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The driven-right-leg (DRL) circuit has been commonly used in the wall-powered EEG systems to reduce
common-mode interference in the bio-potential amplifier. However, DRL circuit imposes limitations on
the number of channels preventing modular development, and its effectiveness is diminished for a newer
generation of battery-powered EEG systems. We present a performance investigation of DRL-less EEG
circuit by designing a single-channel EEG with a novel Analog Front End (AFE) that contains a differential
amplifier followed by a high-Q active notch filter. The prototyped wearable EEG system has been vali-
dated to record neural signals with and without the DRL circuit. The time domain and frequency domain
signals show that the designed AFE is not impacted significantly (maximum 4 dB difference) by the DRL
elimination and maintains similar signal quality. The customized EEG with and without DRL offers CMRR
of 72.98 dB and 71.74 dB, respectively, at 60 Hz (power-line interference range in the USA), whereas
CMRR of 72.64 dB and 71.01 dB, respectively, at 20 Hz (representative EEG signal range). DRL elimination
allows us to envision a sensor-level modular EEG system for neural monitoring in non-clinical
environments.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

For neurological signal recording, Electroencephalography
(EEG) is a suitable non-invasive technology to monitor patients
outside of clinical settings. Compared to Magnetoencephalography
(MEG), Functional Magnetic Resonance Imaging (FMRI) and
Positron Emission Tomography (PET) techniques, EEG sensors are
miniature, lightweight, and low-cost; hence, they can be conve-
niently worn for continuous sensing of brain activities at natural
environments [1–3]. Though there is a plethora of research on
designing wireless EEG measurement tools using commercial-off-
the-shelf (COTS) components and custom-fabricating ICs [4–13],
little attention has been provided for a modular EEG device with
plug-and-play sensors. Battery-powered ambulatory, easily
deployable and modular devices that integrate multiple sensors
are critically important especially for diagnosis and therapy assess-
ments of patients with neurological disorders (e.g. Alzheimer’s,
Autism Spectrum Disorder, Post-Traumatic Stress Disorder, and
Attention Deficit Hyperactivity Disorder), and monitoring of
elderly, emergency care patients, and soldiers in the battlefield
for vitality signs [14–17].
The recordings from wearable EEG systems are severely
affected by power-line interference. This interference in bio-
potential recordings must be suppressed, as they can overwhelm
the significant features of interest of the signal. Also, for the wall
power supplied EEG systems, as the power lines are earth
grounded, displacement currents coupled to the electrodes flow
through the patient to earth. These displacement currents can lead
to develop common mode voltage, Vcm (voltage between the sub-
ject’s body and differential amplifier common terminal), which
can thereby introduce interference in bio-potential amplifiers.
Most of the existing designs of the wall power supplied EEG sys-
tems use driven right leg (DRL) circuit to attenuate this common
mode power-line interference in EEG recordings [18–22]. DRL cir-
cuits are being used for over 50 years to reduce Vcm interference
and to provide patient safety [23]. The objective of the DRL circuit
is to collect the common mode signals from all the EEG channels,
invert and amplify them, then feed it back to the subject using a
separate electrode generally known as DRL electrode. However,
since 1967, amplifier common and earth ground are mandated to
be electrically isolated from wall power supply, therefore, it
ensures patient’s safety [24].

Though DRL circuits have proven to be useful for wall power
supplied bio-potential amplifiers, their significance for battery-
poweredEEGsystemshasnotbeen thoroughlyexamined.Weexam-
ine the need for DRL scheme in the context of battery-powered
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wearable EEG systems with the availability of high-performance
COTS instrument amplifiers. The focus of this study is to evaluate
if battery-powered EEG systems can work reasonably without DRL
circuit. The intuition lies in the fact that (a) for battery-powered
devices that are fully disconnected from the wall power supply,
the concerns for the flow of dangerous line currents and large volt-
age build up on the human subject are not substantial. (b) Vcm is also
significantly small for battery-powered fully wireless ambulatory
and wearable devices because Cs (stray capacitance between the
amplifier common and earth ground) is a few order smaller (pF
range) than the typical value given in [25] for wall power supplied
devices. Thus, the prime reason to use DRL circuit in battery-
powered EEG devices is the mitigation of power-line interference
(e.g. 60 Hz for the USA). We hypothesize that this interference can
be dealt with carefully designed filters in the Analog Front End
(AFE) in combinationwith availability of instrumentation amplifiers
(inst-amp)withhighCommonModeRejectionRatio (CMRR). There-
fore, for battery-powered EEG systems, we postulate that the signif-
icance of DRL circuit needs to be comprehensively investigated.

A major motivation to eliminate DRL for battery powered sys-
tems is to develop modular and scalable EEG systems. DRL circuit
prohibits modularization of EEG systems. If battery-powered DRL-
less EEG systems can be designed for each channel independently,
then a Lego-like EEG system [26] with a unconstrained number of
channels can be designed compared to conventional fixed number
of channel based EEG systems [27–29]. In this work, we investigate
the effect of DRL circuit elimination by customizing a single-
channel AFE for an EEG system that can be operated with and with-
out DRL circuit, and present the performance comparison. To the
best of our knowledge, such study on investigating the impact of
DRL in battery-powered EEG has not been reported in the literature.
2. ‘‘DRL-less AFE for battery-powered EEG

This section explains the objectives of using DRL circuit in the
conventional wall-powered EEG. The concept of a novel AFE for
battery-powered EEG is also proposed which can measure brain
signals without using DRL circuit.

2.1. Concept of the DRL circuit

The common mode voltage Vcm (voltage of the human subject
with respect to the differential amplifier’s common), as shown in
Fig. 1. A common EEG DRL circuit scheme (using op-amp A3) depicting the power-
line interference coupling in amplifiers adopted from [25].
Fig. 1, occurs due to the displacement current (id) coupled to the
subject because of the electromagnetic field through the subject
to earth; power lines being earth grounded [30]. It is important
to minimize Vcm, as it is an interfering noise to EEG signals [31].
Mathematically, Vcm is calculated, as explained in [25], as:

Vcm ¼ Rcid2 ð1Þ

Rc ¼ Re1

Gþ 1
ð2Þ

Gain of DRL amplifier; G ¼ 2Rf

Ra
ð3Þ

and

id2 ¼ idCs

Cs þ Cb
ð4Þ

where Re1 and Re2 represent the electrode resistances, Ro is the cur-
rent limiting resistor and Rf is the feedback resistor. D1 is the differ-
ential amplifier to sense the differential electrode voltage. Cb and Cs
represent the capacitance between body and earth ground (100 pF
to 1 nF), and the stray capacitor between the amplifier common
and earth ground respectively. Resistor Ra senses Vcm by averaging
differential voltage of the electrode pair. Amplifier A3 amplifies
and inverts the sensed voltage Vcm and feeds it back to the subject
through the DRL electrode.

As outlined in [25], the primemotives of DRL are to eradicate (a)
hazardous line current that might flow through the ground loop,
and (b) high voltage developed on patient because of the poor
impedance of the connected electrode. For low-voltage battery-
powered devices, which are fully disconnected from wall-power
supply, these rationales are irrelevant as there is no ground loop
and, in the case of any fault, the voltage at the electrodes will be
limited by the safe battery voltage (e.g. 3.7 V for LiPo).

Furthermore, for the battery-powered devices, Cs is very small
compared to wall-powered devices. Thus, the discharge current
id2 as given in Eqs. (1) and (4) also becomes negligibly small. This
drastically reduces Vcm leading to compromise the motive of DRL
circuit to minimize Vcm. In addition, DRL circuit might increase dif-
ferential mode noise if not properly matched [30].

2.2. Novelty of the proposed ‘‘DRL-less” AFE

In contrast to the conventional approach of reducing interfering
noise using DRL, we propose to eliminate the common mode
power-line interference with a carefully designed AFE circuit for
EEG systems. In our proposed AFE configuration, we have used a
differential amplifier with high CMRR followed by a high-Q active
notch filter to minimize the power-line RF interference [32]. Insert-
ing a notch filter immediately after the instrumentation amplifier
prior to the substantial amplification of the signal further helps
in improving the Noise Figure (NF).

NF ¼ Psig=Ns

GPsig=ðGNs þ Namp;oÞ ¼ 1þ Namp;i

Ns
P 1 ð5Þ

Here noise in the input signal is Ns, Psig is the power of the sig-
nal, G is the gain of the amplifier stage, noise introduced by the
amplifier stage is Namp,o and Namp,i = Namp,o/G is called input referred
noise. Due to the input referred noise, any stage of a cascaded
amplifier will introduce additional noise as given in (5). Hence,
noise suppression is more effective at an earlier stage. For example,
for a two-stage cascaded system (denoted by subscripts 1 and 2),
the overall noise figure [33] is expressed as:

NFoverall ¼ NF1 þ NF2 � 1
G1

ð6Þ
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Improving NF1 is more effective than improving NF2 by a factor of
G1 (refer (6)), thus we have inserted notch filter immediately after
the instrument amplifier.

Based on these considerations, a 2-channel referential montage
based ambulatory DRL-less EEG system was previously designed,
prototyped, and evaluated. The device (‘‘NeuroMonitor”) was able
to successfully record brain activities in real-life settings [32,34].
The temporal and spectral responses of NeuroMonitor was also
compared with a commercially available DRL based Neuroscan
EEG system. The results showed that the signals from the two
devices are very comparable despite the role of DRL in the
later device [35]. These experiments encouraged us to investigate
the effect of elimination of DRL in battery-powered EEG systems.

3. Methods for analysis

This section discusses in detail about the circuit design of the
DRL circuit, customized single-channel EEG system, and the mea-
surement set up used in this study to evaluate common-mode
and power-line interference.

3.1. AFE of single-channel EEG

The designed analog front end of single channel EEG device is
based on referential montage i.e. difference between the CH1 elec-
trode (physically connected with any frontal lobe location) and Ref
electrode (physically connected to mastoid/ear lobe) is measured.
The AFE of the device under test (DUT) consists of INA 118 inst-
amp (gain = 26) followed immediately by a Twin-T notch filter
fc = 60 Hz (�28 dB attenuation) to cope up with power-line interfer-
ence (asperUSA standard). The input toAFE ismeasuredwith respect
toVgnd,whichavoids any issue related toDCoffset fromtheelectrode.
AFE also consists of 2nd-order Butterworth low-pass filter followed
by a passive low pass filter with fc = 47.5 Hz (gain = 1.61) and a high
pass filter with fc = 0.16 Hz (gain = 0.83). After filtering, signals are
biased at the mid-rail to avoid any static offset within the circuitry
and passed through a final amplification stage of the op-amp
(gain = 17.5). The total expected differential gain of the AFE, Av is
608 (or 55.67 dB) for the frequency ranges of 0.16 Hz to 47.5 Hz.

All the op-amps used in the AFE design are AD8607 (Analog
Devices, Inc., Norwood, MA), which is a dual channel rail-to-rail
input and output amplifier with a very low offset, low noise
(22 nV/

p
Hz) and very low input bias current (1 pA max.). This

miniature, high-precision (patented trimming technique) and
micro power op-amp with a typical CMRR of 100 dB is a suitable
choice for portable battery-powered EEG systems. The AFE
circuitry uses unipolar input supply of 3.3 V with its output refer-
enced to virtual ground (Vgnd) at mid-rail 1.65 V. A voltage divider
circuit followed by the buffer is designed to provide Vgnd supply to
the DUT. The EEG prototype boards are designed using Allegro PCB
designer (Cadence Design Systems, Inc., CA, USA) and fabricated
through a commercial PCB foundry (OSH Park, OR, USA).

Some of the key features of the proposed novel ‘‘DRL-less” AFE
are recapitulated below:

1. The first stage of the AFE contains a low gain, high CMRR
(around 110 dB) inst-amp to avoid the saturation of the ampli-
fier due to changes in the input differential signals that can
include high amplitude artifacts and baseline wandering drift.

2. A unity gain active notch-filter is placed next to the inst-amp to
mitigate the interference effect at the early stages of instrumen-
tation and improve the overall noise figure.

3. To combat with the baseline drift, a DC biasing circuit is placed
before the final stage of amplification which keeps the signal
close to the ADC midrange.
4. The amplifier at the last stage amplifies the signal adequately
after the DC offset (if any) elimination to utilize the full
dynamic range of ADC.

3.2. DRL circuit design

For this study, a prototype four-layer Printed Circuit Board
(PCB) was developed with only AFE capabilities on it. Here, we con-
sider referential montage, however, performance is not dependent
on the montage selection. As shown in Fig. 1, the typical DRL circuit
(implemented with A3) is an inverting feedback circuit which in
order to reduce the common mode noise of the electrodes, feeds
the inverse of common-mode voltage back to the subject [36]. In
this study, a similar DRL circuit is designed (Fig. 2). For the case
of AFE without DRL, virtual ground (Vgnd), which is at the mid-
rail between Vdd and GND, replaces DRL electrode.

EEG signals recorded from the scalp are very small in amplitude
(within 100 lV range), which necessitate extremely low-noise dif-
ferential mode amplification and high input impedance amplifier.
INA118 (Texas Instruments Inc., TX, USA) inst-amp was used to
amplify the difference between signals from CH1 and Ref EEG elec-
trodes. This inst-amp offers a high common mode rejection ratio
(CMRR) up to 110 dB, which helps in rejecting the common-
mode noise at both inputs. Beside of its high CMRR, INA118 is an
excellent choice for the analog front end circuit design because it
is laser-trimmed for very low offset voltage (50 lV max.) and low
drift (0.5 lV/�C). It can also operate with power supplies as low
as ±1.35 V with a very low quiescent current (350 lA) which
makes it ideal for battery-powered EEG devices.

INA118 senses Vcm and gives it to the voltage follower, designed
using an AD8607 operational amplifier (op-amp). The voltage fol-
lower/buffer in the design has unity gain and low output impe-
dance, thus, it behaves as a perfect voltage source. The last stage
of the DRL circuit consists of an inverting op-amp. The output sig-
nal of DRL circuit (DRL OUT in the schematic) is thus inverted and
amplified as compared to Vcm and is fed back to the subject using
the DRL electrode.

3.3. Experimental setup to analyze common mode interference

Common mode voltage between subject’s body and the ampli-
fier common can cause interference in the input of the differential
amplifier. To evaluate these interference in the customized DUT,
CMRR has been calculated experimentally (with and without
DRL). Mathematically, the output, Vout of the DUT as shown in
Fig. 3 can be defined in terms of differential mode voltage (Vdm)
and common mode voltage (Vcm) as below:

Vdm ¼ V2 � V1 ð7Þ

Vcm ¼ V2 þ V1

2
ð8Þ

Vout ¼ VcmAcm þ VdmAdm ð9Þ
where Acm and Adm represents common mode gain and differential
mode gain respectively. CMRR (in dB) of the DUT is thereby mea-
sured as:

CMRR ¼ 20log10
Adm

Acm

�
�
�
�

�
�
�
�

dB ð10Þ

By substituting the values of Vcm in Eq. (9), differentialmode gain
Adm, for both DRL and without DRL conditions are measured as:

Adm ¼ Vout

Vdm
ð11Þ



Fig. 2. Schematic of the single-channel referential montage EEG acquisition circuit (Device under test) using Instrumentation amplifier (INA118). Legends (1) DRL circuit. (2)
Analog filters (Notch, low pass and high pass filters). (3) Virtual ground supply. For EEG circuit without DRL circuit, the Vgnd terminal was connected to the corresponding
electrode.

Fig. 3. Set up of the DUT to calculate the CMRR with and without DRL circuit.
Connections for measuring. (a) Common mode gain. (b) Differential mode gain.
Either Vgnd or DRL electrode is connected to the DUT based on the measurement
without and with DRL circuit respectively.
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Similarly, common-mode gain Acm, for DRL and without DRL condi-
tions can thereby be measured as:

Acm ¼ Vout

Vcm
ð12Þ
4. Experimental results

The custom-designed battery-powered single-channel EEG
(refer Fig. 4) is used in this study for the DRL investigation. EEG sig-
nals are recorded using the Pre-gelled Ag/AgCl GS-26 electrodes
(Bio-medical Instruments Inc., MI, USA) placed on the prefrontal
cortex (FP2) and right mastoid. The third electrode on the left mas-
toid could be connected to either the output of the DRL circuit
(when using DRL circuit) or to inst-amp common Vgnd (when not
using DRL circuit). The analog EEG signals are measured using a
DSOX2024A digital oscilloscope (Agilent Tech., CA, USA). In Fig. 5,
Fast Fourier Transform (FFT) of the output signal (computed using
rectangular windowing technique in Tektronix DPO2012B oscillo-
scope) when acquired using DRL and without DRL circuit are plot-
ted. Here, the test input signal, a sine wave with amplitude,
Vin = 4 mVp-p, at a representative EEG signal frequency of 20 Hz
and utility line-frequency of 60 Hz (for the USA) is used. The plot
depicts that the signals obtained with and without DRL are very
similar to each other in amplitude even at the 60 Hz line-
frequency.

Though the notch filter for this study is designed for 60 Hz (for
US based EEG systems), similar results are expected when the filter
is tuned to 50 Hz (for European based EEG systems).

Further, we evaluate the CMRR of the DUT to better understand
the extent of suppressing the common mode interference in our
custom AFE. We compute the differential mode output, Vout of
the system for the given input at 20 Hz and 60 Hz. The physical
connection of DUT to measure the common mode and differential
mode gain is as represented in Fig. 3. The output of DUT, Vout con-
nects to an ADA400A differential preamplifier (Tektronix, Inc.,
Bracknell, UK), which due to its high gain, selectable bandwidth
and extremely high common mode rejection, allows the measure-
ments of very low amplitude voltage signals even in high-noise
environments. This preamplifier further allows direct output mea-
surement with Tektronix DPO2012B oscilloscope. It can be inter-
preted from the tabulated results in Table 1 that for the given
Vdm input at 20 Hz, Vout for both conditions (DRL and without
DRL) remains similar. Also, for Vdm input at 60 Hz there is insignif-
icant difference between Vout of DRL and without DRL conditions,
refer Table 2. This signifies that the designed DUT is robust for mit-
igating differential-mode interference at power-line frequency
even without using DRL circuit. To find the common mode output
(Vout) tabulated in Tables 3 and 4, two inputs of the ins-amp are
shorted and Vcm is applied to the input. We note that for very small
common mode input voltage, the output voltage is noisy which
might be because of low Signal to Noise ratio. Also, for Vcm > 400 -
mV the output voltage for both cases (with and without DRL), is bit
distorted as the DUT exceeds its linearity range. From the table’s
data (for 20 Hz and 60 Hz, with and without DRL), Vdm is plotted
against Vout in Fig. 6 and linear regression is performed. The slope
of Vdm vs. Vout is the measure of common mode and differential
mode voltages with respect to the output voltage with the fitted
linear trend line and coefficient of determination R2 written next
of each trend line (refer Fig. 6). Based on the slope values obtained
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Fig. 4. PCB of the custom designed EEG system (DUT) to analyze DRL paradigm. (a) Top view of the PCB. (b) Bottom view of the PCB. Legends: (1) Channel electrodes (2) INA
118 instrument amplifier. (3) AFE. (4) DRL amplifier.

Fig. 5. FFT of the DUT’s output signal for the input sinusoidal signal, Vin = 4 mVp-p at
(Top) 20 Hz (Bottom) 60 Hz with and without DRL circuit.

Table 1
Adm computed with 20 Hz input signal.

Vdm (mV) Vcm Vout(DRL) (V) Vout(w/o DRL) (V) Adm(DRL) Adm(w/o DRL)

2.0 0 1.24 1.40 620.0 700.0
2.5 0 1.48 1.52 592.0 608.0
3.0 0 1.80 1.80 600.0 600.0
3.5 0 2.12 2.12 605.7 605.7
4.0 0 2.44 2.44 610.0 610.0
4.5 0 2.80 2.80 622.2 622.2
5.0 0 3.00 3.00 600.0 600.0

Table 2
Adm computed with 60 Hz input signal.

Vdm (mV) Vcm Vout(DRL) (mV) Vout(w/o DRL) (mV) Adm(DRL) Adm(w/o DRL)

2.0 0 380 380 190 190
2.5 0 440 460 176 184
3.0 0 540 540 180 180
3.5 0 620 620 177 177
4.0 0 700 700 175 175
4.5 0 780 780 173 173
5.0 0 880 880 176 176

Table 3
Acm computed with 20 Hz input signal.

Vdm Vcm (mV) Vout(DRL) (mV) Vout(w/o DRL) (mV) Acm(DRL) Acm(w/o DRL)

0 20 6⁄ 6⁄ 0.300 0.300
0 40 8 8 0.200 0.200
0 100 18 22 0.180 0.220
0 200 34 34 0.170 0.170
0 400 58⁄⁄ 66⁄⁄ 0.145 0.165
0 800 118⁄⁄ 132⁄⁄ 0.148 0.165

Table 4
Acm computed with 60 Hz input signal.

Vdm Vcm (mV) Vout(DRL) (mV) Vout(w/o DRL) (mV) Acm(DRL) Acm(w/o DRL)

0 20 2.40* 2.40* 0.12 0.12
0 40 3.40 3.20 0.09 0.08
0 100 5.40 5.76 0.05 0.06
0 200 8.60 10.80 0.04 0.05
0 400 15.60** 20.00** 0.04 0.05
0 800 32.00** 35.20** 0.04 0.04

* Noise observed.
** Distortion observed.
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from the plots, Vcm and Vdm input–output voltage relationship of
the DUT can be described as given in the expressions below. For
input signal at 20 Hz:

Voutðwith DRLÞ ¼ 0:1427Vcm þ 611:43Vdm ð13Þ

Voutðw=o DRLÞ ¼ 0:1608Vcm þ 571:43Vdm ð14Þ
Therefore using (10), CMRR at 20 Hz input signal is found as:

CMRRwith DRL ¼ 20log10
611:43
0:1427

�
�
�
�

�
�
�
�
¼ 72:64dB ð15Þ

CMRRw=o DRL ¼ 20log10
571:43
0:1608

�
�
�
�

�
�
�
�
¼ 71:01dB ð16Þ

Similarly for input signal at 60 Hz, CMRR of DUT can be calcu-
lated as:

Voutðwith DRLÞ ¼ 0:0375Vcm þ 167:14Vdm ð17Þ

Voutðw=o DRLÞ ¼ 0:0425Vcm þ 164:29Vdm ð18Þ

CMRRwith DRL ¼ 20log10
167:14
0:0375

�
�
�
�

�
�
�
�
¼ 72:98dB ð19Þ
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Fig. 6. Comparison plots for calculating the CMRR of the DUT implemented with and without DRL circuit. (Top) Vdm vs. Vout plot for experimental differential mode gain.
(Bottom) Vcm vs. Vout plot for experimental common mode gain, both computed at 20 Hz and 60 Hz. The linear trend line is represented by the equation y =m ⁄ x + c, wherem
is the slope and c is the y-intercept.

Fig. 7. Connection setup with the DUT to record EEG signal using CH1 electrode.
Electrode at the mastoid is either connected to DRL when DRL circuit is used for the
experiment or to the Vgnd.
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CMRRw=o DRL ¼ 20log10
164:29
0:0425

�
�
�
�

�
�
�
�
¼ 71:74dB ð20Þ

The experimental CMRR of the designed DUT for input signal at
20 Hz and 60 Hz is higher than the typical value in the literature
[37]. The observed CMRR is also in-line with International Federa-
tion of Clinical Neurophysiology (IFCN) standards for measuring
EEG signals [38]. Also, at both frequencies CMRR differs insignifi-
cantly when recorded with or without DRL circuit with our AFE,
compared to 40–50 dB expected difference as reported in the liter-
ature [39]. These results suggest the importance of DRL circuit in
our battery-powered EEG with the designed AFE is dubious.

Further, actual EEG data is recorded from 3 subjects with the
Ch1 electrode connected at the frontal lobe location (FP2), refer-
ence electrode at the right mastoid and a third electrode either
with DRL output or with Vgnd (output is measured using an Agilent
oscilloscope, refer Fig. 7). To get a better understanding of the
behavior of DUT, EEG signals are continuously recorded for about
30 s from each subject during different environmental conditions
like during walk, while sitting idle on the chair with eyes closed,
touching a conductive object and touching a grounded object.
Fig. 8 shows EEG signal of 8 s duration from Subject 1 during nor-
mal walking condition while DUT is connected with and without
DRL. Two eye-blinks can be seen conspicuously between 4 and
7 s for both conditions. Fig. 9 represents the continuous EEG signal
for �27 s with Subject 1 for three different conditions. The time-
domain signals for DRL and without DRL conditions are qualita-
tively comparable. For frequency-domain comparison, Power Spec-
tral Density (PSD) of the recorded EEG data is computed using
pwelch function in MATLAB (MathWorks, MA, USA) with Hamming
window of length 200 over FFT length of 1024 with 50% window
overlap. PSD plot in Fig. 10 suggest that at 60 Hz there is a maxi-
mum difference of 1 dB with and without DRL circuit for Subject
1, �4 dB for Subject 2 and �2 dB for Subject 3.

As evident, the improvement of interference removal using DRL
circuit is insignificant compared to the proposed DRL-less AFE for
EEG system. These results suggest that the DRL circuit can be elim-
inated using our proposed AFE design without incurring significant
impact on the EEG signal quality.
5. Discussion

The traditional design of wall-powered EEG systems uses DRL
circuit to reject the common mode noise and power-line interfer-
ence. DRL circuit prohibits modularity for EEG systems as its circuit
design substantially depends upon the number of EEG channels to
be used (refer Fig. 1). Therefore, in a case of an inclusion or exclu-
sion of the channel, DRL circuit needs to be redesigned. This makes
the DRL based EEG system to have fixed, non-reconfigurable num-
ber of channels. Elimination of DRL as suggested in this study with
the proposed AFE design not only reduces the complexity of the
entire system but also allows for modular structure of EEG system
[40]. Further, it reduces the power requirement for the dedicated
DRL circuitry, which can be critical for the long-term monitoring
applications with battery-powered systems.



Eye-blink

Fig. 8. EEG signals recorded from FP2 location when Subject 1 was walking while DUT connected with and without DRL.

Eye-blink

Fig. 9. EEG signals recorded when Subject 1 sits idle on the chair, touches a conductive object and touches a grounded object.
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The notch filter in this study is designed on the basis of 60 Hz
line-frequency in the USA, but the filter can be modified for Euro-
pean EEG systems. We understand that the notch filter will sup-
press some neuronal signals at 60 Hz due to spectral overlap;
however, use of that specific frequency for neuroscience applica-
tions are scarce.

The PSD data show some reminiscent 60 Hz interference for
both cases (with and without DRL), which can be due to compo-
nent tolerances (±5%). This can be improved by employing higher
tolerance components as well as by utilizing a more complex notch
filter. However, this study focuses on comparing performances
with and without DRL for common mode signals (e.g. power line
interference at 60 Hz). Note that the key advantage with the pro-
posed DRL-less design is that each EEG channel is independent;
hence, any number of these independent channels can be con-
nected at the deployment time in a plug-and-play fashion.

Though this study focuses on the DRL analysis with EEG, similar
effects on DRL elimination are expected using the proposed AFE for
other bioelectric instrumentation systems, like Electrocardiogram
(ECG).

6. Conclusion

EEG is a suitable non-invasive technology to reliably capture
brain signals at natural environment, but has intricate challenges
prohibiting modularization, such as driven-right-leg (DRL) circuit
requirement. In this study, we evaluate the performance of a novel
DRL-less single-channel AFE design for battery-powered wearable



Fig. 10. PSD of the recorded EEG signals from 3 Subjects from FP2 location for three experimental conditions-sitting idle, touching conductive object and touching grounded
object.
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EEG system. Comparative data were presented for EEG with and
without DRL circuit. Results have shown that the designed EEG
with the proposed AFE offers CMRR of 72.64 dB (at 20 Hz) and
72.98 dB (at 60 Hz) when using DRL circuit, and 71.01 dB (at
20 Hz) and 71.74 dB (at 60 Hz) without using DRL circuit. As
observed with the time-domain and frequency-domain results,
DRL circuit did not contribute significantly for performance
improvement of the EEG system (<4 dB for the test cases). Hence,
elimination of DRL for battery powered ambulatory system, wear-
able EEG, might greatly simplify AFE design, interdependency of
circuit design for multichannel EEG system, and complexity on
deployment, and thus pave the path for a modular and scalable
design of battery-powered wearable EEG systems.
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