of the 
driving performance estimation is shown in Fig. 4. 
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5   Conclusion 

A wireless embedded BCI system with real-time bio-signals processing ability is 
proposed in this paper. It consists of a multi-channel physiological acquisition and 
amplification unit, a wireless transmission unit, a dual-core signal processing unit, a 
remote real-signal display and monitoring unit, and a warning device. The EEG signal 
was first acquired by signal acquisition and amplification unit, and then transmitted 
from wireless data transmitter to wireless data receiver. The wirelessly transmitted 
EEG signals are processed by the data processing unit and the processed results are 
transmitted to the remote system for data storage, real-time display or triggering the 
warning devices by TCP/IP. A multi-task scheduling procedure is employed in the 
dual-core signal processing unit to enhance the efficiency of the embedded system 
and make sure the BCI system can properly work in real-time. A real-time drowsiness 
detection method combined with an on-line warning feedback is implemented in the 
developed system for demonstration. The uniqueness of the implemented system 
includes: (1) real-time signal processing ability (2) selectable wireless transmission 
which provides wide variety of applications (3) the dual-core embedded system with 
multi-task scheduling procedure for concurrent signal processing and (4) novel dry 
electrodes that ensure the convenience of using this system. 
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