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Abstract—Electroencephalogram (EEG) play a vital role in
the prediction of neurological disorders including epilepsy, nar-
colepsy, migraine, etc. The impedance between the electrodes
and the skin interface should be within specific range in order
to acquire good quality EEG signals. This work focuses on an
intelligent, wearable device capable of measuring electrode-skin
interface impedance (ESI) in parallel to the EEG acquisition in
non-invasive manner. The proposed device includes an analog
front end (AFE), back-end micro-controller (BEM), and ESI
measuring unit. A novel technique is used for measurement of
ESI by connecting known value resistances in parallel at the
input terminals of the low noise amplifier (LNA) of AFE and
measuring the change in the output signal. This unique technique
is suitable in wearable medical devices as it is safe to use, results
in high-quality EEG signals, and consumes negligible power.
A PCB prototype is developed using the available commercial
components. The designed prototype has a small form factor
(52mm x 53mm), is lightweight, and easily behind the ear
wearable.

Index Terms—Electroencephalogram (EEG), Electrode-Skin
Interface Impedance (ESI), Analog Front End (AFE), Back-End
Micro-controller (BEM), Low Noise Amplifier (LNA).

I. INTRODUCTION

Physiological signals including electroencephalogram
(EEG) or electrocardiogram (ECG) are measured using
high-grade medical equipment in clinical settings. These
high-grade medical devices are non-portable, bulky, and
require initialization procedures [1]. The patients have to
sit or lay down in a certain position during the whole
measurement. A trained technician is also required to operate
these devices [1]. The primary issue with these devices is
their availability in specialized healthcare centers only, which
are not accessible to everyone. A large population of people
is deprived of specialized healthcare facilities worldwide, due
to which many serious health issues remain undiagnosed at
an early stage [2] - [6].

EEG signals play a vital role in the detection of neu-
rological disorders like epileptic seizures, autism spectrum
disorder, Parkinson’s disease, etc [[7]. Current ambulatory EEG
measuring devices impose restrictions on the patients for
performing daily life activities and are hence not suitable for
longer duration measurements [8], [9]. To diagnose and treat
neurological disorders continuous recording of brain signals
for a longer duration is required [[10]- [[12].

Continuous monitoring EEG devices can aid the earlier
detection of many health problems and avoid serious health
issues [8]l, [9]. The primary challenges in this regard are
the form factor and signal-to-noise ratio (SNR) of bio-signal
acquisition devices. Major noise sources include external
power lines interface, artifacts, and electrode skin interface
impedance (ESI) [13]. ESI is one of the major sources for
the quality degradation of bio-signals. Large ESI leads to the
low noise amplifier (LNA) saturation, common-mode rejection
ratio (CMRR) reduction and the system’s susceptibility to
external noises increase [[14]].

Pre-gelled or metal disc electrodes are usually used for skin
contact. Different factors including pressure, size, type, and
usage duration of the electrodes impact ESI. The equivalent
circuit model defined by Webster is depicted in Fig. [1] [17].
Eg ¢ is the half-cell potential of the electrode, Rp, and Cp
are the electrode-electrolyte interface resistance and capaci-
tance, respectively. R is the resistance of the gel, E'p is the
potential between the epidermis and the gel. Rg and Cg are
the resistance and capacitance of the epidermis, respectively.
Ry 1is the resistance of the subcutaneous tissues of the skin.
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Fig. 1. Skin Layers and Equivalent Webster ESI Model

Conventionally, the ESI is measured by injecting a known
square wave current source and measuring the differential
voltage across electrodes [18]]. The current injection method
consumes power for injecting current into the system and
hence the backup time of portable devices decreases signifi-
cantly. It is also dangerous as it can cause shocks to the patient
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and may result in abrasions on the skin. [[14].

This paper targets a novel, single-channel, behind-the-ear
wearable EEG acquisition device using pre-gelled Ag/AgCl
electrodes in a non-invasive manner [8]], [[15]. The proposed
device is capable of measuring the ESI intelligently in a
closed-loop manner during the EEG acquisition [16]]. The
system also provides feedback to the user regarding the proper
placement of electrodes and ESI values. To avoid the saturation
of the AFE, Programmable Gain Amplifier (PGA) control
is available for achieving better results via controlling the
overall gain of the system. The prototype doesn’t impose
any restrictions on the user as it is of small form factor and
transmits data wirelessly. The proposed device makes sure to
obtain better quality EEG signals by limiting the unwanted
effects caused due to ESI, improper electrodes placement, and
other parameters that degrades the quality of the physiological
signals [16].

II. PROPOSED SYSTEM

The American Clinical Neurophysiology Society (ACNS)
has set guidelines for recording clinical EEG on digital media
[19] and long-term monitoring for epilepsy [20]. Table |If sum-
marizes the ACNS guidelines for the EEG measurement. The
sampling rate limits, digitization resolution, dynamic range,
CMRR, noise level, low-frequency response, high-frequency
response, and input impedance are listed in Table [l Our
proposed device is according to these ACNS standards.

TABLE I
AMERICAN CLINICAL NEUROPHYSIOLOGY SOCIETY GUIDELINES
ACNS Guidelines [19] [20]
Device Parameters Recommended Value
Sampling Rate >256 Samples per second

Digitization Resolution >16 Bit
Dynamic Range >40dB
CMRR >60dB
Noise Level <luV

0.5Hz or lower
70Hz or higher
>1MQ2

Low Frequency Response
High Frequency Response
Input Impedance

The proposed EEG measuring system consists of three main
parts including AFE, back end microcontroller (BEM), and
ESI measuring unit. AFE acquires the EEG signals, amplifies,
removes noise, artifacts, and offsets in the measured EEG
signals. BEM receives the measured analog EEG signals from
AFE and converts them to digital form using built-in ADC
and finally transmit the digitized EEG data to the mobile
phone wirelessly via BLE. BEM also controls the switching
of the ESI unit and performs all the required calculations
for impedance measuring unit. ESI unit consists of known
value resistors that are connected to the input of the LNA via
switches for measuring the ESI. Fig. 2] shows the overall block
diagram of the proposed system.

A. Analog Front End (AFE)

The AFE acquires the analog EEG signals, amplifies and
pre-process the acquired EEG. It includes the LNA, an anti-
aliasing filter (AAF), and the PGA. INA333 is used as LNA
which provides the CMRR >100dB, input impedance >1G¢2
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Fig. 2. Overall System Block Diagram.

and noise of about 650nV,.,,, s for the band of 0.16Hz-100Hz.
All the AFE parameters are according to the ACNS guideline
mentioned in Table 1. Fig. [3] shows the electrodes placement
and AFE schematics along with the ESI unit.
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Fig. 3. Electrodes Placement and AFE Schematics

A differential EEG channel is connected to the LNA in-
put, which significantly reduced the artifacts and power line
interference. The INA333 amplifier gain was set at 15 times
in order to avoid LNA saturation. An AAF with a cut-off
frequency of 0.16 Hz is present after LNA for the removal
of electrodes DC offset [22]. This offset voltage is induced
when an electrode is placed on the skin and depends upon the
electrode type, electrolyte composition, and body temperature
[21]. The PGA further amplifies the received EEG signals.
OPA2379 in non-inverting configuration is used as PGA with
a variable gain. A BPF having a lower and upper cut-off
frequency of 0.16 Hz and 100 Hz, respectively is added after
PGA to get the desired band EEG signal. It filters out the
unwanted frequency components and removes the DC offset
and motion artifacts from the acquired EEG signal [21]] A 50
Hz notch filter (NF) is cascaded after the BPF to remove the
50Hz frequency component due to power lines interference.

B. Back-End Microcontroller (BEM)

NINA-B316 bluetooth low energy (BLE) module by u-blox
is used as the BEM unit. It is an ultra-low-power micro-
controller with a built-in BLE transceiver. The analog EEG
signal acquired from the AFE is transferred to the SAR-ADC



of NINA-B316. The 14-bit SAR-ADC digitizes the EEG signal
with a sampling rate of 256 samples per second. The digitized
EEG signal stored in pC is transmitted to the mobile phone
via BLE and is also stored on the web-server. NINA-B316
manages the EEG data storage, transmission, and switching
for the ESI measurement. It also performs the calculations
related to the ESI classification. Fig]2] shows the BEM unit
embedded in the proposed EEG acquisition device.

C. Electrode-Skin Interface Impedance (ESI) Measuring Unit

A novel passive technique is applied for the measurement
of ESI. No external active known current is injected into the
system. The voltage level of physiological signal itself is mea-
sured for the calculation of the ESI. Fig. ] shows the complete
ESI hardware configuration details. It basically consists of
known value (5.6kS2, 0.1%) resistors R1 and R2 at the input
terminals of the LNA. These resistors are connected via IC
MAX4741EUA+ switches which are controlled by BEM. AAF
is added at both the input terminals of the LNA to remove the
DC offset of electrodes [22]]. In order to measure the ESI, these
resistors are connected in parallel at the input terminals (In+
& In-) of LNA, and the variation in the voltage level of output
signal is measured. The output signal is measured during two
configurations i.e. before and after connecting the resistors
R1 & R2, respectively. Measured signals are stored in the
BEM. BEM calculates the root mean square voltage (V)
and performs the calculation for determining the approximate
value of the ESI.
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Fig. 4. ESI Measuring Model and Schematics

The assumed ESI model along with complete schematic
related to ESI measuring unit is shown in Fig. Webster
model [17] is being used for modeling the ESI as indicated
in Fig. [I We have neglected Rs, Rp & R as these
resistances are so small compared to the ESI [24]]. EEG bio-
signal itself is measured for the calculation of ESI, hence for
our specified frequency band of 0.16Hz—100Hz reactance of
the capacitors is assumed to be frequency independent and
is already incorporated in the equivalent resistance Ry &
R_ of Chl; & Chl_ electrodes, respectively. After these
assumptions, the equivalent Webster model for ESI becomes
a voltage source with a series resistance as shown in Fig.

Vi and V_ is the voltage amplitude of EEG signal from the
brain at Ch1l, & C'hl_ electrodes, respectively. The electrode
offset voltage is shown by battery Egcy and Egyco_ for the
positive and negative channel electrodes, respectively. Known
value parallel resistors, connected for the measurement of
ESI are represented by R1 and R2. The Eq. [T] provides the
voltage V., at the positive input terminal of LNA when
Iny of LNA is in normal mode (1; is not connected). Eq.
[2] provides the voltage V. 1, at the positive input terminal of
LNA when parallel resistor R1 is connected to the positive
terminal of LNA. Eq. [3] provides the measured ESI. Similarly,
these equations are also applicable to the negative channel.
All the processing and calculations for measuring the ESI are
performed by BEM.

Rs
Vign =WV - 1
+ * " Ryt X 1 Ry b
R3 Rq
Vi = V. 2
+1In R3+XClXR1+R+X+ (2
R1Rs V.
= - R 3
T R3+Xer Vi ! )

As pre-gelled Ag/AgCl electrodes are used during the
measurement procedure, a threshold of 10k{? is selected for the
impedance status. Impedance value up to 10kS2 is considered
to be normal/low impedance as in the literature impedance
around 10k(2 is acceptable for the good quality signal ac-
quisition [24]]. If the impedance value is above the 10k the
BEM will update the user that the impedance is high via an
indicator in the mobile phone application. After getting the
message on the mobile phone user performs the necessary
steps including the system overall gain adjustment via PGA
control and checking electrodes placement whether they are
properly placed or not.

III. DEVICE POWER PROFILE & PROTOTYPE

A rechargeable EEG device with standard type-B micro
USB cable is presented. The system is powered up using a
3.7V 700 mAh Li-ion polymer battery. The operating voltage
is set at 1.8V in order to reduce the power consumption of the
overall system. STLQO20C18R, 1.8V linear voltage regulator
with ultra-low quiescent (0.3pA) current is used for providing
a constant 1.8V to the system. The reference voltage of 0.9V
is provided via a low impedance buffer. The proposed device
provides a backup of about 7 days on one full charge.

Fig. 5] shows the designed PCB, assembled device, acquired
EEG signal and measured ESI values. The PCB is designed in
Altium Designer21 and developed from the PCB fabrication
facility. Fig. [5(a) shows the complete PCB board including
BEM, PGA gain control, LNA, and PGA units. Fig. [5[b)
shows the completely assembled device. The device enclosure
is designed in SOLID-WORKS and developed using a 3D
printer. The overall dimensions of the prototype are 52mm x
53mm, PGA gain control is provided at the front side of the
device. Fig[5|c) depicts the acquired EEG signal on the mobile



phone along with the feedback regarding electrodes placement

and ESI measurement.
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Fig. 5. (a) PCB, (b) Assembled Device and (c) Mobile Application
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IV. MEASUREMENTS AND RESULTS

The proposed device is tested and validated using EEG
and ESI measurements. The acquired results are compared
with the related state-of-the-art works. Table II summarizes
the comparison of this work with the other works. This
system is the 1st (to the best of our knowledge), wearable
behind-the-ear, ultralow-power device capable of acquiring
EEG signal along with ESI measurement in line with ACNS
Standards [20]. ESI measurement is obtained using a novel
passive technique with minimum power consumption and no
shocks. The previous works provide the ESI measurement
using active current injecting techniques (23], [25] with high
risks of shocks or abrasion to skin [23]], [25]. Some research
works do not provide ESI measurements and only provide
EEG measurement [8].

TABLE II
COMPARISON WITH THE STATE-OF-THE-ART-WORKS
JOP’16 EMBC’14 | EMBC’18 | Nature’20 .
Parameters This Work
[25] 8] [23] [14]
Rechargeable No No No Yes Yes
Wearable No Yes No - Yes
Dimensions
(mm?) - 60 x 64 - - 52 x 53
ESl/Technique | Yes/Active No/--- Yes/Active |Yes/Passive| Yes/Passive
Shocks Risk Yes No Yes No No
PGA No No No No Yes

A. EEG Measurement

EEG signal is measured during various states including eyes
open, eyes close, and eyes blinking for testing our designed
device. Fig. [6] shows the EEG measurement during eyes open

state with some eyes blinking activity along with Fast Fourier
transform (FFT). The FFT analysis clearly indicates that the
acquired EEG signal has higher delta (0-4Hz) and beta (13-30
Hz) amplitudes as compared to other remaining EEG bands

26].
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Fig. 6. Measured EEG and its FFT Spectrum
B. ESI Measurement

Multiple ESI measurements with the designed device are
obtained using different dry and pre-gelled Ag/AgCl electrodes
of variable diameter (§mm - 10mm). Fig. m shows the ESI
measurements of two different sizes of pre-gelled Ag/AgCl
electrodes at various time stamps. Time Stamp # 4 shows the
ESI when adequate pressure was applied on the measuring
electrodes. It can be observed that the ESI decreases when

sufficient pressure is applied [27]).
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Fig. 7. Measured ESI for Different Size Electrodes

V. CONCLUSION

In this paper, a novel EEG acquisition device is presented.
It imposes no restriction or discomforts to the patients and is
easily behind-the -ear wearable. It provides EEG measurement
not only for a longer duration but also ensures the quality
of the acquired EEG signal by checking the ESI remains at
the minimum level. ESI measurement is done using a unique
passive energy-efficient and safe technique by connecting
known value resistors at the input of LNA. EEG data is
stored on to server along with real-time feedback on the
mobile phone. This wearable EEG acquisition device is an
advancement in the wearable bio-medical devices for better
prediction, diagnosis, and treatment of neurological disorders.
The proposed device is of small form factor and is capable of
working in wireless manner. It provides the real time feed back
to the user regarding the EEG signals, electrodes placement
and ESIL
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