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Abstract—This paper presents the experimental validation of a 

readout circuit for the acquisition, amplification and 

transmission of extremely weak biopotentials with a focus on 

electroencephalography (EEG) signals. The device, dubbed 

CochlEEG, benefits from a low-power design for long-term 

power autonomy and provides configurable gain and sampling 

rates to suit the needs of various EEG applications. CochlEEG 

features high sampling rates, up to 4 kHz, low noise signal 

acquisitions, support for active electrodes and a potential for 

Wi-Fi data transmission. Moreover, it is lightweight, pocket-size 

and affordable, which makes CochlEEG suitable for wearable 

and real-world applications. The efficiency of CochlEEG in EEG 

data acquisition is also investigated in this paper. Auditory 

Steady State Responses (ASSR) acquisition results validate 

CochlEEG’s capability in recording EEG with a signal quality 

comparable to commercial mobile or research EEG acquisition 

devices. Moreover, the results of an oddball paradigm 

experiment prove the capability of CochlEEG in recording 

Event-Related Potentials (ERP) and demonstrate its potential for 

Brain-Computer Interface (BCI) applications and 

electrophysiological research applications requiring higher 

temporal resolution. 

 
Index Terms—Auditory steady-state response (ASSR), 

wearable EEG, event-related potentials (ERP).  

 

I. INTRODUCTION 

ECENT advances in the manufacturing of inconspicuous 
body sensors and miniaturized circuits as well as 

considerable developments in telecommunications and data 
analysis techniques have opened up new possibilities for the 
integration of sensors into various accessories worn in daily 
life, such as clothing, hats and shoes. Body sensors and 
wearables have various applications including health and 
safety monitoring, home rehabilitation, and early detection of 
disorders, to name a few examples [1]. 

Electroencephalography (EEG) sensors for measuring brain 
electrical activity are becoming a major category of body-
worn sensors with a variety of applications in clinical studies, 
medical diagnosis and neurological researches. EEG signals 
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can be measured by active or passive electrodes placed on or 
next to the scalp. These acquired signals must then be 
amplified and transmitted to a computer usually for further 
processing. Conventional EEG signal acquisition systems are 
bulky, which has impeded their integration into wearables and 
imposes serious limitations on EEG applications outside of a 
laboratory environment. Over the years, several mobile EEG 
signal acquisition systems have emerged. Some of these are 
commercialized as consumer products. For example, 
SMARTING™ (mBrainTrain, Belgrade, Serbia) is a small 
EEG device for real-time brain activity monitoring. 
ENOBIO® (Neuroelectrics, Barcelona, Spain) is a wearable 
wireless electrophysiological signal acquisition system for 
EEG recording. Also, the EEG-SMT board (Olimex Ltd, 
Plovdiv, Bulgaria) is available as an open-source software and 
hardware unit for recording EEG signals. Similarly, Cyton 
biosensing board (OpenBCI, Brooklyn, NY, USA) can be used 
to record brain, muscle and heart activity on a wireless open-
source platform. Moreover, Cognionics Inc. (San Diego, CA, 
USA) offers a wide range of mobile EEG systems for both 
high-density and low-density EEG recordings. Finally, Brain 
Products (Munich, Germany) recently released LiveAmp, a 
high-quality mobile wireless EEG recording solution. 

Aside from the commercialized products, some research 
groups have developed their own mobile EEG recording 
systems for more specific applications. For example, EEGu2 
is an embedded device for brain/body signal acquisition 
developed and used in the context of human-in-the-loop 
cyber-physical systems [2]. BioDAQ (Biological Data 
Acquisition) is a low-cost system that has been developed by 
Rahman and Nasor for real time biomedical applications [3] 
and a wearable multi-channel EEG recording system featuring 
a compression algorithm is presented by Dufort et al. [4]. 

However, most mobile EEG products on the market share 
common downsides. They are expensive, ranging from several 
hundred dollars to more than tens of thousands, which may 
impose a serious financial barrier on neurological research 
studies. It can also prevent EEG systems from being widely 
used in Brain-Computer Interface (BCI) devices. Furthermore, 
oftentimes some commercial products do not provide the raw 
EEG data to the consumers, which makes them less interesting 
for research applications. In addition, the limited sampling rate 
(often 500Hz and less) of commercial products prevents their 
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use for specific electrophysiological research applications that 
require higher temporal resolution. Finally, many commercial 
EEG systems can only support a limited number of electrodes 
(under 5) and are not compatible with active EEG electrodes. 

While these more recent portable EEG recording devices, 
developed by research groups and companies alike, answer 
innovative applications’ need for less bulky equipment, they 
can be limiting compared to research grade equipment. Certain 
applications for wearable EEG devices might be impeded by 
these constraints. A more accessible and flexible system that 
could accommodate electrode technology while supporting 
multiple input channels as well as greater sampling 
frequencies and raw data output streams could be the solution 
for these applications.  

This paper presents a wearable electronic device dubbed 
CochlEEG intended for the acquisition, amplification and 
transmission of EEG signals, designed in an attempt to 
overcome the previously described limitations. It provides 
eight channels that can connect to both passive and active 
EEG electrodes. Its battery-powered circuit board along with 
its lightweight and pocket-sized packaging, positions the 
CochlEEG as an ideal candidate for portable EEG. It is 
convenient to carry and would be easy to integrate into 
wearables. Moreover, it offers a very precise time resolution 
with sampling frequency reaching up to 4 kHz, which is 
required for applications such as Frequency Following 
Responses (FFR) among others. The objective of this research 
is to test and compare the EEG recording performance of 
CochlEEG. For that purpose, two EEG paradigms with high 
potential in the context of auditory research and BCI 
applications were chosen to evaluate the performance of 
CochlEEG to record EEG time series and frequency 
spectrums. In a first study, Auditory Steady-State Responses 
(ASSRs) recording performance with CochlEEG was tested 
and the spectral results were compared with those obtained by 
1) Rotman MASTER research system (Baycrest Center, 
University of Toronto, Canada) as a conventional research-
grade EEG research system and 2) SMARTINGTM as a well-
known, tested and proven, commercially available mobile 
EEG device. In a second study, Event-Related Potentials 
(ERP) from an auditory oddball paradigm were recorded using 
CochlEEG to demonstrate the capability of the proposed EEG 
acquisition platform for such applications in the temporal 
domain.  
This paper is structured as follows: the equipment and 
experimental procedures are described in section II. ASSRs 
results and ERP results are presented in section III and 
discussed in section IV. Conclusions and the future works are 
given in section V. 

II. METHODS 

Two studies were conducted and the methodologies 
employed are presented in this section. The first study is a 
comparison study between three EEG systems presented in 
table I, an ASSR paradigm was used. Previous work from 
Melnik et al. [5] developed a scientific approach to evaluate 
and compare EEG systems. To account for the systems 

different electrode count and placement, they interpolated the 
channel recordings over a mesh-head model. This is important 
because differences between systems could be attributed to 
electrode positions. For this study however, electrode count 
and placement remained the same over all systems, only the 
EEG amplifiers differed. Melnik et al.’s approach also took 
into consideration the different sources of variability and they 
found that variance across subjects was generally higher than 
variance across systems. Although this comparison is 
interesting when evaluating the importance of the difference in 
performance between systems, it was beyond the scope of this 
article. Another important comparison study between EEG 
systems was presented in De Vos et al.’s [6]. Their ERP study 
for a P300 speller application proposed as basis for 
comparison: EEG waveform, performance in spelling and 
information transfer rates (ITRs). These are in fact very 
relevant to consider when comparing systems for ERP studies. 
The ASSR paradigm however is a passive paradigm where the 
expected result is a frequency peak in the EEG spectrum.  

 The second study consisted of recording ERPs elicited with 
an active auditory oddball paradigm. This study was chosen to 
demonstrate CochlEEG’s capability to record waveforms but 
was not a comparison between systems. 

These studies were reviewed and approved by the Comité 

d’éthique pour la recherche, the Internal review Board at 
École de technologie supérieure (ÉTS) in Montreal, Canada. 
Informed consent was obtained from all participants before 
they were enrolled in the study.  

A. Participants 

Ten individuals (eight males, two females) aged between 22 
and 34 and having hearing thresholds below 25 dB HL (pure 
tone audiometry between 125 to 8000 Hz) participated in the 
ASSR study. Ten individuals (seven males, three females) 
with ages ranging from 21 to 34 and also with hearing 
thresholds below 25 dB HL participated in the ERP study. All 
participants were free of past or present neurological 
conditions. 

B. Hardware used 

1) Hardware 1: MASTER system 

The Rotman MASTER (multiple auditory steady-state 
evoked response) research system is a data acquisition 
system designed by John & Picton [7] to assess human 
hearing by recording ASSRs. This LabVIEW-based 

TABLE I 
CHARACTERISTICS OF THE THREE DIFFERENT ACQUISITION SYSTEMS  

 SAMPLING 

FREQUENCY 
RESOLUTION 

INPUT NOISE 
(RMS) 

WEIGHT SIZE 

SMARTING 250 to 500 Hz 

24 bits 

353 nV * 64 g 82 x 51 x 14 mm 

COCHLEEG 250 to 4000 Hz 139 nV  47 g 66 x 33 x 23 mm 

MASTER 1000 Hz 12 bits N/A** Couple kg Table-top setup 

*  Data apparently taken from TI’s datasheet, by Smarting manual. 
**  Master’s input noise is tricky to measure as this system needs several equipment to be fully 
functional. 
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environment is capable of simultaneously generating 
multiple amplitude-modulated and/or frequency-modulated 
auditory stimuli, acquiring corresponding 
electrophysiological responses, displaying results in the 
frequency-domain, and determines whether the responses 
are significantly larger than background physiological 
activity. The MASTER system data acquisition setup for 
ASSR recordings is schematically illustrated in Figure 1. 
ASSRs were filtered using a band-pass filter of 0.3–300Hz 
(12 dB/octave) and amplified 50,000X (10,000X in 
GRASS Technologies LP511 AC Amplifier and 5X in 
National Instruments USB-6259 BNC). All data were 
collected using an Analog-to-digital (A/D) conversion rate 
of 1000 samples per second. In each recording, individual 
data epochs of 1024 points each were collected and 
connected together into sweeps (16 epochs per sweep of 
16.384 seconds each). A typical ASSR recording for this 
study required a total of 6 sweeps over 98.304 seconds. To 
minimize artifacts, epochs containing signals exceeding 
±80 µV were rejected. 
ASSR sweeps of data were averaged in the time domain 
and then analyzed on-line in the frequency domain using 
the Fast Fourier Transform (FFT).  
Amplitudes are expressed in nanovolts (nV). An F-ratio 
statistic is used by the MASTER system to evaluate the 
probability that the amplitude of the ASSR is significantly 
different from the average amplitude of the background 
noise in the adjacent frequencies (within ±60 bins of the 
modulation frequency). A response is considered to be 
present if p<0.05.  

2) Hardware 2: SMARTING 

SMARTING shown in Figure 2 is a 24-channel mobile 
EEG amplifier developed by mBrainTrain (Belgrade, 
Serbia). The system features two sampling frequencies 
(250 Hz or 500 Hz), a resolution of 24 bits and a 
bandwidth from DC to 250 Hz. The weight and size of the 
version used are respectively 64 grams and 
82 × 51 × 14 mm. The amplifier unit includes a 3D 
gyroscope and a power supply for several hours of use. It 
transmits data wirelessly with Bluetooth (v2.1) protocol to 
a paired laptop, which was positioned in the audiometric 
booth at a distance of about two meters from the 
participant, well within the device’s range of 10 meters. 
ASSRs were recorded during 98.304 seconds, which 
corresponds to 6 sweeps of 16.384 seconds each, with two 
available sampling rates (250 and 500 Hz), by using the 
software provided by the manufacturer (Smarting Streamer 
version 2.2.2.0). Event markers were generated at the 
beginning and at the end of each stimulation using Lab 
Streaming Layer (LSL), a data acquisition and control 
framework developed at the Swartz Center for 
Computational Neuroscience (available: 
https://github.com/sccn/labstreaminglayer) [8] for 
recording stimulations and data streams with precise 
synchronizing performances.  
Data and event markers were written into a common file 
format (.xdf). 
Data were analyzed offline using MATLAB and EEGLAB 
[9]. ASSR data were filtered using a FIR band-pass filter 

with an upper cut-off frequency of 0.1 Hz and lower cut-
off frequency of half of the sampling rate. Sweeps of data 
were then extracted from the data stream using LSL 
markers and were averaged in the time domain before 
being translated in the frequency domain using FFT. The 
procedures of calculating amplitudes and background 
noise were similar to those used for the MASTER system. 

3) Hardware 3: CochlEEG 

CochlEEG, shown in Figure 3, is a custom 8-channel 
portable EEG research platform using a low-noise 
simultaneous 24-bit sampling analog-to-digital converter 
(ADS1299) developed by Texas Instruments. CochlEEG 
benefits from the use of this integrated chip by having 
user-configurable variable gain amplifiers, and variable 
sampling rates from 250 Hz to 4000 Hz. CochlEEG’s 
measured input-referred noise is 139 nVRMS (using a linear 
gain of 24 and 250 Hz). It has a bipolar 2.5 V supply 
output for active electrodes support and a mini-USB port 
with 5 kV isolation for data transmission. The system is 47 

Fig. 1. Overview of a typical MASTER system setup. All components are 
monitored by a single PC. The stimulation signals from the analog output of 
the NI-USB 6229 board are attenuated by an operational amplifier with a 
gain of -0.5, so that they may be delivered to the line input of the 
audiometer, which enables the operator to adjust the levels of stimuli 
delivered by the insert earphones. In parallel, ASSRs are scalp-recorded by 
the electrodes (placed between vertex (+) and hairline (-), with clavicle as a 
ground) and are then amplified by an EEG amplifier before reaching the 
analog input of the data acquisition board. Data are processed online through 
the MASTER system software.  

 
Fig. 2. SMARTING mobile EEG amplifier. 
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grams in weight and measures 66 × 33 × 23 mm, including 
the battery. CochlEEG can acquire EEG data for multiple 
hours without interruption. A block diagram of the 
hardware architecture is illustrated in Figure 4. 
The current firmware version supports up to 4000 Hz 
sampling rate for 8 channels, it could support up to 16000 
Hz for 8 channels pending minor hardware redesign. 
CochlEEG offers highly configurable options using a 
custom LSL driver interface as shown in Figure 5. Each 
channel is independently configurable and global system 
settings such as EEG reference selection, sampling rate 
and timestamp source can be configured. The driver acts as 
an LSL stream publisher. Any LSL subscriber application 
is then free to listen to the published streams. CochlEEG 
timestamps every data conversion with a microsecond 
precision using an internal timer on a 40 MHz bus clock to 
alleviate any possible data transmission timing issue. 
Internal timestamping of the EEG data reduces potential 
contamination of the signal by jitter or delay issues. 
CochlEEG-recorded ASSRs were collected with sampling 
rates of 250, 500, 1000 and 2000 Hz. The stimulation and 
recording were synchronized by using LSL. Data and 
event markers were written into a common file format 
(.xdf). Markers were generated in the beginning and at the 
end of each stimulation using LSL. Data processing was 
carried out offline using the same MATLAB script as for 
the SMARTING-recorded ASSR. Recording duration for 
task 3 was rigorously the same as that of tasks 1 and 2 
(98.307 seconds which corresponds to 6 sweeps of 16.384 
seconds each). 

C. Study 1: Auditory Steady-State Responses 

ASSR techniques have been largely developed to 
overcome the various difficulties in the assessment of 
hearing thresholds of very young children, older patients or 
those with cognitive deficits or behavioral disorders 
[11, 12]. ASSRs are electrophysiological responses, 
recorded from the human scalp, and often evoked by one 
or more carrier frequencies fc that are amplitude-modulated 
at a specific frequency fm. In practice, when a subject is 

exposed to such a stimulus, a peak in the frequency of their 
EEG will manifest at fm, and may also appear at its 
harmonics [16]. 
Historically, ASSRs were first recorded at modulation 
frequencies near 40 Hz [13]. Since 40 Hz-ASSRs are 
sensitive to arousal effects, a large number of studies using 
ASSRs for threshold estimation have concentrated on 
modulation frequencies in the range of 70–110 Hz. In the 
case of alert/awake adults, modulation frequency at 40 Hz 
provides higher ASSR amplitudes and better signal-to-

Fig. 3. 3D rendering of CochlEEG portable EEG amplifier (from [10]) 

 

Fig. 4. CochlEEG block diagram showing the proper integration of the 
ADS1299 specialized chip (from [10]) 

Fig. 5. Graphical User Interface (GUI) of the CochlEEG LSL driver showing 
the various channel configurations and streaming options. 
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noise ratios, which may enable a faster and more efficient 
ASSR detection [14, 15].  
ASSRs have been the subject of many studies so far, 
however, the capability of CochlEEG to record high-
quality ASSR signals is investigated in this research and 
the obtained results are compared with similar mobile and 
conventional research EEG recording systems. 

1) Stimuli 

ASSR stimuli used in this experiment consist of sinusoidal 
tones with the carrier frequencies of 500, 1000, 2000 and 
4000 Hz that are all 100% amplitude modulated at 41 Hz. 
Each amplitude-modulated stimulus is created by 
multiplying two sine waves. The sine wave with the higher 
frequency is the carrier frequency fc and the sine wave with 
the lower frequency forms represents the modulating 
envelope fm. The full mathematical formula used to 
generate the stimuli y(t) is given by: 
 

( )
( ) ( )( )*sin 2 [ *sin 2 1 ]

   
1

c c m m
A f t M f t

y t
M

π θ π θ + + + =
+

 (1) 

 
Where A and M are respectively the amplitude at the 
carrier frequency and the amount of modulation 
(from 0 to 1); θc and θm are the corresponding phase 
angles. The final stimuli were obtained by summing the 
individual amplitude-modulated stimuli. Individual stimuli 
characteristics are listed in table II.  
Both carrier and modulation frequencies were software-
adjusted automatically so that an integer number of cycles 
occurred within each recording section. Consequently, 
individual sections can be linked without acoustic artifacts 
and are interchangeable during artifact rejection [16]. For 
simplicity, the frequencies will henceforth be reported to 
the nearest integer value. For example, a modulation 
frequency of 41.016 Hz is reported as 41 Hz. 
Stimuli were generated by either the MASTER system (for 
task 1) or MATLAB R2015b (for tasks 2 & 3) and then 
were amplified by an InteracousticTM audiometer (model 
AC40) before being presented binaurally to the test-
subjects using E-A-RTONETM insert earphones (model 3A 
410-310). Test signals were calibrated at 75 dB SPL with a 
Bruël & KjaerTM Head and Torso Simulator (model 4128). 

2) Recordings 

All ASSR data were collected from an electrode placed at 
the vertex (Cz) using an electrode on the back of the neck 
(below the hair-line) as reference and an electrode on the 
clavicle as ground. Electrodes were not removed between 
recordings and all interelectrode impedances were below 5 
kΩ at 10 Hz. Data were first recorded using the MASTER 
system and then SMARTING subsequently. Finally, data 
were collected using CochlEEG. During all these 
measurements, test-subjects remained seated on a 
comfortable ergonomic chair inside a double-walled 
audiometric booth (Figure 6).  

D. Study 2: Event-related potentials 

Event-related potentials (ERP) are electrophysiological 
responses that are time-locked to an event (such as the 

onset of a stimulus) and characterized by waveforms 
consisting of a series of positive and negative voltage 
deflections related to a set of components involved in 
neurocognitive processes [17]. 
Most of these voltage deflections are referred to by a letter 
indicating the polarity (N for negative and P for positive) 
and by a number indicating the theoretical latency in 
milliseconds (or the ordinal position in the waveform). For 
instance, the N100 (or N1) wave is the first negative 
deflection peaking between 80 and 120 ms after the onset 
of an auditory stimulus and reflects the detection of a 
change in the acoustic environment [18].  
The P300 (or P3) wave is the largest positive deflection, 
peaking between 250 and 500 ms after presentation of a 
task-relevant stimulus and reflects processes involved in 
decision-making. In a classic two-stimulus oddball task, 
participants are asked to respond to the target stimuli with 
a specific action while ignoring the standard stimuli. The 
P300 wave is typically observed around 300 ms after the 
onset of a target stimulus [19]. Auditory oddball paradigms 
use tonal stimuli presented in random order, with the target 
tone occurring less frequently than the standard tone. 
ERP waveforms may also be referred to with acronyms as, 
for instance, the mismatch negativity (MMN) which is a 
brain response to violations of a rule, established by a 
sequence of sensory stimuli (typically in the auditory 
domain) [20]. The MMN reflects the brain’s ability to 

Fig. 6. Subject seated in audiometric booth, wearing CochlEEG, indicated by 
the red circle. 

TABLE II 
INDIVIDUAL STIMULI CHARACTERISTICS USED  

TO CREATE THE FINAL STIMULI 

 
Stimuli parameters 

A �� �� �� M �� 
#1 

1 

500 Hz 

0 41 Hz 1 0 
#2 1000 Hz 
#3 2000 Hz 
#4 4000 Hz 
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perform automatic comparisons, detecting any change in a 
sequence of auditory stimuli, using traces developed by the 
previous stimulation. In a typical oddball task, the MMN is 
produced when deviant stimuli are presented in an 
otherwise homogeneous sequence of auditory stimuli; for 
instance, in a sequence of sounds “a a a a a a a i a a a a i a 
a a...”, the deviant stimulus “i” will elicit an MMN 
response. Contrary to the P300, the MMN is not task-
dependent and can be triggered even when the participant 
is passive. Both the P300 and the MMN are studied using 
difference waves between target and non-target stimuli, 
and standard and deviant stimuli respectively. This isolates 
the studied phenomenon or wave from the rest of the EEG 
activity which should be the same for each recording. 
Since ERP paradigms are widely used in brain-computer 
interfaces (BCI) [21], the capability of CochlEEG in 
recording reliable ERP waves is investigated in this 
research to illustrate the feasibility of using the proposed 
EEG acquisition platform for future BCI applications. 
Specifically the P300 was chosen since it reflects a 
conscious, voluntary cognitive process. 

1) Stimuli 

Auditory oddball stimuli consist of two pure-tone sounds 
(1000 Hz and 2000 Hz) of 69.8 ms duration (9.9 ms 
rise/fall and 50 ms plateau). A total of 20 sequences of 
10 tones were presented binaurally with a 2 seconds inter-
stimulus interval at a participant-controlled comfortable 
loudness using E-A-RTONETM insert earphones. The first 
six tones were always 1000 Hz standard tones, with a 
2000 Hz target tone presented randomly at either the 7th, 
8th, 9th or 10th position (standard tones were presented in 
the remaining non-target positions). A fixed inter-sequence 
interval of 4000 ms was used between recording sessions. 

2) Recordings 

Since the feasibility of using CochlEEG in ERP-based BCI 
applications is investigated in this study, a minimal 
number of electrodes was deliberately used to reproduce 
the limitations of acceptability of any device that is to be 
worn in social settings. Consequently, ERPs were recorded 
using the vertex (Cz) as the active electrode, the left 
earlobes as the reference electrode and the forehead as the 
ground electrode; no electrooculogram electrode was used 
to correct eye-blink artefacts in the EEG. All interelectrode 
impedances were below 5 kΩ at 10 Hz. No online filtering 
was applied (aside from the anti-aliasing filter 
implemented in the hardware) and no online rejection 
criteria were set. During all these measurements, test-
subjects remained seated on a comfortable ergonomic chair 
inside a double-walled audiometric booth (see Fig. 6) and 
were instructed to silently count each occurrence of the 
target stimuli and to respond to the target stimuli by 
pressing a button when the target was detected. 
For the analysis of the oddball data, continuous time series 
were band-pass filtered with a zero-phase finite impulse 
response filter between 0.1 Hz (− 6 dB cut-off at 0.05 Hz, 
filter order 33000) and 20 Hz (− 6 dB cutoff at 20.015 Hz, 
order 33000) and afterwards epoched from − 200 to 
700 ms and baseline corrected (− 200 to 0 ms). 

III. RESULTS 

Figure 7 presents the average ASSR signal-to-noise ratios 
(SNRs) computed on ten test-subjects for each recording 
system. Examples of individual ASSR results recorded with 
the MASTER system, the SMARTING and CochlEEG are 
shown in Figure 8. The grand average ERP is illustrated in 
Figure 9. 

Fig. 8. Power spectrum of EEG signals recorded on subject #1 with the 
MASTER system (top), the SMARTING with a 500 Hz sampling frequency 
(middle) and CochlEEG with a 1 kHz sampling frequency (bottom). Peaks 
indicated with asterisks and solid triangles correspond to the second and 
third harmonics of the 41 Hz responses, which are particularly visible in this 
subject. 

Fig. 7. Average ASSR signal-to-noise ratios, in dB, computed on ten 
subjects. 

Fig. 9. Grand average ERPs (N=10) observed at Cz. 
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The low target detection error rates for the ERP study 
(mean = 0.1%) demonstrates that subjects were able to easily 
distinguish the target stimuli from the standard stimuli during 
the auditory oddball experiment.  

Results in Figure 7 indicate that SNRs obtained using 
CochlEEG seem comparable to those obtained with the 
SMARTING at 250 Hz and 500 Hz. Also, SNRs obtained 
using CochlEEG seem comparable to those obtained with 
MASTER system at 1000 Hz. Furthermore, SNRs obtained 
using CochlEEG at 2000 Hz seem comparable to those 
obtained with CochlEEG at 1000 Hz, 500 Hz and 250 Hz 
sampling rates. 

These observations are confirmed by Wilcoxon tests, 
computed using R 3.1.0 with MASS 7.3-35 [22]. These tests 
fail to reject the null-hypothesis at a 5% significance level at 
250 Hz for SNRs obtained using CochlEEG and SMARTING 
(p = 0.241), at 500 Hz for SNRs obtained using CochlEEG 
and SMARTING (p = 0.054) and at 1 kHz for SNRs obtained 
using CochlEEG and MASTER system (p = 0.919). The 
Wilcoxon tests give the same results when comparing SNRs 
obtained using CochlEEG at 2000 Hz and SNRs obtained 
using CochlEEG at 1000 Hz (p = 0.696), at 500 Hz 
(p = 0.838) and at 250 Hz (p = 0.646). A two one-sided test 
procedure (TOST) [23] concludes that: 

(i)  At 250 Hz, CochlEEG’s SNRs and SMARTING’s SNRs 
are equivalent at ± 4 dB (p < 0.05).  

(ii) At 500 Hz, CochlEEG’s SNRs and SMARTING’s 
SNRs are equivalent at ± 5 dB (p < 0.05). 

(iii) At 1000 Hz, CochlEEG’s SNRs and MASTER 
system’s SNRs are equivalent at ± 3 dB (p < 0.05). 

IV. DISCUSSION 

From the previous results, the fact that SNR results for 
CochlEEG and MASTER system are equivalent at 1000 Hz 
supports the idea that CochlEEG could be a suitable recording 
platform for ASSR. Indeed, MASTER System is a research-
grade, well-established ASSR recording platform being widely 
used and it is accepted as accurate. Additionally, the fact that 
SNR results for CochlEEG and SMARTING are equivalent at 
250 Hz and 500 Hz supports the idea that these two devices, 
based on TI’s ADS1299 chip, are comparable. Furthermore, 
ERP results demonstrate the feasibility of using CochlEEG in 
ERP-based applications. As shown in Figure 9, at Cz position, 
the N100 waveform is clearly identifiable and target ERPs 
evoked a large P300 and elicit a clear MMN response. 

V. CONCLUSION AND FUTURE WORK 

CochlEEG was presented in this paper as a light-weight 
EEG acquisition platform with the intention of enabling future 
innovative mobile EEG applications. The performance of 
CochlEEG was evaluated with a conventional ASSR recording 
platform (MASTER system), a mobile EEG amplifier 
(SMARTING) under two electrophysiological paradigms 
(ERPs and ASSRs). The results prove the capability of the 
developed EEG data acquisition platform to reliably record 

good quality EEG data. CochlEEG benefits from high 
sampling rates (theoretically up to 16 kHz and currently tested 
up to 4 kHz, with an 8 kHz sampling frequency in 
development). These features make CochlEEG suitable for 
data acquisition for various applications in BCI, assistive 
technologies, ubiquitous healthcare and wellness, telemedicine 
as well as nonmedical-oriented fields such as neurogaming. 
Furthermore, CochlEEG’s higher sampling rate (up to 
4000 Hz) could lead to the development of several key 
applications in audiology such as objective assessment of 
hearing (click elicited ABR) or objective characterization of 
the speech processing in population with language-based 
learning disability (speech elicited ABR), to name a few. 
Nevertheless, several optimizations and improvements are 
required to gain access to this new realm of countless daily-
life applications. 

Future work should, in particular, address the following 
outstanding issues: 

• CochlEEG is lightweight in pocket-sized packaging, easy 
to wear at the shoulder or clipped on a belt. However, 
data are currently transmitted to a computer through a 
USB cable. Consequently, a wireless data transmission 
stack should be added to CochlEEG to render it fully 
mobile. 

• While CochlEEG has been validated with traditional wet 
electrodes, it has also to support the use of dry capacitive 
electrodes. Capacitive electrodes may have a lower 
sensitivity and specificity than existing wet electrodes, 
but they do not require the abrasion of the Stratum 
Corneum and the use of electrolytic gel to reduce the 
skin impedance, which makes them more acceptable to 
users in social settings [24]. Nevertheless, CochlEEG’s 
ability to accurately and precisely record EEG signals 
using dry capacitive electrodes needs to be further 
investigated. 

• Despite the recent development of a small, wireless and 
lightweight head-mounted EEG system [25], EEG caps 
are still uncomfortable to wear and not suitable for daily-
life situations. Consequently, CochlEEG should be 
compatible and tested with the next generation of 
inconspicuous EEG sensors acceptable in social settings 
as the cEEGrid [26] or the EARtrodes [27], to name a 
few examples. 
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