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Abstract

Currently, EEG recordings are mostly made using scalp recording devices. These devices are typically difficult
to put on and bulky, limiting their use to a lab environment. In-ear EEG recording is proposed as a more
practical alternative to scalp EEG recording. In-ear EEG replaces the scalp electrode array with more discrete
earpieces, recording the EEG signals from the ear canal instead of the scalp. Because of their increased conve-
nience with respect to their scalp electrode array counterpart, the earpieces allow for everyday use, enabling
the possibility of long-term EEG recording, outside of a lab environment.

This work presents the design of a fully-integrated in-ear EEG device. The device has been designed to record
EEG signals, process them locally, and transmit the processed data to a smartphone or personal computer.
The device is made to be easily re-programmable, making it possible to change the device firmware depend-
ing on the intended application. This functionality has been integrated into a small form factor, to allow for
the integration of the electronics into an earpiece. A low-power design has been created, to allow for long-
term battery operation.

Two prototypes have been made. The first prototype focuses on exploring different system configurations,
with the small form factor less of a priority. The performance of the prototype is tested by comparing it to a
commercially available scalp EEG recording device based on scalp EEG recordings. For this comparison, the
auditory steady-state response (ASSR), steady-state visual evoked potential (SSVEP), and alpha-band modu-
lation paradigms are used. The prototype has shown similar performance to the scalp EEG device in these
experiments, with the scalp EEG device performing slightly better for the ASSR and alpha-band modulation
paradigms, while the prototype showed the best performance for the SSVEP paradigm.

The second prototype realises the best-performing system configuration that has been found with the first
prototype into a form factor that fits into an earpiece. Ear EEG experiments are performed, with electrodes
placed around the ears. The ASSR, SSVEP, and alpha-band modulation paradigms have again been used
in these experiments. The measured performance on the ASSR and alpha-band modulation paradigms are
slightly worse than that measured using the scalp EEG experiments. The SSVEP experiments showed signifi-
cantly worse performance compared to the scalp EEG experiments. These results align with the expectations,
as ear EEG has been documented to have performance close to scalp EEG for the ASSR and alpha-band mod-
ulation paradigms, while the SSVEP performance is typically worse for ear EEG than for scalp EEG.
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Introduction

Electroencephalography (EEQG) is a non-invasive method of measuring voltage variations that result from the
activity of neurons in the brain. Typically these measurements are performed using electrodes placed on the
scalp of a subject. Figure 1.1 shows a typical scalp EEG setup.

Figure 1.1: A typical scalp EEG recording setup. Source: Adapted from [1]

EEG is used as a diagnostic tool for many different brain-related disorders, like epilepsy, dementia, and sleep
disorders. The use of EEG in studying these disorders is valuable, but the bulky nature of a traditional scalp-
EEG measurement setup means that its use is mostly limited to short-term experiments in a clinical environ-
ment. The creation of a portable EEG device, that can be used throughout the day, would enable the use of
EEG for new applications:

* Long-term measurements, which can be useful for monitoring brain disorders for which the symptoms
are not visible at all times, like epilepsy

¢ Closed-loop nerve stimulation, activating the stimulation based on the EEG recording
¢ Brain-computer interfaces

In-ear EEG is proposed as a way to achieve this portability, replacing the bulky scalp electrodes with a more
convenient and discrete earpiece, with the recording electrodes placed inside the ear canal.

Recently, the concept of in-ear EEG has been explored in several publications. In most of these publications,
the in-ear electrodes are compared to scalp electrodes. This is typically done using the same recording elec-
tronics used for the scalp EEG measurements, which are not suitable for portable measurements. Only a few
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publications are available where the in-ear electrodes are combined with portable recording electronics, ac-
tually resulting in a portable EEG device [2]-[4]. These designs explore wireless connectivity, onboard signal
processing, programmable hardware, and integration of the electronics into an earpiece, but none of them
combines all these features into a single device.

This project aims to design a complete in-ear EEG system, combining the electrodes and electronics into a
single earpiece. The system is meant as a tool to explore the possible uses of in-ear EEG. Because of this, it will
be made programmable, making it possible to change the firmware based on the intended application. The
system should be able to process the recorded data on-board and communicate wirelessly to other devices.
The combination of a completely wireless, portable design, on-board processing capabilities, and the ability
to re-program the device depending on its application sets it apart from currently existing implementations
of in-ear EEG devices.

The project consists of three parts:
¢ Design of dry electrodes to be placed in the earpiece
¢ Design of the electronics system
* Creation of the data processing algorithms

The design of the dry electrodes is done by Patricija Burgar [5] and the data processing algorithms are created
by Michael Treffers [6]. This thesis describes the design process of the electronics system.

In Chapter 2, the principles behind EEG, and the specifics of in-ear EEG are explored. Existing portable EEG
devices are also examined and compared. Based on these findings, a prototype of an in-ear EEG recording
device is designed. The design process of this prototype is described in Chapter 3. The prototype is then
tested and compared to a scalp EEG recording device in Chapter 4. A second, more compact prototype is
then designed and tested, based on the findings from the first prototype. This process is described in Chapter
5. In Chapter 6, the performance of the final prototype is evaluated based on EEG recordings from around
the ears. The thesis is concluded with a discussion of the results and suggestions for future work in Chapter
7.



Background knowledge and state of the art

2.1. Characterization of EEG signals

Typically, EEG signals have an amplitude ranging between 2 uVp, and 100 uVy,p, [7]. They can be divided into
five different types of brain waves [8]:

¢ Delta - Delta waves are the lowest frequency brain wave, with frequencies ranging between 0.5 and
4 Hz. This type of brain wave is present when the subject is asleep.

¢ Theta - Theta waves have frequencies ranging between 4 and 8 Hz. They are present when the subject
is deeply relaxed or inward-focused.

¢ Alpha - Alpha waves have frequencies ranging between 8 and 12 Hz. They are present when an individ-
ual is very relaxed and has passive attention.

* Beta - Beta waves have frequencies ranging between 12 and 35 Hz. They occur when someone is active,
with external attention. When someone has anxiety, Beta waves are also present.

¢ Gamma - Gamma waves are the highest frequency brain wave with frequencies above 35Hz. These
occur when the subject is concentrating.

Detection of a specific type of brain wave can be used to get an indication of the mental state of the subject.
For instance, when delta waves are dominant in the EEG measurements, this is an indication that the subject
is asleep. For this purpose, frequency domain analysis is often used.

Artefacts in the recording can reduce the system signal-to-noise ratio. Examples of these artefacts are blink-
ing, eye movement, or muscular activity recorded on top of the EEG signals. Movement of the applied elec-
trodes could also cause artefacts to occur [8]. Interference caused by the coupling to the power lines is also
often present in EEG measurements.

2.2. Recording hardware
EEG devices typically consist of several recording channels. The structure of a single EEG recording channel
is shown in Figure 2.1. Each part of the recording channel has its own set of requirements.

2.2.1. Electrodes

Electrodes used in EEG applications can be divided into two main categories: wet and dry electrodes. Wet
electrodes use a gel to improve the contact between the electrode and the skin, resulting in low electrode-
skin impedance (ESI). Dry electrodes do not use gel and rely on physical contact between the electrode and
the skin, resulting in a higher impedance seen at the skin-electrode interface [2]. Low ESI is generally de-
sired to reduce the signal noise caused by the electrode. Wet electrodes therefore typically provide the best
performance. Dry electrodes are mostly used for their convenience, not requiring the application of a gel.
To improve the performance of dry electrodes, pressure can be applied to electrodes. Doing so ensures that
proper mechanical contact is achieved between the electrode and skin [2].
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Figure 2.1: Structure of an EEG recording channel.

EEG signals are typically measured using two electrodes, one electrode acting as the measuring electrode and
the second acting as a reference. In most cases, a third electrode is included, used to reduce the common-
mode signal seen at the electrodes by providing common-mode feedback. This electrode is often called the
ground electrode.

2.2.2. Amplifier

The amplifier must adhere to a set of requirements to ensure the signal is not distorted.

¢ Input impedance - For wet electrodes, the impedance seen at the skin-electrode interface is usually
below 5kQ in the frequency range of interest (0.5 Hz - 100 Hz) [9]. For dry electrodes, the impedance
is typically one order of magnitude higher [10]. The input impedance of the amplifier is required to be
significantly higher than this, to prevent a large voltage drop across the electrode-skin interface. Addi-
tionally, when the measuring and reference electrode impedances are not equal, part of the common-
mode signal that is seen by the electrodes can be turned into a differential signal. This signal will be
amplified by the differential amplifier, which can cause distortion of the recording. The higher the in-
put impedance of the amplifier, the smaller this effect is [11]. A spreadsheet has been made to analyse
the input impedance requirements for different common-mode voltages and impedance offsets [12].

¢ Common-mode rejection ratio - The amplitude of EEG signals tends to be several orders of magnitude
smaller than the common-mode signal seen at the electrodes. It is important that the common-mode
signal is not amplified, as this would likely result in the differential signal being drowned out. A high
common-mode rejection ratio (CMRR) is required to ensure this does not happen. In modern EEG
systems this CMRR is at least 80 dB and typically around 100 dB [13].

¢ DC-offset - As a result of differences in the electrode-skin interface between electrodes, a DC offset
voltage can be present. When using an ordinary differential amplifier, this offset is amplified and will
saturate the amplifier. Measures need to be taken to deal with this offset voltage. A high-pass filter can
be used before the amplifier to remove the DC offset, avoiding saturation of the amplifier. Alternatively,
a high dynamic range amplifier can be used that can record the DC offset, as well as the EEG signals.

* Input referred noise - The input referred noise of the amplifier must be below 2uVp,, typically the
minimum magnitude of EEG signals.

Many different design approaches have been proposed to adhere to these requirements [14]. To meet the
input impedance requirement, op-amps are often used as a buffer stage, as op-amps characteristically have
avery large input impedance. Clever topologies can be used to increase the CMRR of amplifiers, like is done
in the well-known three op-amp instrumentation amplifier topology. Additionally, the subject can be biased
using a bias amplifier, reducing the magnitude of the common-mode signal seen at the electrodes.

2.2.3. Filters

In case of EEG recording, only low frequencies (<100 Hz) are of interest [13]. Any signal recorded above this
frequency can be filtered out, preventing aliasing of the signal into the band of interest during sampling. A
low-pass filter can be introduced to remove these higher frequencies. A high-pass filter is often used to filter
out any DC signals before they enter the amplifier. This is done to avoid saturation of the amplifier. This
concept is visualized in Figure 2.2.

Often an extra filter is added to remove the power line interference. A notch filter is used to achieve this
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Figure 2.2: Amplification without the removal of the DC offset using a high-pass filter (a), and with the removal of the DC offset using a
high-pass filter (b).
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[15]. The application of a notch filter can distort the amplitude and phase of the signal. Because of this,
a notch filter is only used if other measures of removing the power line interference, like shielding of the
device, are not sufficiently effective [13]. Power line interference can also be removed by means of a digital
filter, removing the need for additional components.

2.2.4. Analog-to-digital converter
To get an accurate digital representation of the recorded EEG signals, the analog-to-digital converter (ADC)
must adhere to a set of requirements.

¢ Low power - For portable EEG devices, low power consumption is desired to allow for battery-powered
operation. A low-power ADC is therefore desired.

* Low frequency - Because EEG signals are of relatively low frequency, the implemented ADC does not
have to be capable of very high sampling frequencies. An ADC that operates efficiently at low sampling
frequencies is therefore preferred. A sampling frequency of at least 200 Hz is required to cover the entire
frequency range between 0.5 Hz and 100 Hz.

* Resolution - The ADC must have a resolution of at least 8 bits to achieve the minimum dynamic range
of 2 uVpp - 100 uVy,;, to record EEG signals. If the DC offset and power line interference are not removed
before the input of the ADC, the resolution should be higher, as the upper limit of the dynamic range
should then be high enough to include the interfering signals, while the lower limit does not change.

A popular type of ADC used for the processing of low-frequency biosignals is the successive approximation
register (SAR) ADC. The SAR ADC is popular for use with biosignals, because the power consumption scales
with the sample rate that is used, as it usually has no static dissipation [16]. When operating at the low fre-
quencies required for EEG recording, this allows for very low energy consumption.

Another popular ADC type is the Sigma-Delta ADC. Sigma-Delta ADCs are capable of noise shaping: most of
the quantization noise is present at the highest signal frequencies [17]. This is useful when recording low-
frequency biosignals. As a result of the low quantisation noise at low frequencies, the dynamic range of a
Sigma-Delta ADC can be higher than that of a SAR ADC for low-frequency signals.

2.3. Wireless communication

In wireless EEG systems, two different approaches are common. The first approach is to transmit the com-
plete recorded data stream, as is done by Dias et al. [18]. A second option is to process the recorded data on
the recording device, before transmitting the processed data. This approach is used by Kaveh et al. [2]. Do-
ing this can reduce the amount of data that needs to be transmitted, which in turn reduces the transmission
power consumption. Provided the size of the data stream is reduced significantly, processing on the device
can actually be more power efficient than transmitting the entire data stream.

For portable EEG applications, low power consumption is desired. The most prominent protocols used for
low-power, wireless communication in health monitoring systems are Bluetooth Low Energy (BLE) and Zig-
bee [19].

Bluetooth Low Energy is a wireless communication protocol aimed at short-range, low-power applications.
It has a range of 10 m, making it suitable as a link for communication to a base station in the same room. BLE
operates at 2400 MHz and offers a bit rate of 1 Mb/s. As the name suggests, BLE is a low-energy protocol,
with power consumption ranging between 10 yW when sustaining a connection without transmitting data
and 10 mW at the maximum data transmission rate. This makes it suitable for battery-powered devices.

The Zigbee protocol is aimed at low-power, medium-range applications. With a range of 100 m, wireless
communication throughout an entire house is made possible. Zigbee can operate at different frequencies
and bit rates. When operating at 868 MHz, a bit rate of 20 KB/s is achieved. At 915MHz, the bit rate is 40
KB/s. The maximum bit rate of 250 KB/S is achieved at 2400 MHz. The transmission power for Zigbee ranges
between 0.6 uW when sustaining a connection without transmitting data and 1 mW at the maximum data
transmission rate.
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Table 2.1: Comparison between Bluetooth Low Energy and Zigbee.

Range Max. bit rate Min. transmission | Max. transmission
power power
Bluetooth Low | 10m 1 Mbits™! 10 pW 10 mW
Energy
Zigbee 100m 250 kbits™! 0.6 uW 1 mW

When comparing Bluetooth Low Energy and Zigbee, as is done in Table 2.1, both technologies are comparable
when it comes to power consumption. BLE is most suitable when a high bit rate is required and only a short
range is needed. Zigbee is more suitable when a higher range is required. Bluetooth Low Energy is compatible
with many devices, as most modern smartphones and personal computers are BLE compatible. This is not
the case for Zigbee, which often requires additional hardware.

2.4. Characteristics of in-ear EEG

Recording of EEG signals from the ear, instead of from the scalp, poses several benefits, but also new chal-
lenges. A clear benefit of in-ear EEG is its portability. The application of an earpiece is less bothersome than
the application of a full electrode array on the scalp, regardless of whether wet- or dry electrodes are used.
This promotes use outside of a lab environment. Portability of in-ear EEG devices is therefore desired, which
has an effect on the electronics that can be used. The electronics are preferably small and should have low
power consumption.

Because the placement of the recording electrodes is limited to the inside of the ear, it is not possible to gather
information from all areas of the brain. When using the same reference electrode, located at the top of the
scalp, the signals that can be recorded by means of in-ear measurement are almost identical to the signals
recorded by electrodes placed near the ear by means of scalp measurement [20]. Scalp referencing is not very
practical for in-ear EEG measurement. Because of this, another way of referencing is needed. Mikkelsen et
al. propose to use an electrode placed on the concha of the ear as a reference [20]. This location, shown
in Figure 2.3, is chosen because of its large distance from the ear canal. With a small distance between the
measuring and reference electrodes, the signals seen at both electrodes are likely to be similar. This will result
in a cancellation of the signal when differential amplification takes place. For this reason, a large distance
between the measuring and reference electrodes is desired.

|

|

Concha
Ear canal\&

Figure 2.3: Possible location for a reference electrode on the concha of the ear.

Another referencing method, proposed by Mikkelsen et al,, is to reference the electrodes in one ear to elec-
trodes placed in the other ear [20]. This method of referencing assumes a setup consisting of two earpieces.
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2.5. Performance of in-ear EEG
2.5.1. Commonly used EEG paradigms

EEG paradigms can be used to assess the performance of an EEG device. These paradigms involve stimulation
of the subject, evoking a response in the neural activity. Some commonly used paradigms are listed.

Auditory steady-state response (ASSR)

In the auditory steady-state response paradigm, an auditory stimulus is presented to the subject. This stim-
ulus, often a white noise signal, is amplitude modulated at a known frequency [20], [21]. The modulation
frequency of the signal becomes visible when performing an EEG recording. Typically a modulation fre-
quency of 40 Hz is chosen, as the effect is most prominent at this frequency [22]. By averaging the power
spectrum of the measured EEG signal over time, a peak should become visible in the spectrum at the mod-
ulated frequency. The amplitude of this peak with respect to the neighbouring frequencies can be used as a
comparative measure of performance.

Steady-state visual evoked potential (SSVEP)

The steady-state visual evoked potential is similar to the ASSR, but instead of an auditory stimulus, a visual
stimulus is used. By modulating a light source with a specific frequency, neural activity is evoked at that same
frequency. This again becomes visible in EEG recordings. Harmonics of the stimulation frequency are also
detectable [21].

Alpha-band modulation

The alpha band modulation paradigm relies on the difference in presence of alpha waves when the sub-
ject is in a state of concentration or in a state of relaxation. As mentioned in Section 2.1, alpha waves are
present when someone is in a relaxed state. By performing EEG measurements on a subject in a concentrat-
ing state, for instance when performing a calculation, and in a relaxed state, a difference can be detected in
the recorded signal power in the alpha band (8-12 Hz) [20].

2.5.2. ASSR performance

Mikkelsen et al. have compared the ASSR performance of an in-ear earpiece using wet electrodes to wet scalp
electrodes [20]. The scalp electrodes are placed at the TP; ,TPg, TPg and TP;( locations, following the modified
combinatorial nomenclature system shown in Figure 2.4 [23]. They have found that, when it comes to ASSR,
the in-ear electrodes can obtain similar performance to on-scalp electrodes placed near the ear, finding an
average SNR of 22.1+8.1 dB, while for the scalp electrodes the measured SNR was 21.8+4.0 dB. Here the SNR
is defined as the difference between the logarithm of the power at 40 Hz (signal frequency) and the logarithm
of the average power in the neighbouring 5 Hz intervals. The in-ear electrodes are referenced to an electrode
placed at the concha of the same ear, while the scalp electrodes are referenced using an electrode placed at
the top of the scalp at the Cz location. An interesting finding is that there is a significant difference in the
SNR achieved in the ASSR measurements between the ears, likely caused by the differences in brain activity
between the brain halves.

Similar results have been found in studies conducted by Kidmose et al., with the SNR achieved by the in-ear
configuration even surpassing the SNR of the on-scalp configuration by 11.1 dB on average [24].

Kappel et al. [21] have performed a similar experiment, but instead of using wet electrodes for the earpieces,
dry earpieces are used. The testing setup is identical to that used by Mikkelsen et al.. The SNR achieved using
dry electrodes was on average 14 dB for both the left and right ear, while the average SNR achieved using the
wet scalp electrodes was 17 dB for the electrode at TP; and 18 dB for the electrode placed at TPs.

Although the SNR achieved using the dry in-ear electrodes is significantly smaller than that achieved by the
wet scalp electrodes, the SNR is still sufficient for statistically significant observation of the ASSR. Interest-
ingly, when referencing the dry in-ear electrodes using the wet scalp electrode placed at the Cz location, an
SNR of 20 dB was achieved for the left ear and of 22 dB for the right ear. This is higher than the SNR achieved
using the wet scalp electrodes. In studies conducted by Kaveh et al. and Goverdovsky et al. similar results are
found, with the SNR achieved by the dry in-ear electrodes smaller than that of the wet on-scalp electrodes,
but still statistically significant [25], [2]. Table 2.2 shows an overview of the in-ear ASSR SNR found by differ-
ent studies. It should be noted that the studies conducted by Goverdovsky et al. and Kaveh et al. both use a
user generic earpiece, while Kappel et al. use a custom-fit earpiece. This could be the reason for the slightly
higher SNR found by Kappel et al..
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Figure 2.4: The modified combinatorial nomenclature system.
Source: Adapted from [23]

Table 2.2: The ASSR performance found for different in-ear EEG devices.

Paper Electrode | Ear-fit Average
type SNR

Mikkelsen et al. [20] Wet Custom- 21.1dB
fit

Kidmose et al. [24] Wet Custom- | 35.0dB
fit

Kappel et al. [21] Dry Custom- | 14dB
fit

Kaveh et al. [2] Dry Generic 5.94 dB

Goverdovsky et al. [25] | Dry Generic 10dB

2.5.3. SSVEP performance

Using the same device setup as used for the ASSR experiment, Kappel et al. also compared the SSVEP per-
formance of a dry in-ear EEG device to a setup using wet scalp electrodes [21]. The electrode placement is
identical to the placement used for the ASSR measurements, as explained in Section 2.5.2. The modulation
frequency used in the experiment is 9 Hz. The SNR achieved by the dry in-ear earpieces is 11 dB for the left
ear and 12 dB for the right ear. This is the SNR of the first harmonic, located at 9 Hz in the power spectrum.
The average SNR achieved for the first harmonic by the wet scalp electrodes is 22 dB for the electrode located
at the TP location and 23 dB for the electrode placed at the TPg location.

When referencing the in-ear electrodes to the electrode placed at the Cz location, similar performance is
achieved to the on-scalp electrodes, with an SNR achieved of 23 dB for the left ear and 22 dB for the right
ear.

Kidmose et al. have performed a similar study, only using a custom-fit wet earpiece instead [24]. In their stud-
ies, an average SNR of 10dB has been achieved with the custom-fit wet earpiece. Interestingly this is lower
than the SNR found by Kappel et al., while better performance is expected when using wet electrodes.

2.5.4. Alpha-band modulation performance

To assess the alpha-band modulation performance of their in-ear EEG device, Mikkelsen et al. have used a
test setup where someone is asked to repeatedly do some simple arithmetic in their head and subsequently
rest with their eyes closed. This has been done in an altering fashion in segments of 60 seconds each. The
increase in alpha waves during the resting phase of the experiment was clearly visible for the wet in-ear elec-
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trode setup, referenced to an electrode placed at the concha of the same ear. The results are comparable to
those found when using a wet scalp electrode setup, the scalp electrodes providing slightly better contrast
between the focused and resting states.

The same experiment has been performed by Kappel et al. [21], only using dry in-ear electrodes instead of
wet electrodes. They found that the alpha waves are also visible for the dry in-ear electrodes, albeit not as
clearly as for the wet in-ear electrodes. The same results have been found by Kaveh et al. [2] in a similar
experiment.

2.6. Existing portable EEG implementations
2.6.1. Kaveh et al. [2]

Kaveh et al. have designed a wireless in-ear EEG recording device, using a user-generic earpiece with dry
electrodes. The device incorporates a wireless neural recording module called the WANDmini, which is a
miniaturized version of the WAND module designed by Zhou et al. [26]. The WANDmini contains a low-
energy Bluetooth antenna for wireless transmission of recorded data to the receiver antenna. An SoC FPGA
is included to enable onboard signal processing, although this functionality is not yet used in the designed
device. The FPGA passes on the digitized recording signals to the Bluetooth antenna.

For extraction, amplification, and digitization of the EEG signals, the NMIC integrated circuit, designed by
Johnson et al., is incorporated in the WANDmini [27]. The NMIC is capable of recording and stimulating 64
EEG channels simultaneously and digitization of the input signal with a 15-bit resolution. The total power dis-
sipation of the WANDmini is equal to 46 mW. This is low enough to allow for battery operation. An overview
of the specifications of the WANDmini with NMIC is shown in Table 2.3. Figure 2.5 shows the system archi-
tecture of the WANDmini.

Table 2.3: Specifications of the WANDmini

WANDmini
Number of channels 64
Input range 100 mVpp
Input-referred Noise 71nV/vHz
ADC resolution 15 bits
ADC sample rate 1kS/s
Power dissipation 46 mW
—
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Figure 2.5: The system architecture of the WANDmini.
Source: Adapted from [2]

2.6.2. Sintotskiy and Hinrichs [3]

The portable in-ear EEG device designed by Sintotskiy and Hinrichs uses universal earpieces with wet elec-
trodes. Instead of using wireless transmission of the recorded data, a USB interface is used, which enables
connection to a smartphone. The recording electronics are based around the ADS1299, produced by Texas
Instruments [28]. The ADS1299 combines amplification and digitization functionality and has a bias ampli-
fier for the reduction of the common-mode signal. The digitised signal is communicated to a microcontroller
using a Serial Peripheral Interface (SPI) bus. The microcontroller that is used is an Arduino Nano V3.0. The
microcontroller supplies the ADS1299 with power. The digitised signal, communicated via the SP], is pre-
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sented on the USB bus of the Arduino, which can then be connected to a smartphone to read out the signals.
A sampling rate of 250 Hz is used. This sampling rate is chosen because it is sufficiently high to record the
frequency band of interest with only a small data stream, which is good for power efficiency. A complete
overview of the specifications of the device is shown in Table 2.4. An image of the device is shown in Figure
2.6.

Table 2.4: Specifications of the portable EEG device designed by Sintotskiy and Hinrichs

In-ear EEG for home monitoring

Number of channels 2

Input range +562.5mV
Input-referred Noise < 1 uVpp (70Hz BW)
Common-mode rejection | = 110dB (at 50/60 Hz)
ADC resolution 24 bits

ADC sample rate 250Hz

Power dissipation max. 595 mW

Figure 2.6: The portable EEG device developed by Sintotskiy and Hinrichs.
Source: Adapted from [3]

2.6.3. Lee et al. [4]

With all electronics integrated into the earpiece, Lee et al. have created a truly portable wireless ear-EEG
device. The device is capable of recording EEG over 2 channels and also incorporates a speaker to generate
tones to be used in auditory steady-state response applications. Amplification of the EEG signals is performed
using a two-channel instrumentation amplifier. This amplifier uses capacitive coupling to account for any DC
offset between the electrodes. Common-mode feedback is used to reduce the common-mode voltage seen
at the amplifier inputs. Digitisation of the analog signal is done by means of an 11-bit SAR ADC.

The digitised signal is transmitted using a body channel communication transceiver, which uses the user’s
body as the transmission medium, allowing for low power transmission. To reduce the power dissipation of
the electronics, a sleep mode is introduced. When the sleep mode is active, no EEG recordings are made and
the audio analog front end and body channel communication transceiver are deactivated to reduce the power
dissipation. By using this approach it becomes possible to operate the device using a very small battery, which
can be incorporated into the earpiece. The total peak power consumption in active mode is equal to 12.3 mW.
In sleep mode, the total power consumption is only 31 yW. A complete overview of the device specifications
is shown in Table 2.5. A block diagram of the designed integrated circuit is shown in Figure 2.7.
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Table 2.5: Specifications of the In-Ear BCI Controller IC With EEG Instrumentation Amplifier by Lee et al.

In-Ear BCI conroller

Number of channels 2

Input-referred Noise < 0.38 uVims (0.5 - 100Hz)
Common-mode rejection >95dB

ADC resolution 11 bits

ADC sample rate 2kHz

Power dissipation (active mode) | max. 12.3 mW

Power dissipation (sleep mode) | avg. 31 W

In-ear BCI Controller IC
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Figure 2.7: Block diagram of the integrated circuit designed by Lee et al..
Source: Adapted from [4]



3.1. Selection of parts
Based on the findings in Chapter 2, a set of system requirements has been compiled. The requirements have
been split up into quantitative and qualitative requirements. Table 3.1 lists the quantitative requirements and
Table 3.2 lists the qualitative requirements.

Table 3.1: Quantitative system requirements.

Design of the first prototype

Name

Specification

Value

Comments

QT1

Common-mode rejection
ratio

>80dB

The CMRR must be high enough to prevent distortion
of the EEG signal as a result of common-mode interfer-
ence.

QT2

Input referred noise

<2uVpp

The input referred noise level must be below the mini-
mum magnitude of the EEG signals.

QT3

ADC resolution

> 8 bits

The minimum resolution to achieve a dynamic range of
2uVpp - 100 uVpp, the typical magnitude range of EEG
signals. If the DC offset and power line interference are
not removed before the input of the ADC, the resolu-
tion should be higher, as the upper limit of the dynamic
range should then be increased to include the interfer-
ing signals, while the lower limit does not change.

QT4

ADC sampling rate

>200Hz

The minimum sampling rate to cover the entire fre-
quency range of EEG signals (0.5 Hz-100 Hz).

QT5

Power consumption

<100 mW per
earpiece

The total combined power consumption must be low
enough to allow for 24-hour operation on a single bat-
tery. The intended division of the power budget can be
found in Table 3.1.

QT6

Volume

<4cm’

The volume of the electronics must be small enough to
fit into an earpiece.

13
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Table 3.2: Qualitative system requirements.

Name | Requirement

QL1 The DC component of the acquired signals must be dealt with, to prevent satura-
tion of the amplifier as a result of DC electrode offset.

QL2 The prototype must have a processing unit capable of executing simple machine
learning algorithms.

QL3 The prototype must be easily re-programmable.

QL4 The extracted EEG information must be wirelessly transmitted.

QL5 The impedance of the electrode interfaces should be measurable by means of the
recording device.

Data acquisition

Wireless transmission

Data processing

Voltage regulator losses

Figure 3.1: The intended division of the power budget.

Using these requirements a selection can be made of components to be used in the design.

subsectionAnalog-front-end Because a small form factor is required, components are desired that perform
more than one function. Analog-front-ends (AFE) are an attractive option, as they combine amplification
functionality with analog-to-digital conversion. Often extra features are included, like impedance measure-
ment functionality. Some commercially available AFEs are considered for use in EEG recording. These are the
ADS1299, produced by Texas Instruments [28], the ADAS1000-1, produced by Analog Devices [29], and the
HM301D, produced by ST [30]. A comparison of the AFE specifications is shown in Table 3.3. The ADS1299 is
chosen as the preferred AFE for this project, due to its superior input referred noise specification compared
to its alternatives.

ADS1299

The Texas Instruments ADS1299 combines amplification and analog-to-digital conversion and is specifically
designed for EEG and ECG recordings. It is available in four, six, and eight-channel variants. Each channel
consists of a differential amplifier stage with a programmable gain between 1 and 24 and a 24-bit sigma-delta
ADC. Using the sigma-delta ADC, noise shaping can be performed, allowing for low noise recording. The
digitised signals are presented on an SPI bus. The sampling rate of the ADC can be set between 250 SpS and
16 kSpS, which allows for sampling of EEG signals above the Nyquist rate.

The maximum amplifier gain of 24 seems very low for an EEG amplifier. Because of the high ADC resolution of
24 bits, the EEG signals can be recorded without the need for a large amplifier gain. This does also allow for DC
coupling to the amplifier, omitting the need for a high-pass filter before entering the amplifier. The ADS1299
is capable of measuring the small EEG signals, as well as the DC offset as a result of the high resolution.

The minimum input impedance of the ADS1299 is 1 GQ or 500 MQ when the lead-off functionality is used to
monitor the state of the electrode connections. This lead-off functionality can be used in DC and AC mode.
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Table 3.3: Specifications of the candidate analog-front-ends.

ADS1299 ADAS1000-1 HM301D
CMRR @ 50 Hz (dB) 110 110 110
Input impedance (MQ) 1000 (at DC) 1000 (at 10 Hz) 50 (0.05Hz - 300 Hz)
Input referred noise (UVpp) | 1(0.01-70Hz) | 9(0.05-150Hz) | 4.5(0.1-110 Hz)
Amplifier gain (V/V) 1-24 1.4-4.2 8-64
Number of bits 24 14 16
Sampling rate (SpS) 250 - 16k 1.024 M/2.048M | 2M
Coupling AC/DC AC AC/DC
Impedance measurement | DC & AC DC & AC DC&AC

In DC mode, a DC stimulus is used. A binary output signal is created, indicating whether the electrode makes
a proper connection or not. In AC mode, an AC signal is used of a frequency inside the frequency band
of interest. Two frequencies can be chosen, namely 7.8 Hz and 31.2Hz. This signal is passed through the
electrodes of a channel and subsequently measured. The electrode impedance can then be calculated using
the measured signal voltage. These in-band measurements can only be performed when no EEG recording is
performed. Continuous impedance measurement is possible, although this does require the addition of an
AC source or sink of the desired frequency, connected externally to the input channels.

The amplifiers used in the ADS1299 have a common-mode rejection ratio of 110 dB. Together with the biasing
circuit, used to reduce the common-mode signal present at the input electrodes, this will ensure that the
common-mode signal still present at the input electrodes will not distort the measured signal. The input
referred noise of the ADS1299 is 1 uVp,p,, which is sufficiently low for the recording of EEG signals.

The ADS1299 can be operated in two main configurations. In the first configuration, electrode pairs are used
for EEG measurements, with each electrode pair connected to its own channel. In the second configuration,
all electrode channels are referenced to the same reference electrode. The reference electrode can internally
be connected to the input of the differential amplifiers.

With all the combined functionalities of the ADS1299, many of the system requirements are satisfied. The
amplifier-ADC combination allows for direct EEG recording, without the need for an additional amplifier
stage or a high-pass filter to remove any DC component due to the high 24-bit resolution of the ADC. This
omits the need for a high-pass filter at the input. The high common-mode rejection ratio in combination
with the biasing circuitry prevents the common-mode signal from distorting the differential EEG signal. The
sample rate of the Sigma-Delta ADC is sufficiently high to easily cover the entire frequency range of EEG,
and noise shaping means that quantisation noise is low for the low frequencies of the EEG signal. With a
maximum power consumption for the 8-channel version of the ADS1299 of 43 mW, the chip is suitable for
operation using a battery. A block diagram of the ADS1299 can be found in Appendix B.1].

3.1.1. Wireless System-on-Chip

As mentioned in Section 2.3, there are two options when it comes to the wireless transmission of the recorded
EEG signals. The first option is to transmit the entire data stream. This does mean that a large amount of data
needs to be transmitted wirelessly, which can result in high power consumption. Another option is to perform
some processing steps before wireless transmission takes place. If the size of the data stream is reduced
enough by these processing steps, this can actually lead to a reduction of power consumption [31].

Several different Systems-on-Chip (SoC) are available that provide a combination of processing and wireless
transmission capabilities. The main requirements when choosing a suitable SoC for the prototype are power
consumption and processing power. SoCs have been considered produced by Nordic Semiconductors, Texas
Instruments, NXP, and Silicon Labs. An overview of their specifications is shown in Tables A.1, A.2, A.3 and
A.4 respectively. From these SoCs, the nRF5 range, produced by Nordic Semiconductors, has proven to be the
most attractive due to the combination of high power efficiency and processing power it offers.
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Figure 3.2: Schematic overview of the power system.

Nordic Semiconductors nRF5 range [32]

The nRF5 range of SoCs, produced by Nordic Semiconductors is made up of Bluetooth Low Energy SoCs. All
the SoCs in the range feature Bluetooth Low-Energy functionality and many different interfacing protocols,
like SPI, 12S, and UART. The SoCs differ when it comes to the CPU and memory. The nRF5340, the flagship
of the range, includes a 128 MHz ARM Cortex-M33 with 1 MB flash memory and 512kB RAM as the primary
CPU. A second 64 MHz Arm Cortex-M33 CPU with 256 kB flash memory and 64 kB RAM is also included. Be-
sides Bluetooth Low-Energy, the nRF340, nRF52840, nRF52833, and nRF52820 also support Zigbee. A com-
plete overview of the different configurations inside of the nRF5 range is given in Table A.1.

To quantify the power efficiency of the SoCs, CoreMark/mA is used. CoreMark is a benchmarking system for
SoCs, where a higher score means better processing capabilities. Table A.1 shows the CoreMark/mA for the
entire nRF5 line, as well as the CoreMark score. It should be noted that all SoCs used a 3V supply voltage
during the benchmark. From the CoreMark/mA scores, it becomes clear that the nRF5340 can provide the
most processing performance per unit of power. This makes it an attractive option, as it combines the high-
est power efficiency with the highest total processing power in the range. Additionally, the Cortex-M33 that
is used in the nRF5340 includes a dedicated digital signal processing unit, as well as a floating-point unit, en-
abling efficient data processing. Many different digital signal processing instructions are available, including
filtering functions and transform functions, which are likely to be useful for EEG applications.

The nRF5340 exceeds the second most powerful wireless SoC currently available by more than 200 CoreMark.
The high processing power of the nRF5340 enables it to run edge machine learning algorithms, which is not
possible with its less powerful alternatives. With a CoreMark/mA of 101, the nRF5340 is the second most
efficient wireless SoCs currently available, only surpassed by the EFR32BG22 range by Silicon Labs. Overall,
the nRF5340 seems to be the most attractive package, combining the highest processing power with high
efficiency. Because of this, the nRF5340 is chosen to be used in the prototype.

3.1.2. Power system

To power the ADS1299 and nRF5340, two different voltages are required. The analog part of the ADS1299
uses a 5V operating voltage, while the digital operating voltage of the nRF5340 is 3.3 V. The digital parts of the
ADS1299 can operate at voltages ranging between 1.8 V and 3.6 V, meaning that the 3.3 V used by the nRF5340
can also be used for the ADS1299.

Because the prototype will be battery-powered, a 5.0V voltage regulator is included in the design, ensuring
a consistent supply voltage. The Torex XC9140A5 is chosen for this purpose [33]. The XC9140A5 accepts an
input voltage between 0.9V and 5.5V and converts it to an output voltage of 5.0 V. The conversion efficiency
ranges between 80% and 90% for output currents higher than 1 mA.

The nRF5340 accepts a 5V supply voltage when using the VDDH pin. The 5V input voltage is internally
converted to 3.3V, which then is used to power the rest of the device. In this setup, the VDD pins of the
nRF5340 can be used to power external devices. The digital parts of the ADS1299 can therefore operate using
the voltage supplied by the nRF5340. Figure 3.2 shows a schematic overview of the power system.

The worst-case power consumption can be calculated, based on the peak power consumption of the included
devices. As mentioned in Section 3.1, the maximum power consumption of the 8-channel ADS1299 is equal
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to 43 mW. The nRF5340 has a power consumption of 50.7 mW when operating at the full capacity of the CPU
and transmitting using Bluetooth Low-Energy at a rate of 1 Mbps [32]. Combining the power consumption
of the two ADS1299 chips and the nRF5340 results in a maximum power consumption of 136.7 mW. Taking
into account the worst-case conversion efficiency of 85% of the XC9140A5 yields an effective maximum total
power consumption of 160.8 mW. In practice, the average power consumption of the prototype will likely be
lower, as the individual components will not continuously be operating at peak power.

3.2. System design

3.2.1. System configuration

The choice is made to make use of all eight input channels provided by the ADS1299. The ADS1299 will be
used in referential mode, meaning that all electrodes will be measured with respect to the same electrode
instead of in differential pairs. In the referential configuration, it is also possible to retrieve the differential
signal between the measuring electrodes, as they are measured with respect to the same reference.

The data rate of the ADS1299 will be set at 250 SpS. This data rate is high enough to cover the frequency band
of interest (0.5 Hz-100 Hz) while keeping the data stream that needs to be processed and transmitted as small
as possible. The amplifier gain is set to 24. A maximum signal magnitude of 187.5 mV can be measured in this
configuration, with an input-referred noise of 1 uVpy,.

Most of the existing in-ear EEG implementations use a single earpiece. As discussed in Section 2.5.1, a single
ear setup limits the distance between the measuring and reference electrodes, resulting in recorded EEG
signals of small magnitude. A two-ear setup is proposed, to increase the magnitude of the recorded signal.
By referencing the electrodes from one earpiece to a reference electrode in the other earpiece, the distance
between the measuring and recording electrodes is increased. This is expected to increase the magnitude of
the recorded EEG signals. The experiments conducted in Chapter 6 refute this. A configuration selector has
been included to allow each earpiece to either be referenced to the same ear or the opposite ear. A schematic
of the proposed two-ear setup is shown in Figure 3.3.

Earpiece +

Wireless SoC +
Battery

Figure 3.3: The proposed two-ear setup.

This two-ear setup consists of three modules: the microcontroller module, containing the nRF5340 and the
battery, and two earpiece modules, containing the ADS1299. The ADS1299 are placed on their own dedicated
PCBs, instead of together with the nRF5340, to make the wires carrying the analog EEG signals as short as
possible. This is done to reduce the interference that is picked up by the wires. The wires connecting the
earpiece modules to the microcontroller module only carry digital signals, for which interference will not
pose a problem. These wires contain the SPI connections and the connections needed to power the ADS1299.
Two wires are also present, connecting the reference electrode from one earpiece to the other earpiece. These
are long wires carrying analog signals, making them susceptible to interference. The wires are included to see
if using a reference electrode placed at the opposite ear increases the quality of the recording, despite the
higher susceptibility to interference. The wire can be disconnected from the reference electrode terminal by
using the configuration selector.
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3.2.2. PCB design

Microcontroller PCB

The microcontroller PCB, containing the wireless SoC and power system, acts like the main hub of the system,
connecting to the PCBs at both of the earpieces. The schematics of the design are shown in Appendix C.1.1.
Instead of using the standard nRF5340, the choice has been made to use the Nora B106. The Nora B106
incorporates the nRF5340 but also contains all components required for operation, as well as an integrated
antenna [34].

Pins are included for the programming and debugging of the device using the Serial Wire Debug (SWD) pro-
tocol. A Universal Asynchronous Receiver-transmitter (UART) interface is also included. Besides this, the op-
tion is added to power the PCB using an external power supply, bypassing the voltage regulator. A switch can
be used to select either battery operation mode, or operation using the external power supply. These addi-
tional functions are mainly introduced to allow for easy debugging of the device during development.

Based on the schematic, a PCB design has been made. The design is shown in Figure 3.4.
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Figure 3.4: The design of the main PCB.

Cutouts have been made, removing parts of the PCB that contained no components, resulting in a more com-
pact design. The dimensions of the PCB are small enough to not cause discomfort when placed in the neck
of the user.

Earpiece PCBs

The earpiece PCBs contain the ADS1299 and additional components it requires for operation. The schematics
of the design are shown in Appendix C.1.2. Each of the positive terminals of the input channels features a
passive low-pass filter, consisting of a series 5kQ resistor and a 4.7 nF capacitor connected to the reference
electrode terminal. This low-pass filter is put in place to prevent aliasing during the sampling of the EEG
signals. The input channels and the bias terminal are connected to solder pads, to which the electrodes can
be connected.

All inputs and outputs of the ADS1299 that need to be accessed by the wireless SoC are connected to solder
pads. This includes the pins needed for SPI communication: DRDY, SCLK, DIN, DOUT, and CS’. Besides this,
the analog and digital supply voltages and ground are connected through the solder pads.

The first prototype has been designed with testing in mind. Header pins are included, allowing for operation
in different configurations by placing jumpers in different positions. Including these header pins increases
the size of the PCB, but the added functionality is deemed more important for the first prototype. Based on
the test conducted with the first prototype, the most desirable configuration can be chosen, which can then
be used in a more compact, less flexible prototype. The prototype PCB is shown in Figure 3.5.
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Figure 3.5: The design of the first prototype PCB.

Using the header pins, two different referencing configurations are available: In the first configuration, the
reference electrode connected to the PCB is routed to a solder pad. This can be used to connect the reference
electrode to a second PCB. In turn, the reference electrode from another PCB is received via another solder
pad, connected to the input of the ADS1299. This configuration is used in the two-ear setup, as explained in
Section 3.2.1. In the second configuration, the reference electrode is routed to the input of the ADS1299 on
the PCB itself, allowing for operation in a one-ear setup.

In both these configurations, two options are available. The first option is to connect the reference electrode
to the input of the ADS1299 as normal. The second option is to pass the reference electrode through a low-
pass filter first. The idea behind this is that all signals within the bandwidth of EEG (0.5Hz - 100 Hz) are
filtered out, leaving only a DC reference signal. This is mainly thought to improve operation in a one-ear
setup, as cancellation of similar signals is prevented. The idea behind this is further explained in Appendix
D. It did not work out as intended in practice. An overview of the jumper positions to achieve the different
configurations is shown in Figure E1.

3.2.3. Assembly

As the result of the global chip shortage at the time of this project, the 8-channel version of the ADS1299
analog front-end was not available. Because of this, the 4-channel version has been used instead. As both
versions are completely pin-compatible, this does not require a redesign of the earpiece PCBs. It does mean
that each of the earpieces will only be able to record 4 channels, instead of 8.

Figure 3.6 shows the assembled microcontroller PCB.

Figure 3.6: The assembled microcontroller PCB.

Figure 3.7 shows the assembled earpiece PCB. The figure shows a red wire that is not part of the intended
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design. The wire connects the active-low RESET and PWDN pins of the ADS1299 to VDD via a 10 kQ resistor.
This is required, as no internal pull-up resistor is included in the ADS1299 and the pins are left floating in
the PCB design, causing the ADS1299 to be in the powered-down state. The wire mitigates this problem
externally.

Figure 3.7: The assembled earpiece PCB.

The microcontroller PCB is connected to the earpiece PCBs by 2 connectors with 10 wires each. Heat-shrink
tubing is used to keep the wires together. Figure 3.8 shows the earpiece PCBs connected to the microcon-
troller PCB.

Figure 3.8: The assembled prototype.

One minor issue has been found with the prototype assembly. Sometimes the connection between the micro-
controller and earpiece PCBs becomes unstable at the connectors when the prototype is moved around. This
can result in a failed recording. In a future prototype, this issue can be avoided by using a soldered connec-
tion between the microcontroller and earpiece PCBs. Doing this removes the possibility of disconnecting the
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earpiece PCBs from the microcontroller PCB, but will increase the reliability of the device. With the current
prototype, a short test recording can be made to validate that the PCBs are properly connected.

3.2.4. Programming the prototype

The most convenient way to program the nRF5340 is by using the nRF5340 development kit [35]. The nRF5340-
DK gives access to all the pins of the nRF5340 and includes a debugger. The board can be connected to a PC
using a micro-USB cable, which both powers the board and can be used for programming the nRF5340-DK.
The nRF5340-DK allows for programming external targets using a dedicated connector, which can be used to
program the chip that will be used on the prototype. The programming of the prototype is further elaborated
upon in Appendix G.






Prototype performance

4.1. Prototype specifications

The input channels of the prototype are all connected together with the bias electrode to measure the input-
referred noise. A one-minute recording is made in this configuration. During the recording, a maximum
signal amplitude of 0.57 uVy,;, is measured for all four channels. This satisfies the 2 uVp;, requirement. Figure
4.1 shows the signal magnitude spectrum of the recording between 0.5 Hz and 100 Hz.
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Figure 4.1: The amplitude spectrum of the prototype, with all inputs connected to the bias electrode.

Each channel shows a peak at 50 Hz as the result of power line interference. No other peaks are present that
could indicate a source of interference on the prototype itself, as no large peaks are visible that are shared
between all channels. The magnitude spectra are similar between all channels.

The power consumption of the prototype is measured in different configurations. Table 4.1 shows an overview
of these measurements.

Table 4.1: The average and peak power consumption of the prototype in different configurations.

Connected earpiece PCBs | Idle Average active | Peak Active
0 26 mW | 28mW 31 mW
1 51mW | 60 mW 65 mW
2 75mW | 87mW 96 mW

23
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Table 4.1 shows the average and peak power consumption while the prototype is recording and wirelessly
transmitting the recorded data. The idle power consumption has also been measured. This is measured
while the prototype is not recording. The measurements show that each AFE adds 30 mW to the average
power consumption when active, with the microcontroller PCB consuming 28 mW when not connected to
the earpiece PCBs. The idle power consumption is not much lower than the power consumption when active.
The idle power consumption could be decreased by putting the ADS1299 in the powered down state when the
prototype is not active. This can be done by altering the device firmware. The average power consumption in
active mode, with 2 earpiece PCBs connected, is 87 mW. This is below the limit of 100 mW per earpiece, set in
the system requirements.

The common-mode rejection ratio is also measured for each of the input channels. To do so, a 1 Vgys sine-
wave is presented to the reference and measuring electrode channels, with respect to the bias electrode. This
is done at 50 Hz and 60 Hz, as power line interference is expected at these frequencies. Table 4.2 shows the
results from these measurements. The table shows the CMRR of the worst-performing channel.

Table 4.2: The measured common-mode rejection ratio for the first prototype.

Frequency | Inputsignal | Measured signal | CMRR
50Hz 1 VRMS 84.8 P-VRMS 81.43
60 Hz 1 VrMs 96.5 UWVrMs 80.31

The measured CMRR is above the 80 dB lower limit set in the requirements, but is lower than expected, as the
CMRR of the ADS1299 is advertised to be above 110 dB. A possible cause of the decrease in the CMRR is that
the shunt 4.7 nF capacitor in the input filter reduces the input impedance of the analog front-end for higher
frequencies. This increases the effect of input impedance mismatch, turning common-mode signals into
differential-mode signals, which leads to a degraded common-mode rejection ratio. This theory is supported
by a CMRR measurement performed at 1 Hz. The measured CMRR at 1 Hz is equal to 100.92 dB, showing that
the CMRR indeed decreases at higher frequencies.

An overview of the prototype specifications is shown in Table 4.3.

Table 4.3: Overview of the prototype specifications.

Prototype specifications

Number of channels 8 (4 simultaneously)
Input-referred noise 0.57 uVpp
Common-mode rejection | >80dB @ 50 Hz
Input impedance at DC 1GQ

ADC resolution 24 bits

ADC datarate 250 SpS

Average power dissipation | 87 mW

4.2. Paradigm performance

To verify the functionality of the prototype, it is tested using the auditory steady-state response, steady-state
visual evoked potential, and alpha-band modulation paradigms, as elaborated upon in Section 2.5.1 The ex-
periments are also performed using the commercially available OpenBCI Cyton Biosensing Board, to be used
as a reference [36]. The OpenBCI Cyton Biosensing Board is a wireless EEG recording device, meant for use
with one of the OpenBCI scalp recording products. As the in-ear electrodes are not yet completed at this stage
of the project, the OpenBCI Ultracortex Mark IV scalp EEG recording headset [37] is used for the experiments.
Figure 4.2 shows an image of the headset, as well as the used electrode numbering system.
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(a) Headset (b) Electrode numbering system

Figure 4.2: The OpenBCI Ultracortex Mark IV EEG recording headset used in the experiments. Source: Adapted from [37]

The Ultracortex Mark IV features dry, comb-shaped electrodes, as well as two dry ear-clip electrodes for the
reference and bias. By using the same electrodes with both the Cyton Biosensing Board and the prototype, the
influence of the electrodes on the recording performance is removed, making for a fair comparison between
the devices.

For both devices, each experiment is conducted 10 times with the reference electrode connected to the left
ear and ten times with the reference electrode connected to the right ear, making a total of 20 experiments
per device. The bias electrode is connected to the opposite ear of the reference electrode in each experiment.
The software used in these experiments is elaborated upon in Appendix G.3.

4.2.1. Auditory steady-state response

A Gaussian white noise signal is amplitude modulated using a sine wave of 40 Hz and a modulation depth
of 100 %. While performing an EEG recording, the audio signal is presented to the subject for 120 seconds.
Electrode location 2 is used during the experiments, as this location provided the largest response. Figure 4.3
shows the power spectra from the experiments, as well as the average of the power spectra in blue.

A clear peak is visible at 40 Hz in each of the experiments. Table 4.4 shows the signal-to-noise ratio for each of
the experiments, as well as the average signal-to-noise ratio for each of the configurations. Here, the signal-to-
noise ratio is calculated by dividing the signal power at the peak by the average signal power in the frequency
band between 35 Hz and 45 Hz, excluding the peak itself:

peuk

SNR=10- loglo( 4.1)

P35_4512

The table shows a slightly higher average signal-to-noise ratio for the experiments conducted with the Cyton
Biosensing board than for the prototype. This difference could be down to the limited amount of conducted
experiments. This is reflected in the standard deviation of the experiments. The results do show that the
auditory steady-state response can reliably be detected with the prototype.

In the power spectra, shown in Figure 4.3, large peaks occur at 31 Hz in the experiments conducted with the
Cyton Biosensing board. These peaks do not occur at a harmonic of the modulation frequency (40 Hz), or the
frequency of the power line interference (50 Hz). The peaks are not present in the experiments conducted
with the prototype. A possible explanation for this could be that the Cyton Biosensing board uses a 31 Hz
signal internally, which interferes with the recording.
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Figure 4.3: Power spectra of the ASSR experiments.

Table 4.4: Signal-to-noise ratios for each of the ASSR experiments.

SNR (dB)
Device Cyton Biosensing Board Prototype
Reference electrode side | L R L R
Experiment 1 16.07 14.63 15.73 16.84
Experiment 2 14.66 14.18 10.08 14.16
Experiment 3 15.97 17.03 15.11 10.41
Experiment 4 18.63 17.12 14.67 16.42
Experiment 5 14.81 16.42 14.05 15.72
Experiment 6 13.69 16.01 12.29 12.74
Experiment 7 10.42 17.33 12.72 15.14
Experiment 8 16.66 16.38 12.52 12.56
Experiment 9 18.95 17.11 17.56 14.74
Experiment 10 18.10 16.19 15.06 15.47
Average 15.80 16.24 13.979 14.42
Standard deviation 2.44 1.01 2.01 1.89

4.2.2. Steady-state visual evoked potential

Stimulation is performed using a square on a laptop display, changing colour between black and red at a rate
of 10Hz. A 60-second EEG recording is made while the subject is looking at the flashing square. Electrode
location 7 is used during the experiment, as this location showed the largest response. Figure 4.4 shows the

power spectra of the experiments. In the figures, the power spectra of all experiments are overlapped. The
average of the power spectra is shown in blue.

In all experiments, a clear peak is visible at 10 Hz. The signal-to-noise ratio of each of the experiments is
shown in Table 4.5, as well as the average signal-to-noise ratio per configuration. Here the signal-to-noise ra-
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Figure 4.4: Power spectra of the SSVEP experiments.

tio is defined as the signal power at the peak (10 Hz), divided by the average signal power in the neighbouring
frequencies, ranging between 5 Hz and 15 Hz:

SNR = lO-logw(M). 4.2)
Ps 1552
Table 4.5: Signal-to-noise ratios for each of the SSVEP experiments.
SNR (dB)
Device Cyton Biosensing Board Prototype
Reference electrode side | L R L R
Experiment 1 15.94 14.85 16.54 10.60
Experiment 2 12.82 13.61 13.07 14.59
Experiment 3 16.00 12.54 13.37 13.01
Experiment 4 12.58 10.01 15.91 16.87
Experiment 5 14.69 5.94 17.07 12.17
Experiment 6 12.77 15.13 13.75 15.78
Experiment 7 10.59 8.91 13.23 15.55
Experiment 8 11.71 7.30 10.28 13.58
Experiment 9 14.68 11.12 11.41 13.25
Experiment 10 9.81 13.07 10.21 11.97
Average 13.16 11.25 13.484 13.737
Standard deviation 2.02 2.99 2.32 1.85

The table shows that the signal-to-noise ratio, in the configurations with the reference electrode placed at
the left ear, is comparable between devices. With the reference electrode placed at the right ear, a larger
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difference can be seen between the devices. The average signal-to-noise ratio is in this case smaller for the
Cyton board than for the prototype. This difference is caused by the larger spread in signal-to-noise ratios
between experiments for the Cyton biosensing board. Some experiments showed a much lower signal-to-

noise ratio than the others, reducing the average. This is reflected in the relatively high standard deviation for
the experiments in this configuration.

4.2.3. Alpha-band modulation

The alpha-band modulation experiment is conducted by doing simple arithmetic for 15 seconds (focused
phase) and then relaxing with closed eyes for 15 seconds (relaxed phase). An increase in signal power in
the alpha-band (8-12 hertz) is expected in the relaxing phase with respect to the focused phase. For the ex-
periment, electrode 8 of the Ultracortex Mark IV headset is used, as alpha waves were best detected at this

channel for both devices. Figure 4.5 shows the signal power in the alpha band (8-12 Hz) during the experi-
ments.
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Figure 4.5: Power in the alpha band for the different configurations.

The figure shows a clear increase in alpha-band power in the relaxing phase compared to the focused phase

for both devices. Table 4.6 shows the increase in the phase average between the focused and relaxed phases
for each configuration.

In the experiments, the average increase in alpha waves between the phases is higher for the Cyton board
than for the prototype in both configurations. When looking at Figure 4.5, it is clear that the alpha-band
signal power in the relaxed phase of the experiment is comparable between all configurations. In the focused
phase, the average alpha-band power is lower for the experiments conducted with the Cyton board than for
the recordings conducted with the prototype. A possible explanation for this can be that a higher amount of
low-frequency interference is picked up by the prototype compared to the Cyton board. Another cause could
be a worse electrode-skin connection in the experiments conducted with the prototype compared to those
conducted with the Cyton board. Nevertheless, an increase in the signal power in the alpha-band has been
measured in all of the experiments conducted with the prototype.
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Table 4.6: The power increase in the alpha-band between the phases.

Power increase (dB)

Device Cyton Biosensing Board Prototype
Reference electrode side | L R L R
Experiment 1 8.75 10.37 7.41 6.05
Experiment 2 9.11 11.30 9.76 6.50
Experiment 3 8.57 9.95 10.21 6.73
Experiment 4 8.87 9.10 7.76 7.04
Experiment 5 9.38 11.28 9.60 7.17
Experiment 6 6.19 8.08 8.22 5.57
Experiment 7 10.54 7.61 7.76 5.89
Experiment 8 10.59 9.62 8.72 6.02
Experiment 9 8.68 9.86 7.96 6.58
Experiment 10 9.17 8.56 8.01 6.77
Average 8.99 9.57 8.54 6.43
Standard deviation 1.16 1.19 0.93 0.50







Final design

5.1. PCB design

Based on the tests done with the first prototype, some alterations are made to the design. The new design is
shown in Figure 5.1, with the designs of the microcontroller and analog front-end PCBs in Figures 5.2 and 5.3
respectively. The PCB schematics can be found in Appendix C.2.

(a) Top (b) Side

Figure 5.1: The final design.

31
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Figure 5.2: The design of the microcontroller PCB.
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Figure 5.3: The design of the analog front-end PCB.

The analog front-end and microcontroller PCBs are combined into one module. The benefit of doing this is
threefold. Firstly, the data throughput is increased. In the first prototype, one microcontroller was shared
between two analog front-ends. This meant that the data from only four of the eight available channels could
be transmitted simultaneously, as the BLE throughput using a single microcontroller was not sufficient to
transmit all data at once. This issue was not expected beforehand, as the recorded data was planned to be
processed on-board before wireless transmission, reducing the amount of data to be transmitted. As the
data processing algorithms have not yet been implemented at this stage of the project, the choice has been
made to transmit all of the recorded data instead, requiring higher throughput. The new design features a
dedicated microcontroller for each earpiece, allowing the data from all channels to be transmitted simulta-
neously. Secondly, a more stable connection is created between the analog front-end and microcontroller.
In the first prototype, each analog front-end is connected to the microcontroller PCB through a connector
with 10 wires. Sometimes this connection is unstable, corrupting the recorded data. The final design uses
eight soldered connections between the microcontroller and analog front-end, ensuring a stable connection.
Lastly, the size of the design has been reduced. The connectors have been removed from the design and there
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is no longer a need for a large number of wires.

The size is further reduced by stacking the analog front-end and microcontroller on top of each other, reduc-
ing the footprint of the design. The UART connections have been removed, previously in place for debugging
purposes, and a smaller form-factor reset switch is used. These measures result in a final size of 17x15x8mm,
satisfying the 4 cm® maximum volume requirement.

The module can be powered using the battery connections at the bottom of the microcontroller PCB. To
facilitate the battery, a behind-the-ear design is proposed, as commonly used in hearing aids. This allows for
a battery and power switch to be placed behind the ear of the user, with the PCBs placed on top of the in-ear
electrodes. Figure 5.4 shows a schematic of the intended device setup, as well as a 3D model showing the
scale of the components.

Battery +
Power switch

AFE +
Microcontroller +
Electrodes

o

(a) System configuration (b) 3D model

Figure 5.4: The intended setup of the device.

The average power consumption of the first prototype, with one analog front-end enabled, is equal to 60 mW.
The power consumption of the new design is expected to be similar, as the same hardware configuration
is used. A 1/2 AA lithium battery is a good candidate to power the device. With a >700mAh capacity for
high discharge rates, an operating voltage of 3.6 V and a maximum constant current of 50 mA, it is capable of
powering an earpiece for more than 42 hours [38]. With a diameter of 14.5 mm and a length of 25 mm, it is
small enough to be placed behind the ear.

Each earpiece is completely independent. This makes it possible to use either a single earpiece or one ear-
piece for each ear. During assembly, the choice can be made to connect the reference electrode of one ear-
piece to the analog front-end of another earpiece, creating the two-ear setup proposed in the first prototype.
The reference electrode can also be connected to the analog front-end located at the same earpiece, resulting
in a fully wireless design. To reduce the size of the design, the configuration selector that was present in the
first prototype for this purpose has been omitted.
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5.2. Assembly

The two PCBs could be assembled without issues. A piece of electrical tape has been placed on the analog
front-end PCB, before soldering the microcontroller PCB on top using header pins. This is done to ensure
the components on each of the PCBs are isolated from each other. Figure 5.5 shows the assembled proto-

type.
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b) Sid
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Figure 5.5: The assembled final prototype.

The new prototype design is significantly smaller than the first prototype, increasing the portability. Two
wires are connected to the side of the prototype. These connect to the battery used to power the device. A
comparison of the scale of the first and second prototypes is shown in Figure 5.6.

Figure 5.6: Scale comparison between the first prototype (left) and final prototype (right).

5.3. Prototype specifications

A one-minute recording is made with all input channels connected together with the bias electrode to mea-
sure the input-referred noise. During the recording, a maximum signal amplitude of 0.57 uVp, is measured
for all four channels, satisfying the 2uVy, requirement. The signal magnitude spectrum of the recording is
shown in Figure 5.7.
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Figure 5.7: The amplitude spectrum of the final prototype with, all inputs connected to the bias electrode.

Unlike the amplitude spectrum recorded with the first prototype in Section 4.1, no peak is visible at 50 Hz.
This could be because the measurements have been performed on separate occasions, at different locations,
with different levels of interference. Other than the peak, the amplitude spectra look similar between the first
and final prototypes.

The common-mode rejection ratio is measured at 50 Hz and 60 Hz by applying a 1 Vgys sine-wave to the
recording and reference electrodes, with respect to the bias electrode. The measured CMRR is shown in Table
5.1.

Table 5.1: The measured common-mode rejection ratio for the final prototype.

Frequency | Inputsignal | Measured signal | CMRR
50Hz 1 Vrums 34.8 WVrMms 89.17
60 Hz 1 VRMS 39.2 HVRMS 88.13

The measured CMRR is higher than the measured CMRR of the first prototype, shown in Table 4.2, exceeding
the minimum CMRR requirement of 80 dB.

Table 5.2 shows the idle, average, and peak power consumption of the final prototype. As expected, the power
consumption is similar to that of the first prototype with one earpiece PCB connected.

Table 5.2: The average and peak power consumption of the final prototype.

Idle Average active | Peak active
53.0mW | 63.0mwW 70.1 mW

An overview of the prototype specifications is shown in Table 5.3.

Table 5.3: Overview of the prototype specifications.

Prototype specifications

Number of channels 4 simultaneously
Input-referred noise 0.57 uVpp
Common-mode rejection | >89dB @ 50 Hz
Input impedance at DC 1GQ

ADC resolution 24 bits

ADC datarate 250 SpS

Average power dissipation | 63.0mW







Ear-EEG experiments

6.1. Measurements setup

The final prototype is used to measure ear EEG signals. Because the in-ear electrodes are not completed at
this stage of the project, the EEG signals are recorded with electrodes placed around the ears instead. This
choice has been made based on the notion that the EEG signals recorded from around the ears are almost
identical to those recorded from inside of the ear canal [20]. Figure 6.1 shows the locations of the electrodes
during the experiment, as well as the numbering system that is used. The same dry, comb-shaped electrodes
are used for the experiments as used in the experiments conducted with the first prototype.

Figure 6.1: The electrode locations for the ear EEG recordings.

Each experiment is conducted 10 times with the reference electrode connected to the left earlobe, and 10
times with the reference electrode connected to the right earlobe. The bias electrode is connected to the
earlobe opposite to the reference electrode. The auditory steady-state response, steady-state visual evoked
potential, and alpha-band modulation paradigms are measured in these configurations. These experiments
are conducted the same way as before, as described in Section 4.2.

6.2. Auditory steady-state response

The duration of the auditory steady-state response experiments is 120s, with a modulation frequency of
40 Hz, identical to the scalp EEG experiments conducted with the first prototype. The power spectra of the
experiments are shown in Figure 6.2. Table 6.1 shows the signal-to-noise ratios measured in the experiments,
as well as the average per configuration. The signal-to-noise ratio is calculated by dividing the signal power
at the peak by the average signal power in the frequency band between 35 Hz and 45 Hz, excluding the peak
itself:

37
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P
SNR = 10-log;o(— 22, (6.1)

P35_45H,

The largest response has been recorded with the electrode at location LT, showing a clear peak at 40 Hz, ir-
respective of the location of the reference electrode. Interestingly, the response recorded with the electrode
at position RT is much smaller than that recorded at electrode position LT, showing asymmetry between the
ears. The measured response at electrode location RT is larger with the reference electrode connected to the
right ear than with the reference electrode connected to the left ear. Electrode location RT is also located at
the right ear. This shows that a two-ear setup, with the reference electrode placed at the opposite ear to the
measuring electrode, does not improve the performance in this situation.

The responses recorded at locations RB and LB are of similarly small magnitude and hardly distinguishable
in the power spectrum for most of the experiments.

The average signal-to-noise ratio achieved with the electrode placed at position LT is only 1.5dB lower than
the average response achieved with the best available channel in the scalp EEG experiments, performed in
Section 4.2.1. This is in line with the notion that the auditory steady-state response is well detected through
ear EEG, as is elaborated upon in Section 2.5.2.
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Figure 6.2: Power spectra of the ASSR experiments.
Table 6.1: Signal-to-noise ratios for each of the auditory steady-state response experiments.
SNR (dB)
Measuring electrode RT LT RB LB
Reference electrode side | L R L R L R L R
Experiment 1 6.32 | 9.33 14.93 1294 | 7.70 7.34 | 6.98 5.18
Experiment 2 9.32 | 10.38 | 12.32 | 15.58 | 6.90 7.39 | 11.56 | 7.64
Experiment 3 7.30 | 8.23 10.65 | 12.63 | 11.92 | 7.31 | 9.68 8.18
Experiment 4 7.05 | 9.11 13.55 13.79 | 8.65 6.18 | 8.14 591
Experiment 5 6.60 | 6.35 14.30 | 14.94 | 7.72 5.90 | 7.60 7.34
Experiment 6 4.17 | 8.00 12.59 11.41 6.75 9.30 | 8.01 5.97
Experiment 7 3.58 | 14.6 14.30 | 15.49 | 6.05 7.89 | 6.39 5.86
Experiment 8 6.85 | 9.19 12.13 10.57 | 3.51 7.08 | 9.14 5.12
Experiment 9 6.17 | 7.69 14.33 | 9.70 4.11 4.74 | 5.01 6.38
Experiment 10 8.50 | 8.26 8.41 10.88 | 4.37 9.13 | 8.35 9.38
Average 6.59 | 9.11 12.75 | 12.79 | 6.77 7.23 | 8.09 6.70
Standard deviation 1.64 | 2.10 1.91 2.02 2.36 1.32 | 1.72 1.32

6.3. Steady-state visual evoked potential
An experiment duration of 60 s is used for the steady-state visual evoked potential experiments, equal to the
duration used in the scalp EEG experiments performed with the first prototype. The stimulation frequency
is also the same at 10 Hz. The signal-to-noise ratio is again defined as the signal power at the peak (10 Hz),

divided by the average signal power in the neighbouring frequencies, ranging between 5 Hz and 15 Hz:

P
SNR = 10-log, o (—4=—

peak

).

Ps_15H,

(6.2)
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The power spectra of the steady-state visual evoked potential experiments are shown in Figure 6.3. Table
6.2 shows the signal-to-noise ratios measured in the experiments, as well as the average per configuration.
No clear peaks are visible in the power spectra at 10 Hz. This is reflected in the low signal-to-noise ratios
achieved in the experiments. The achieved responses in the ear EEG experiments are much smaller than
those achieved in the scalp EEG measurements performed in Section 4.2.2. In all but two of the experiments,
the signal-to-noise ratio is positive, indicating that the signal power at 10 Hz is higher than the average signal
power in the neighbouring frequencies. This suggests that the steady-state visual evoked potential is being
recorded, although it does not result in a clear peak in the power spectra. Increasing the stimulation dura-

tion could increase the measured response, creating a more prominent peak in the power spectrum of the
recordings.

The worse recording performance of the steady-state visual evoked potential from the ear recordings, com-
pared to the scalp recordings, is in line with the expectations, as the steady-state visual evoked potential is
documented to not be as well detected with ear EEG as with scalp EEG. This is elaborated upon in Section
2.5.3.
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Figure 6.3: Power spectra of the SSVEP experiments.
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Table 6.2: Signal-to-noise ratios for each of the steady-state visual evoked potential experiments.

SNR (dB)

Measuring electrode RT LT RB LB
Reference electrode side | L R L R L R L R
Experiment 1 8.59 | 3.85 | 2.76 | 3.06 | 295 | -0.40 | 4.36 | 6.65
Experiment 2 7.01 | 1.09 | 8.09 | 458 | 4.76 | 6.06 | 1.93 | 4.62
Experiment 3 721 | 1.89 | 527 | 532 | 1.54 | 1.62 4.63 | 6.63
Experiment 4 6.44 | 750 | 7.16 | 2.60 | 453 | 935 | 6.74 | 7.00
Experiment 5 0.23 | 493 | 5.30 | 4.08 | 3.52 | 6.04 | 5.80 | 4.72
Experiment 6 859 | 3.85 | 2.76 | 3.06 | 2.95 | -0.40 | 4.36 | 6.65
Experiment 7 7.01 | 1.09 | 8.09 | 458 | 4.76 | 6.06 | 6.74 | 4.62
Experiment 8 721 | 1.89 | 527 | 532 | 1.54 | 1.62 4.64 | 6.63
Experiment 9 6.44 | 750 | 7.16 | 2.60 | 453 | 935 | 6.74 | 7.00
Experiment 10 0.23 | 493 | 530 | 4.08 | 3.52 | 6.04 5.80 | 4.72
Average 5.90 | 3.85 | 5.72 | 3.93 | 3.46 | 4.53 | 5.17 | 5.92
Standard deviation 292 | 2.28 | 1.83 | 0.99 | 1.16 | 3.48 | 1.43 | 1.03

6.4. Alpha-band modulation

Figure 6.4 shows the signal power in the alpha band in each of the different configurations. Table 6.3 shows
the increase in alpha-band signal power for the experiments, as well as the average increase for each config-
uration. An increase in the signal power has been measured between the phases in all but one of the experi-
ments. The average increase in signal power is positive for all different electrode configurations. The highest
average increase has been achieved with the electrode at location RB, with the reference electrode connected
to the right ear. Electrode location RB is also located at the right ear, indicating that a two-ear setup would

not be beneficial in this situation.
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The second highest average power increase is measured with the electrode placed at electrode position LB,
again with the reference electrode placed at the right ear. In this case, the measuring and reference electrodes
are placed at opposite ears. With the reference electrode placed at the same ear, the measured average signal
power increase at electrode location LB is much smaller. In this case, a two-ear setup would be beneficial. The
average signal power increase is similar for the electrodes at locations RT and LT for both reference electrode
positions. As the two-ear setup is not consistently the superior configuration, a one-ear setup is the most
desirable option, as no connecting wires are required between earpieces.

The measured average power increase of 8.14 dB with the best available ear EEG recording channel is almost
as large as the average power increase of 8.54 dB achieved with the best available scalp EEG channel in Section
4.2.3. Although the average signal power in the second phase is lower for the ear EEG experiments, the average
signal power in the first phase of the experiment is also lower in the ear EEG experiments, resulting in a similar
average power increase. As elaborated upon in Section 2.5.4, alpha-band modulation is typically more clearly
recorded using scalp EEG than with ear EEG. This is in line with the results, although the difference between
the performance between ear and scalp EEG is smaller than expected.
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Figure 6.4: The power in the alpha band for the different configurations.

Table 6.3: The power increase in the alpha-band between the phases.

Power increase (dB)

Measuring electrode RT LT RB LB
Reference electrode side | L R L R L R L R
Experiment 1 1.91 1.22 | 094 | 2.82 | 251 | 7.28 3.32 | 6.26
Experiment 2 0.69 1.71 | 3.73 | 1.45 | 3.72 | 4.30 1.47 | 3.20
Experiment 3 233 | 432 | 3.67 | 5.00 | 3.35 | 8.20 2.02 | 8.04
Experiment 4 3.68 434 | 6.06 | 432 | 3.10 | 10.11 | 2.08 | 5.51
Experiment 5 232 | 3.64 | 431 | 4.10 | 3.87 | 8.27 2.49 | 6.61
Experiment 6 3.57 2.67 | 5.06 | 3.35 | 3.49 | 9.32 1.72 | 7.90
Experiment 7 3.54 | 406 | 4.23 | 444 | 6.87 | 7.47 3.06 | 8.07
Experiment 8 -0.11 | 5.52 | 1.90 | 4.56 | 2.32 | 9.20 1.27 | 8.53
Experiment 9 3.61 3.57 | 429 | 241 | 145 | 9.30 1.15 | 7.86
Experiment 10 532 | 3.50 | 5.44 | 3.27 | 4.85 | 791 3.68 | 5.68
Average 2.69 3.46 | 3.96 | 3.57 | 3.55 | 8.14 2.23 | 6.77
Standard deviation 1.52 | 1.22 | 1.47 | 1.06 | 1.42 | 1.54 | 0.84 | 1.57







Discussion and future work

7.1. Discussion

The aim of this thesis has been to design the electronics for a fully programmable, wireless in-ear EEG de-
vice, capable of onboard data processing. Based on a literature study, a list of system requirements has been
created. The system components have been selected based on these requirements. The prototype consists
of two main components: the Texas instruments ADS1299 analog front-end and the Nordic Semiconductor
nRF5340 wireless system-on-chip. The design has been made in two iterations. In the first iteration, the aim
has been to create a functional prototype, suitable for the exploration of different hardware configurations.
The second iteration uses the information gathered using the first iteration to create a small form-factor pro-
totype, suitable to be put into an earpiece.

The performance of the first prototype has been compared to the OpenBCI Cyton Biosensing Board, a larger
form-factor scalp EEG recording device. The performance is compared based on the ASSR, SSVEP, and alpha-
band modulation paradigms. For the ASSR and SSVEP paradigms, the performance is comparable between
the devices. In the alpha-band modulation experiments, the performance of the Cyton Biosensing Board
is superior to that of the prototype. The difference in the performance is mostly down to the lower signal
power that is recorded in the first phase of the experiment by the Cyton Biosensing Board, compared to the
prototype. A possible cause of this difference can be a worse electrode-skin connection in the experiments
conducted with the prototype. As connecting each of the devices to the scalp EEG headset could not be done
without taking off the headset, some variation in the electrode-skin connections could be present between
the experiments. Another reason for the difference could be that the prototype is more susceptible to low-
frequency interfering signals, although this is not a likely cause, as worse performance would then also be
expected in the SSVEP experiments, as it concerns signals in the same frequency range.

The final prototype has been used to record ear EEG signals. As the in-ear electrodes had not yet been com-
pleted, the choice has been made to measure signals from around the ears instead. Again, the ASSR, SSVEP,
and alpha-band modulation paradigms have been used to evaluate the recording performance. The ASSR
and alpha-band modulation experiments showed promising results, with performance close to the scalp EEG
experiments performed with the first prototype. The performance in the SSVEP experiments is significantly
worse than in the scalp EEG experiments, although an increase in the signal power could be detected at the
stimulation frequency in most of the experiments. The good performance for the ASSR and alpha-band mod-
ulation paradigms, and the worse performance for the SSVEP experiments, are in line with the expectations
based on previous publications on in-ear EEG. The location of the measuring electrode has been found to
have a large impact on the achieved performance during the experiments. An earpiece with several elec-
trodes is therefore recommended for optimal performance. Although an increase in the signal magnitude
was expected, no benefit has been found from having the reference electrode placed at the opposite ear
to the measuring electrode. The two-ear setup of the first prototype does therefore not seem beneficial to
the recording performance. When using in-ear electrodes, the distance between the electrodes will likely be
smaller than in the experiments, in which the electrodes are placed around the ears. If for in-ear electrodes
the small distance between the measuring electrodes and the reference electrode leads to a decrease in the

45



46 7. Discussion and future work

recording performance, placing the reference electrode somewhere close to the same ear is likely a better
solution than placing it at the opposite ear. This requires shorter wires, making the setup less susceptible to
interference. It also makes for a more convenient setup, not requiring a connection between the earpieces.
The final prototype has been designed to fit into an earpiece, making it suitable for a one-ear setup.

The final prototype satisfies all the system requirements listed in Section 3.1. The common-mode rejection
ratio of the prototype is lower than expected. This is caused by the passive low-pass filters used at the input of
the analog front-end, as the capacitor shunted between the measuring and reference electrode degrades the
input impedance of the prototype for higher frequencies. Because of this, part of the common-mode signal
can be turned into a differential mode signal, as a result of impedance mismatch, which is then amplified
by the analog-front end. The low-pass filters have been designed to have a cutoff below 8 kHz to prevent
aliasing, as the maximum sampling frequency of the ADS1299 is listed as 16 SpS. A higher cutoff frequency
could have been chosen. As the clock frequency that is used for the oversampled ADC is equal to 2.048 MHz,
aliasing would only occur for frequencies above 1.024 MHz. A smaller capacitor could therefore be used in
the passive filter, which would reduce the degradation of the input impedance for higher frequencies. This
change can be made to the prototype without changing the PCB designs.

The goal of combining wireless data transmission, onboard processing, programmable hardware, and a form
factor small enough to fit into an earpiece has been achieved.

7.2. Future work

This thesis is part of a larger project. Besides the electronics, this involves the design of the in-ear electrodes
and the algorithms used for the data processing. At the time of writing, not all of these components have been
completed. When all components are completed, they can be combined into one system. It is important to
combine the components into a package that is comfortable to wear.

As the in-ear electrodes have not been finished before the end of this project, measurements from around the
ears have been used to test the electronics. When the in-ear electrodes are completed, more experiments can
be performed, These experiments should then be performed on a larger test group so that the results can be
compared to that of other in-ear EEG devices.

During the experiments, relatively simple device firmware has been used, which transmits the entire recorded
data stream using Bluetooth Low Energy. More advanced device firmware can be written, that makes use of
the onboard processing capabilities of the prototype. As the system is meant as a tool to explore the possi-
bilities of in-ear EEG, different applications can be looked into. Some interesting applications that can be
explored are:

» Epileptic seizure detection
¢ Closed loop stimulation devices
¢ Brain-computer interfaces

When exploring these applications, the prototype’s programmable hardware can be used to adapt the func-
tionality of the prototype to the desired application.

If a desired in-ear EEG application has been found, a specialized prototype can be designed. By using an inte-
grated circuit design, instead of a discrete circuit design, the prototype can be made smaller and more power
efficient than the current prototype. This will come at the cost of lower flexibility of the prototype.



Bluetooth low energy SoCs

Table A.1: Overview of the Nordic Semiconductors nRF5 range.
Source: Adapted from [32]

CPU Flash RAM CoreMark Efficiency (CoreMark/mA)
Score

nRF5340 128MHz Arm | 1MB+256kB | 512kB 514 101
Cortex-M33 + 64 kB
64 MHz Arm
Cortex-M33

nRF52840 | 64MHz Arm | 1MB 256 kB 212 64
Cortex-M4
with FPU

nRF52833 | 64MHz Arm | 512kB 128 kB 217 65.8
Cortex-M4
with FPU

nRF52832 | 64MHz Arm | 512/256kB 64/32kB 215 58
Cortex-M4
with FPU

nRF52820 | 64MHz Arm | 256kB 32kB 144 68.6
Cortex-M4

nRF52811 | 64MHz Arm | 192kB 24 kB 144 65
Cortex-M4

nRF52810 | 64MHz Arm | 192kB 24 kB 144 65
Cortex-M4

nRF52805 | 64 MHz Arm | 192kB 24 kB 144 65
Cortex-M4
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Table A.2: Overview of the Texas Instruments CC2 range.

Source: Adapted from [39]

CPU Flash RAM CoreMark Score | Efficiency (CoreMark/mA)
CC2640R2L | 48MHz Arm | 128kB + | 28kB 142 48.5
Cortex-M3 147kB
CC2640R2F | 48MHz Arm | 128kB + | 28kB 142 48.5
Cortex-M3 147kB
CC2642R 48MHz Arm | 352kB + | 88kB 148 43,5
Cortex-M4 256 kB
CC2652x 48MHz Arm | 352kB + | 88kB 148 435
Cortex-M4 256 kB
CC2652x7 48MHz Arm | 704kB + | 152kB 148 38.2
Cortex-M4 256 kB
Table A.3: Overview of the NXP K32W range.
Source: Adapted from [40]
CPU Flash RAM CoreMark Efficiency
Score (Core-
Mark/maA)
K32W041AM | 48 MHz Arm | 640kB+1MB | 152kB 164 35
Cortex-M4
K32W041A 48MHz Arm | 640kB 152kB 164 35
Cortex-M4
K32W061 48MHz Arm | 640kB 152kB 164 57
Cortex-M4
Table A.4: Overview of the Silicon Labs EFR32BG22 range.
Source: Adapted from [41]
CPU Flash RAM CoreMark Efficiency
Score (Core-
Mark/mA)
EFR32BG22- 38.4MHz Arm | 352kB 32kB 154 105.5
C112F352GM32 | Cortex-M33
EFR32BG22- 76.8MHz Arm | 352kB 32kB 309 105.9
C222F352GM32 | Cortex-M33
EFR32BG22- 76.8MHz Arm | 352kB 32kB 309 105.9
C222F352GM40 | Cortex-M33
EFR32BG22- 76.8MHz Arm | 352kB 32kB 309 105.9
C222F352GN32 Cortex-M33
EFR32BG22- 76.8MHz Arm | 512kB 32kB 309 105.9
C224F512GM32 | Cortex-M33
EFR32BG22- 76.8MHz Arm | 512kB 32kB 309 105.9
C224F512GM40 | Cortex-M33
EFR32BG22- 76.8MHz Arm | 512kB 32kB 309 105.9
C224F512GN32 Cortex-M33
EFR32BG22- 76.8MHz Arm | 512kB 32kB 309 105.9
C224F512IM32 Cortex-M33
EFR32BG22- 76.8MHz Arm | 512kB 32kB 309 105.9
C224F512IM40 Cortex-M33
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PCB schematics

C.1. First prototype
C.1.1. Microcontroller PCB
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Figure C.1: Schematic overview of the microcontroller PCB.
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Figure C.2: Schematic of the micro controller module.
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Figure C.6: Schematic of the debug interface module.



C. PCB schematics

-

e,

oo

54

C.1.2. Earpiece PCB

UzA
SCLE ;) o2 se1ie e [+
DIN 5 e) DIV ININ le....
DOUT +;— DOUT DP fagF
cs == S DN s
DEDY +""4 DEDY DGR [T
. DN [
el oL e [l
DVDD Y #-=t-{ CLESEL T [
NP
47 7. .
GRIOL SN [, Rat b
T G N s @ 5054551041
Ralz S GBI e [T Reslpas
DY GPIO4 INTP Sk —{ 8 ]
Rasl 2 TN e Resl pay
50k 5| START INER (37 ; e
Fald (327 RESET AN (ol R
H:..DUV o220l TOTH a1 3k
Resl DAISY N = GD SCa —=Cs8 —=Cet —=Cas ——Cab —=C —Cal
7 c [ c C
N L2 Tez Tcx Toe Top [on Tcp Tow [oo e ]
B S 3 Eeszl
= P
17 |
20 wm B2
N [ FReference Tad | 1 [ Feforence Cut |
S veaRl [Eeference smp | 34 | Reference Exct |
30 veam T
2 vears sader
[
——Cal§ ——Cal7 ——Cal§ ——Cal? ——Ca2) ADSIZ00IAG Ra:l
Cap Cap Cap Cap Cap 3k
100F | IoF LIF | IuF IoF
&D
I_l_nws I._.lnn,. an.s |._.lnu: mE 1 L 2
. DEDY 35—t - AVDD
. _q.loﬁ Jce Jca lﬁnﬁ.i ADD1 Avss] |22 SCLE 352 Lmi w4 22 DiDD
TIF ¥ 0IF * OIdF e T e ) e
..:duv B amn  avss |y DOUT 35— e
37| ADD  AVSS e G581 o
i ek N L 1 Reference O]
S| DD AVSS e [(Reference Ext | [ Reference Out |
MDD AVES
RESVI (51
a1 DGND ¢
DVDD 3, =] DVDD  DGND —
a2 —cans DVDD L&D |le
Cap | Cap ADE1I09TAG
0IF | IoF

Figure C.7: Schematic of the analog front-end PCB.
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C.3. Microcontroller PCB
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Figure C.8: Schematic overview of the microcontroller PCB.
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Figure C.9: Schematic of the micro controller module.
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C.3.1. Analog front-end PCB
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Figure C.13: Schematic of the analog front-end PCB.



Filtered reference

In-ear EEG recording comes with limitations for the positioning of electrodes, as all electrodes are placed
inside the ear. Because of this, the distance between electrodes can not be very large. This can result in similar
signals being recorded at the measuring and reference electrodes, resulting in a small magnitude measured
signal after differential amplification. This issue is visualised in Figure D.1.

Measuring
electrode

Reference
electrode

Measured
signal

Similar signals

AVA

Differential amplification

o— N — N ]

Small measured signal

Figure D.1: Similar signals are present at the reference and measuring electrode, resulting in a small magnitude measured signal.

To get around this issue, a two-ear setup has been proposed. By using a reference electrode placed at the op-
posite ear, a larger difference is expected between the signals seen at the measuring and reference electrodes,
in theory creating a measured signal of larger magnitude, as shown in Figure D.2.
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Measuring
electrode

Dissimilar signals

Reference
electrode

Differential amplification

Measured
signal

Large measured signal

Figure D.2: Dissimilar signals are present at the reference and measuring electrode, resulting in a large magnitude measured signal.

Another method of resolving the same issue is proposed: By applying a low-pass filter to the signal seen at the
reference electrode, all frequencies above 0.1 Hz are removed from the spectrum, leaving a near DC signal as a
reference. As no EEG signals are present in this reference signal, the measured signal will be equal to the EEG
signal seen at the measuring electrode. This approach could improve the measurement performance when
referencing to the same ear, as the problem of similar signals being seen at the reference and measuring
electrodes is mitigated. Figure D.3 shows this concept.

Measuring
electrode

Dissimilar signals

Reference
electrode

Differential amplification

Measured
signal

Large measured signal

Figure D.3: The reference electrode is filtered, resulting in a large magnitude measured signal.

When testing the concept in practice, the results are not as expected beforehand. In the proposed concept,
different locations on the scalp are treated as separate sources that can separately be filtered. In reality, this
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is not the case. Applying the filter results in all EEG signals being filtered out, resulting in a recorded near-DC
signal. This can be explained by the entire scalp being grounded for frequencies above 0.1 Hz.






ADS1299 commands

Table E.1: Command definitions for the ADS1299
Source: Adapted from [28]

COMMANDS | DESCRIPTION FIRSTBYTE [ SECOND BYTE
System Commands
WAKEUP Wake-up from standby mode 0000 0010 (02h)
STANDBY Enter standby mode 0000 0100 (04h)
RESET Reset the device 0000 0110 (06h)
START Start and restart (synchronize) conversions 0000 1000 (08h)
STOP Stop conversion 0000 1010 (0Ah)
Data Read Commands
Enable Read Data Continuous mode.
RDATAC This mode is the default mode at power-up. 0001 0000 (10h)
SDATAC Stop Read Data Continuously mode 0001 0001 (11h)
RDATA Read data by command; supports multiple read back. | 0001 0010 (12h)
Register Read Commands
RREG Read n nnnn registers starting at address r rrrr 001r rrrr 2xh) T [ 000n nnnn !
WREG Write n nnnn registers starting at address r rrrr 010r rrrr (4xh) ! 000n nnnn =

1

r 1117 = starting register address for read or write commands.
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n nnnn = number of registers to be read or written — 1. For example, to read or write three registers, set n nnnn = 0 (0010).







Prototype V1.0 - Jumper positions

The different jumper positions that are available are shown in Figure E1. Table E1 lists the configurations
corresponding to the jumper positions.

padg e
UL QLT

[ ] L ]

- = -
- — -
— — -
- - -
—— —— ——
- — -
— — -
- - -
- — -
- — -
- — -
- — -
- — -
- -
- -
- — =

BT

(b)

- cEEeEEERE
| |
II l l " L | L

AR e
LR
LU

(© (d)

Figure E1: The different jumper positions for the first prototype.
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E Prototype V1.0 - Jumper positions

Table E1: The configurations corresponding to the jumper positions.

Configuration | Reference electrode | Filtered electrode
a External No
b External Yes
C Local No
d Local Yes




Software

G.1. Device firmware

The device firmware is written in C, using the nRF Connect SDK kit provided by Nordic Semiconductor. The
SDK provides many example projects that can be used as a basis for the firmware for the devices in the nRF
range of microcontrollers. The firmware that is used on the prototype is based on an example project that
enables the Bluetooth low-energy functionality of the device. The project is altered to allow for communi-
cation to the ADS1299 analog front-ends using the serial peripheral interface (SPI). The data that is received
via the SPI communication is placed in a buffer to be transmitted using Bluetooth low-energy. A Bluetooth
low-energy service is created to transmit the data. Other devices can receive the recorded data by subscribing
to the service. A second service is created that is used to receive data from other devices. This service is used
to communicate with the recording software. Based on the data received in the service, the bias electrode
and test signal of the ADS1299 can be configured. This is done by sending commands to the ADS1299 using
the SPI connection. A complete overview of the available commands is shown in Appendix E.1. The service
can also be used to start and set the duration of a recording.

G.2. Recording software
The recording software has been written using Python. Figure G.1 shows an image of the user interface.

Settings
Prototype Vi e
Device Left i

File name Recording_1

Bias [] Test signal

[] wisualisation

Start recording

Figure G.1: The user interface of the recording application.
The 'prototype’ field can be used to select either the first or second prototype iteration. The 'device’ dropdown

box can then be used to select either the left or right earpiece for recording. The duration of the recording can
be entered in the 'duration’ field and the file name can be entered in the 'File name’ field. The bias electrode
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can be enabled by checking the 'Bias’ box. The recording is started by pressing the ’Start recording’ button.
The 'Test signal’ checkbox can be used to activate the test signal on the ADS1299 analog front-end.

The recorded data is stored in a .txt file, compatible with the OpenBCI GUI software [42].

Live visualisation of the recording can be activated by checking the "Visualisation’ box.

G.3. Stimulation software

G.3.1. Auditory steady-state response

The auditory steady-state response stimulation software generates an amplitude-modulated audio signal.
The application has been designed using the MATLAB App Designer. Figure G.2 shows the user interface of
the application.

4. MATLAB App - O X

General

Sample frequency (Hz) 44100 Duration (seconds) 300
Twin channel

Carrier

Frequency (Hz) 4000 +| White Gaussian noise

Main (Left) channel Right channel

Modulation frequency (Hz) 40 Modulation frequency (Hz) 40
Flay

Figure G.2: The user interface of the auditory steady-state response stimulation software.

In the 'General’ section, the sample rate and stimulation duration can be set using the two input fields. The
twin channel checkbox can be used to enable different stimulation settings for the left and right audio chan-
nels. This can be used in experiments where the subject focuses on one of the two audio channels, to make
it more dominant in the EEG recording than the other channel. In the 'Carrier’ section, the frequency of the
carrier wave can be chosen. The white Gaussian noise checkbox can be checked to use a white Gaussian noise
signal instead of a sine wave as the carrier signal. Doing so overrides the carrier frequency field. In the 'Main
(Left) channel’ section, the frequency of the amplitude modulation can be set using the input field. When
the twin channel functionality is enabled, the field can be used to set the modulation frequency for the left
channel. The 'Right channel’ section can then be used to set the modulation frequency for the right channel.
The 'Right channel’ section is not used when the twin channel functionality is not enabled.

G.3.2. Steady-state visual evoked potential

The steady-state visual evoked potential stimulation application has been designed using Python. The user
interface of the application is shown in Figure G.3. The frequency and duration of the stimulation can be set
using the respective input fields and stimulation is started using the start button. When stimulation is started,
the black panel starts toggling between black and red at the selected frequency. Stimulation automatically
stops after the entered duration.

G.3.3. Alpha-band modulation

The alpha-band modulation stimulation software generates simple math problems to be solved by the sub-
ject. This ensures the subject is in a focused state. The subject is then asked to close their eyes and relax,
which should cause an increase in the amount of alpha waves present in the EEG recording. The user inter-
face of the application is shown in Figure G.4.
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e —
T —

Start

Figure G.3: The user interface of the auditory steady-state response stimulation software.

4 MATLAB App - O X

Press start to
begin.

Session duration (seconds) 40 Mumber of sessions 2

Start

Figure G.4: The user interface of the alpha-band modulation stimulation software.

The session duration can be set using the left input field. During the first half of the session duration, math
problems are shown to the subject. A new problem is generated every 2 seconds. After half of the session
duration has passed, the subject is asked to close their eyes and relax for the remainder of the session. When
the session has been completed, a tone is played, signalling to the subject they can open their eyes again.
The number of successive sessions can be set using the right input field. The total duration of the experiment
will be equal to the session duration times the number of sessions. Figure G.5 shows the application in the
focusing and relaxing phases.
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-/ X -8

Session duration (seconds) 40 MNumber of sessions 2

Start

(a) Focusing phase

4

Close your
eyes until th
fone.

Session duration (seconds) 40 Mumber of sessions 2

Start

(b) Relaxing phase

Figure G.5: The alpha-band modulation application in the focusing and relaxing phases.
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