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Abstract

Abstract—We report the design, implementation, and experimental characterization of an 8-channel EEG recording IC (0.13um
CMOS, 12mm?2 total area) with a channel architecture that conducts both the extraction and removal of motion artifacts on-
chip and in-channel. The proposed dual-path feed-forward method for artifact extraction and removal is implemented in the
analog domain, hence is needless of a DSP unit for artifact estimation, and its associated high-DR ADCs and DACs employed
by the state of the art for artifact replica generation. Additionally, the presented architecture improves system’s scalability as
it enables channels’ stand-alone operation, and yields the lowest reported channel power consumption among works featuring
motion artifact detection/removal.

Following an experimental study on electrode-skin interface electrical characteristics for dry electrodes in the absence and
presence of motions, the paper presents the channel architecture, its detailed signal transfer function analysis, circuitlevel
implementation, and experimental characterization results. Our measurement results show an amplification voltage gain of
48.3dB, a bandwidth of 300Hz, rail-to-rail input DC offset tolerance, and 41.5dB artifact suppression, while consuming 55uW
per channel. The system’s efficacy in EEG motion artifact suppression is validated experimentally, and system-and circuitlevel

features and performance metrics of the presented design are compared with the state of the art.
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Abstract—We report the design, implementation, and exper-
imental characterization of an 8-channel EEG recording IC
(0.13m CMOS, 12mm? total area) with a channel architecture
that conducts both the extraction and removal of motion artifacts
on-chip and in-channel. The proposed dual-path feed-forward
method for artifact extraction and removal is implemented in
the analog domain, hence is needless of a DSP unit for artifact
estimation, and its associated high-DR ADCs and DACs employed
by the state of the art for artifact replica generation. Additionally,
the presented architecture improves system’s scalability as it
enables channels’ stand-alone operation, and yields the lowest
reported channel power consumption among works featuring
motion artifact detection/removal.

Following an experimental study on electrode-skin interface

electrical characteristics for dry electrodes in the absence and
presence of motions, the paper presents the channel archi-
tecture, its detailed signal transfer function analysis, circuit-
level implementation, and experimental characterization results.
Our measurement results show an amplification voltage gain
of 48.3dB, a bandwidth of 300Hz, rail-to-rail input DC offset
tolerance, and 41.5dB artifact suppression, while consuming
55uW per channel. The system’s efficacy in EEG motion artifact
suppression is validated experimentally, and system- and circuit-
level features and performance metrics of the presented design
are compared with the state of the art.
Keywords: Electroencephalography (EEG), motion artifact de-
tection, motion artifact removal, electrode-skin interface, mixed-
signal architecture, neural recording, wearable EEG, brain-
computer interface.

I. INTRODUCTION

Thanks to enabling non-invasive accessible means for mon-
itoring brain’s neuronal activities at a relatively-high tempo-
ral resolution, wearable and flexible ambulatory Electroen-
cephalography (EEG) headsets have gained significant pop-
ularity over the past few years [1]-[4]. These devices aim
to provide a fast, low-cost, and medically-relevant alternative
to the existing clinical setups [5], [6], thus, facilitating long-
term outpatient EEG monitoring. To enable quick setup time
and comfortable use, rigid/flexible dry (i.e., gel-free) contact
or non-contact electrodes are utilized in these devices, which
comes at the cost of having a significantly higher and more
variable interface impedance due to the less-stable electrode-
skin connection. The impedance variations result in fairly-
large fluctuations in the signal’s magnitude and DC level,
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Fig. 1. Simplified block diagram of conventional methods used
for motion artifact removal using (a) pattern recognition and
(b) impedance-based artifact estimation. (c) Top-level block
diagram of the proposed in-channel analog method for motion
artifact extraction and removal.

commonly known as motion artifacts [7], [8]. Since any
physical activity of the patient (e.g., talking, chewing, etc.)
could cause electrode movements, hence impedance variation,
motion artifacts are considered random in nature both in terms
of occurrence rate and severity.

As shown in Fig. 1(a), conventionally, various digital signal
processing (DSP) pattern recognition algorithms have been
used to extract motion artifacts in recorded bio-signal (e.g.,
electrocardiography (ECG)) recordings [9]-[11]. However, this
approach is not suitable for artifact removal from EEG signals
as (a) unlike ECG, EEG signals do not have a specific repetitive
pattern, and (b) artifacts (~100mV) are typically orders of
magnitude larger than EEG signals (~10-100uV), requiring
power-hungry high-dynamic-range (i.e., >80dB) recording



circuits to amplify and quantize the signals without being
saturated by the artifacts [12], [13].

Fig. 1(b) shows a popular alternative approach, in which
high-frequency (out of EEG band) current pulses are injected
to the skin and the resulted voltage is recorded through a
parallel path to measure the interface impedance, which is used
to estimate the real-time magnitude of motion artifacts. The
estimated artifact is then subtracted from the amplifier’s input
to significantly reduce its dynamic range. To prevent any risk
of instability and signal distortion, the overall latency of the
feedback loop has to be made strictly small, which comes at the
cost of limiting the estimator’s complexity, hence its accuracy
[5]. Poor artifact estimation leads to subtraction residues that
are larger than the actual EEG signal (i.e., signal drown in
noise). Therefore, while the amplifier saturation is avoided,
the EEG activity is lost. The estimation accuracy also depends
on the resolution and speed of the digital-to-analog converter
(DAC) that converts the estimated artifact back to the analog
domain to be subtracted from the input signal. Typically, power
constraints prevent from employing a high-resolution high-
speed DAC (e.g., digital signal processing and 12-bits DACs
require 54uW for 3-channel ECG recording [5]).

In this work, we first study the electrode-skin interface
electrical characteristics for dry non-contact electrodes in the
absence and presence of motions through various experimental
measurements. Based on the results of this study, we then
present a new recording front-end architecture, (Fig. 1(c))
with a dual signal path: an upper path uniquely designed to
generate an output voltage that is proportional to the real-
time motions’ magnitude (MoMa), and a lower path that is a
signal amplifier with a gain that is proportional to MoMa. As
shown in Fig. 1(c), the proposed architecture also has a second
amplification stage with a gain that is set by the upper path’s
output to be inversely proportional to motions’ magnitude
(i.e., k/MoMa). The two cascaded amplifiers yield an overall
constant gain that is independent of motions magnitude.

The most important advantages of the presented idea are:

1) It is implemented in-channel, which is particularly ben-
eficial for EEG recording, where the electrodes are physi-
cally distant from each other (compared to intra-cranial EEG
(iEEG)) and are typically connected to a central processing
unit through long wires. As such, it is preferred to quantize
the recorded EEG signals at the electrode site before sending
them to the central unit to prevent signal-to-noise ratio (SNR)
degradation due to noise/interference. By conducting artifact
detection and removal in-channel, the required input dynamic
range (DR) for the analog-to-digital converter (ADC) reduces
from 80-90dB (i.e., EEG + artifact) to 50-60dB (i.e., cleaned
EEG), which significantly reduces power consumption. Addi-
tionally, it makes each recording channel a stand-alone unit and
needless of a backend processing unit for its operation, hence
improves channel count scalability and reduces the number of
interconnecting wires.

2) The motion artifact extraction and removal are both
done in the analog domain, making the proposed method’s
efficacy independent of the accuracy of ADCs and DACs used
for digitizing the interface impedance and converting artifact
estimation back into the analog domain, respectively (e.g., as
in method shown in Fig. 1(b)).

3) The proposed channel architecture translates artifacts into
gain modulations and then removes them by applying the exact
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Fig. 2. Electrical model of electrode-skin interface impedance
for dry non-contact electrodes.

inverse gain. This makes the method’s efficacy independent of
the artifact pattern or severity, unlike the DSP-based methods
that use pattern recognition algorithms to detect and remove
artifacts.

This paper extends on an earlier report of the principle
and demonstration in [15], and offers (a) theoretical and
experimental characterizing of the electrode-skin interface, (b)
a more detailed analysis of the proposed architecture and its
circuit-level implementation, and (c) additional system- and
circuit-level experimental measurement results.

The rest of the paper is organized as follows. In Section II,
using an experimental statistical approach, we will investigate
the effect of various electrode movements on the electrode-
skin interface impedance. Section III defines signal-correlated
and -uncorrelated artifacts and analytically describes how they
appear at the output of charge and voltage amplifiers, which
will be the basis of artifact extraction by the proposed record-
ing front-end architecture presented in Section IV. Section V
discusses the circuit-level implementation of the full recording
channel, which includes circuits for motions extraction and
removal, as well as band-pass filtering stages. Section VI
presents the electrical and experimental measurement results
and compares this work with the state of the art. Section VII
concludes the paper.

II. INTERFACE IMPEDANCE CHARACTERIZATION

Fig. 2 shows a commonly-used electrical circuit model of the
electrode-skin interface (ESI) impedance for dry non-contact
electrodes [16]. As shown, the gap between the electrode
and the skin is modeled by a capacitance, typically in the
range of 1pF-1nF. The values of electrical elements in the ESI
model depend on the insulating layer properties, the electrode
physical dimensions and material, as well as the amount of
pressure applied to the electrode.

We implemented a custom-designed flat dry electrode (cir-
cular, diameter: 17mm, insulation thickness: 0.9 mil) to study
the effect of various motions on the ESI impedance. Fig. 3(a)
shows how well the experimental measurement results for the
custom-made electrode’s ESI admittance matches the model
pI'ediCtiOl’l when Rsrin=IMS, Csgn=10nF, R;nsr,=1G(2,
Cinsr=50pF, and Cgqp=1nF. This experiment is conducted
while no relative motion is present between the electrode and
the skin. Occurrence of motions typically change the values
of Rinsr, Crnst and Cggp. Considering the magnitude of
each element in the model, the overall ESI admittance at the
frequency band of interest is dominated by Crysr and Cgqp
and can be reasonably approximated by a capacitor.

Fig. 3(b) shows how the measured interface capacitance
varies in the presence of different random motions. The data is
collected by placing the electrode on the skin and measuring
interface admittance under various facial gestures that could
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Fig. 3. (a) Experimentally measured admittance/cm? magni-
tude and phase of the electrode-tissue interface for a custom-
designed dry non-contact electrode. (b) Experimental results
of 10,000 interface capacitance/cm? measurements of the non-
contact electrode in the presence of various types of motions.

result in motion artifacts. Over the course of the experiment,
10,000 admittance measurements were conducted at 100Hz
and the results show an average of 59pF and a standard devia-
tion of 25.4pF for the electrode-skin interface capacitance/cm?.
Based on this experiment, and as expected, increasing the
pressure applied to the electrode towards the skin result in
increasing the Cyygyr as well as the total capacitance, and
decreasing the pressure results in total capacitance reduction.

III. UNCORRELATED AND CORRELATED MOTION
ARTIFACTS IN VOLTAGE AND CHARGE AMPLIFIERS

Considering the capacitive electrode-skin interface described
in the previous section, any electrode motion could vary
the interface capacitance (C'rgy), hence, change the current
flowing through it. Compared to a fixed capacitor, the current
of a varying capacitor has an extra term (i.e., Vo 2< e <y that is
proportional to the voltage across the capacitor and the rate of
capacitance variation,

dVe dc
ic =C o Ve e))

To investigate how this would affect the recorded signal, we
devised a test setup with two electrodes, in which a sine wave
is applied to one of the electrodes that is attached to the skin,
and the second electrode is placed at a reasonable distance
from the first electrode and is connected to the recording
circuit. The second (i.e., recording) electrode is a dry non-
contact one and various motions are applied to it during
the experiment. The recording was conducted once using a
conventional capacitive-feedback voltage amplifier (Fig. 4(a)),
and then a charge amplifier (Fig. 4(b)). Fig. 4(c) shows how
Cggsy variations affect the measured output of the voltage
amplifier. The voltage across Cgsy is

Veiees 2

where vppg is the EEG signal, V. is the recording elec-
trode’s DC potential, and Vg, is the skin’s DC potential.

Vews: = VEEG + Vikin —

This results in the input current to be

. dv d V; in Ve ec
icgs; = CrsI sEG + Cgsi Ve o tec)
CESI dCESI
+ VEEG di + (V:sk:zn ‘/elec) dt ( )
dveErc dCErsr dCErsr
CEgsr i +vEEG 7 + (Vskin — Veiee) 7

Since the amplifier’s input is AC coupled, there is no DC
path to control V... Therefore, its difference with Vigip
(i-e., Veiee — Vskin) could take a wide range of values (i.e.,

a few mV to >100mV). As a result, (Viee — Vskm)dc’fs’
typically ends up being much larger than vgppg chS’ and
CEsr d”EEG When this large current is mtegrated on the
feedback capacitor CF, it results in a sizable artifact at the
output of the amplifier, as shown in Fig. 4(c). It should be noted
that this artifact is of random nature due to the unpredictability
of the interface capacitance variations and lack of control
on the electrode potential (V;..). Recording pV-level EEG
signals in the presence of such large artifacts requires boosting
the input DR from 104V-ImV range to 10pV-200mV (i.e.,
an increase of ~46dB), which translates into a proportional
increase in power consumption. Additionally, even if the
high DR is somehow achieved, the unpredictability of the
artifacts makes it a highly challenging signal processing task
to separate them from the EEG 31gnals Considering that the
interface capacitance variations (i.e., dc “=£SL) are unavoidable
in wearable devices, the only alternatlve for removing these
artifacts is to take control of the DC voltage across C'ggy (i.e.,
Vegsi—Dc = Vskin — Velec), and ideally set it to zero.

Fig. 4(b) shows how the voltage amplifier of Fig. 4(a) is
turned into a charge amplifier by removing C;y and directly
connecting the electrode to the inverting terminal of the OTA,
which allows for direct control of V... Using this control,
Vegsi—pc could be minimized by setting Veiee = Vigin.
Even if they are not perfectly equal down to the uV level,
the difference could be made small enough to reduce the
signal’s dynamic range by orders of magnitude and completely
remove the above-mentioned risk of amplifier saturation during
motion artifacts. Fig. 4(d) shows the measurement results
confirming that when the Vi, ., —pc is set to zero, the V
term reduces to vpgg X dCESI , hence the input current w11]

be vEEag X dCESI + Cggr X d”stEG which gets integrated on
the feedback capacuor and generates a Vot = Cgﬁ L X VEEG-
This results in a voltage gain (Cggr/Cr) that is linearly
proportional to the value of the varying Cggy. Therefore,
Cpsy variations caused by random motions translate into
linear modulation of the output signal’s amplitude, which
we call motion-modulated EEG (MM-EEG). This is a great
improvement compared to the previous situation (Fig. 4(c)),
in which motions resulted in large random-shaped artifacts on
the output signal.

The above discussion suggests that if we have knowledge
of the real-time value of motions magnitude (MoMa), we
could use that to demodulate the MM-EEG and achieve clean
EEG signals at the output. The theoretical analysis and circuit
implementation of this idea, which is the core of our proposed
architecture, are presented in the next sections.
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SKIN ESI
Cyy —v_ %G MOTION
MR dt ARTIFACT
V. +V AC,,
s e (VSKIN+VCTRL)+VCTRL
CF
dv,,  dC MOTION
= Cegr Ve g MODULATED
EEG SIGNAL
c C
$ - VSKIN VSKIN+V G =
VSK\N Cp
INTERDIGITATED
ELECTRODE

Fig. 5. Dual-path parallel recording architecture with two out-
puts: motion-modulated EEG signal (lower path), and interface
capacitance variations (upper path).

IV. DUAL-PATH ANALOG FRONT-END FOR MOTION
ARTIFACT EXTRACTION

As discussed in Section I, the proposed recording front-end
architecture has two parallel paths. As such, a custom-designed
interdigitated electrode (similar to what we have previously
reported in [4]) is employed. The symmetry and inter-digitation
of this particular electrode design ensures perfect matching
of the electrode-skin interface (e.g., Crsy) characteristics for
the two paths. We will show experimental results proving this
matching later in this paper. As shown in Fig. 5, the two
sections of the electrode are connected to two identical charge

amplifiers, each similar to the circuit discussed in Fig. 4(b).
The only difference between the two paths is that the voltage
at the OTA’s non-inverting input is set to Vggxrn for the
lower path (LP), and Vsxrn + Veorgr for the upper path
(UP). This results in Vg, ,—pc = 0 for the lower path, and
Vcwsi—pc = Vorrr for the upper path. Considering that the
ac part of the V., for both paths is the EEG signal (vgrqg),
using (1), the input current through the Crzg; can be written
as

Iy =
Cpsr BEES 4+ vppg st 4 Vo 99Est (UP), (4)
CpsrEES 4 yppgiCest (LP).

The integration of I; on the feedback capacitance defines
the output voltage of the two paths. Given that the amplitude of
the EEG signal is lower than 1mV, by setting the Vo gy, to be
much larger than the maximum magnitude of the vggg (e.g.,
>50mV), the integration of the first and the second terms of the
UP’s I1y (ie., [ Cpsi &EES +vppe dCfSI =vppe XCEsr)
will be negligible compared to the integration of the third term
(.e., [ Verrr dcd’f’ = Vorrr X Cgsr). Therefore, the output
voltages of the two paths can be written as,

Vour =~

(Vskin + Verre) + Verrre AgESI Up)  (5)
Vskin + vppa B (LP)

Ignoring Vogrn (a DC term that will be removed in the
a subsequent amplification), LP’s output is the MM-EEG
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described in the previous section, in which the vggg is
amplified by a factor of 1/C'r and modulated by the variable
Cpsy. Ideally, if we can extract the real-time value of Cpgy
from the UP’s output, then the LP’s output could be multiplied
by k/Cgsr to achieve a clean EEG (k being a constant).
However, the UP’s output has ACgg; term instead of Cggy.

Fig. 6(a) shows a modified version of UP circuit, in which
the feedback resistor is replaced with a switch, which results
in Cggy (instead of ACggy) to appear at the UP’s output.
As shown in Fig. 6(b), during ¢;, the non-inverting input of
the OTA is set to Vsgrny and the switch S; is closed to
make the inverting input also equal to Vsgyn. During ¢,
S; is opened, and the non-inverting input terminal is raised
to Verrr + Vskin. Therefore, a charge of Vorgr Cgff is
transferred to the feedback capacitor, resulting in

Cgsi

Cr '’
where Vorgrr and Vggrn are known DC voltages (hence,
can be removed in a subsequent stage, as described in the next
section) and the third term is proportional to the absolute value
of Cgsr. Having CEggr extracted, we can now compensate
for the motion artifacts in real time by cascading a 2"?-stage
amplifier to the first stage’s LP, and setting its gain proportional
to 1/Cggy to render a Cggy-independent overall gain.

(6)

Vour = Verrr + Vsrxin + Verre

V. IN-CHANNEL MOTION ARTIFACT REMOVAL

Fig. 7(a) shows the top-level block diagram of the proposed
front-end architecture and how the outputs of the first stage’s
two paths (LP and UP) are connected to the second stage of
amplification. As shown, the LP’s output (i.e., the MM-EEG =
EEGxMoMa) is fed to a programmable gain amplifier (PGA)
whose gain is controlled by the UP’s output through a AX-
PWM block.

Fig. 7(b) shows the detailed implementation of the AX-
PWM block. It generates pulses with a duty cycle proportional
to the amplitude of the first stage’s UP output. As shown, the
sum of the input current Ir; and the feedback current Ipo
is integrated on the feedback capacitor. The polarity of the
resulting voltage decides the output of the comparator in the
next clock cycle. Iro itself is set based on the comparator’s

decision on the previous input sample (i.e., VPlR;QV"’ for D=1

and % for D=0). As the comparator output is reset in
each clock period, a D-type flip flop (DFF) is used after the
comparator to prevent the propagation of this reset event to the
next stage. The DFF clock is delayed by 100ns with respect to
the comparator clock (10% of the clock cycle), which allows
enough time for the comparator to make a decision.

The AY structure and the OTA feedback force the inverting
input terminal and the output voltages of the OTA to be
held at Vi.;. The 1-bit DAC is implemented with an NMOS

20%250n) and a PMOS (22X259) that are connected to Vpy
and Vpg, respectively. Vpy and Vps are set to the minimum and
maximum voltages of the first stage’s UP output. Therefore,
when PWM output (D) is zero, the DAC’s output is Vpy and
when PWM output is VDD, the DAC’s output is Vp;. Nodal
analysis at the inverting input of the OTA where R; = Ra,
results in (7) that shows the relationship between the duty
cycle of PWM output (D) and its input voltage.

DVpy + (1 — D)Vps + MoMa = 2V,
MoMa + Vpy — 2V N
Vpa — Vpy

As it was shown in the previous section, the first
stage’s UP output has a term that is proportional to Cggy
(.e., VCTRLCC’*I;’), as well as unwanted DC terms (i.e.,
Verrr + Vsikirn). To remove the DC terms, V. is chosen
in a way that 2Vs.; — Vpo is equal to Vorrr + Vskin-

Replacing these two terms in (7), the duty cycle will be

D:

Cgsr

D Verre CEsr
= X X .
Vpa — Vpy Cr Cr

where « is constant, thus D is linearly proportional to
Crsr- We used this PWM signal to set the gain of the PGA
proportional to 1/Cggy, thus removing C'gg; from the overall
gain.

As shown in Fig. 7(c), the PGA’s feedback path is formed
by a resistor in series with a switch Ss. The two form a
cycled resistor with an equivalent resistance of R/D, where
D is the duty cycle of the control pulse of the switch [17].
Therefore, by using the PWM signal to control the cycled
resistor’s switch, the PGA’s gain will be

. Rr Rrpe,-Cr
G _ PGA  _ PGA ) 9
WhPeA =Py Rin,  a.Riy.Cesy ©)
Multiplying this by the first stage’s LP gain (as they are
cascaded) results in an overall channel gain that is independent
of Cgsy, hence, remains constant during motions,

R .C C R

Gainove’r’all = Frea a X BST = Fraa . (10)

a.Rin. Cpst Cr a. Ry
To filter the high-frequency switching noise of the cycled-
resistor, a feedback capacitor (Cr,,) is placed in parallel
with the switched resistor. The Lg)per cut-off frequency of
this structure is equal to 57 = . Accordingly, the

. . THhFpga“Fpaga .

CFpe, 1S chosen in a way that for any reasonable D (i.e.,
D > 0.01), the cut-off frequency of the PGA is greater than the
EEG bandwidth in order to prevent any unintended attenuation
of the EEG signal. Fig. 7(d) shows the circuit schematic of
the employed wide-swing folded cascode OpAmp in the PGA

®)
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Fig. 7. (a) Top-level block diagram of the proposed recording front-end. Circuit schematic of the (b) AX-PWM, (c) the PGA,
and (d) the opamp and comparator blocks used in the proposed design.

block and the strong-arm comparator used in the PWM block.

Fig. 8(a) shows the top-level block diagram of the pre-
sented IC, which includes 8 EEG-recording and one reference
channels. As shown, the two-stage front-end circuit described
in previous sections is followed by a fully-differential two-
stage bandpass filter that is employed in each channel to
further suppress the high-frequency switching noise generated
by the PGA’s feedback path. The output of the PGA from
the reference channel is fed to this filter in each recording
channel. Fig. 8(b) shows the detailed schematic of the two-
stage filter. The figure also depicts the circuit schematic of the
employed differential folded cascode OTA and its common-
mode feedback (CMFB) circuit, both used in the bandpass
filter.

VI. EXPERIMENTAL MEASUREMENT RESULT

The described 8-channel EEG recording IC was designed
and fabricated in a 130nm standard CMOS technology. The
micrograph of the 3x4mm? integrated circuit is shown in
Fig. 9. Each recording channel is highlighted and the channel
dimensions are annotated.

The presented channel’s experimental measurement results
show a gain of 48.3dB (3dB bandwidth:300Hz) and input-
referred noise power spectral density of 187nV/v/Hz (mea-
sured at 100Hz), which is in the same order as the noise
generated by the non-contact electrode-tissue interface [16].
Fig. 10 shows the measured capacitance from the motion
artifact extraction path (i.e., first stage’s UP) plotted versus
the capacitance calculated based on the gain variations in the
EEG recording path (i.e., first stage’s LP). The high correlation
between the interface capacitances measured at the output of
the two paths attest to the expected matching between them
due to the symmetry of the custom-designed inter-digitated
electrode.

Fig. 11 shows the experimental measurement results vali-
dating the efficacy of the PWM and PGA blocks in conducting

artifact removal. For this test, a motion-affected signal (a
300Hz sine wave modulated with a 20Hz signal) is fed to the
PGA, and its gain is controlled by the output of the A>X-PWM
block. By demodulating the input signal, the PGA extracts the
clean sinusoidal signal from the mix. The linearity of the PWM
block (i.e., the ratio of the pulse width to the input voltage)
is of crucial importance in ensuring the efficacy of the motion
artifact removal. Indeed, achieving excellent linearity is the
main reason that a AY-based structure was employed for the
PWM instead of the more conventional varactor-based designs.

Fig. 12 shows the experimentally measured power spectral
density of motion-contaminated and cleaned signals, confirm-
ing the efficacy of the PWM-controlled PGA in removing the
extra tones due to motion artifacts without causing almost any
spectral leakage or spurs, confirming the excellent linearity.
The FFT plot of the motion-affected signal has a tone at 300
Hz, which represents the signal of interest, and two extra tones
at 280 Hz and 320 Hz, which are frnput = faotion. The
output FFT illustrates that the two extra tones are attenuated
by >41.5dB, effectively eliminating the motion artifacts.

To further test the performance of the AY-PWM experimen-
tally, it was fed with an arbitrary input voltage with a range of
+50mV (i.e., the full scale range of MoMa (UP’s output)) and
its output was used to control the PGA’s gain. As presented in
Fig. 13, our measurement results show that through controlling
the PGA’s gain, the AX-PWM block can remove an arbitrary
motion signal added to the input EEG with less than 1% error.

One of the known drawbacks of using dry electrodes with
large ESI impedance is the common-mode rejection ratio
(CMRR) degradation due to the considerable mismatch be-
tween the input capacitances of different channels. As shown in
Fig. 14, in order to improve the CMRR, a feedback loop, sim-
ilar to the driven right leg (DRL) loop used in ECG recording,
is employed. In this circuit, output voltages of all channels are
averaged using a passive structure, and the average is amplified
and fed back to the body through an additional electrode.
As illustrated in Fig. 15, our measurement results show that



TABLE 1. Comparison to the state of the art

[18] [S] [19] [20] [21] This work
Technology N/R 0.18um 0.18um 0.18um 40nm 0.13um
Application EEG/ECG ECG ExG ECG ECG EEG
Supply (V) 33 1.8 1.8 5 1.2 1.2
Power/Ch (W) 6001 80u 1051 1551 730 S5p
Voltage Gain 1000 75-300 140,700,1200 1,2.8,4.5,10 7.7 260
Programmable No Yes Yes Yes No Yes
Zin (£2) @Q50Hz N/R 1G 100M 5G 1G Charge Amp
Bandwidth (Hz) <100 <200 <300 <100 <200 <300
Offset Tolerance (mV) R-to-R R-to-R +350 R-to-R R-to-R R-to-R
Motion Artifact Detection No Yes Yes No No Yes
N/A Current injection  Current injection - - Parallel recording
Motion Artifact Removal No Yes No No No Yes
- Off-Chip - - - On-Chip
Impedance Measurement Frequency N/A 1KHz 1KHz N/A N/A Same as EEG signals
N/R: Not reported, N/A: Not Applicable
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Fig. 8. (a) Top-level block diagram of the presented 8-channel
EEG recording IC, showing the full circuit schematic of
the proposed channel architecture and its connection to the
reference channel. (b) Circuit schematic of the employed two-
stage bandpass filter and the input-stage OTA used in its
implementation.
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Fig. 9. The chip micro-graph and the layout floorplan of one
of the recording channels.
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Fig. 10. Measurement result validating excellent matching
between the extracted Cgg; from the front-end’s UP and
the actual capacitance measured from the front-end’s LP. The
results confirm the efficacy of the proposed circuit in precise
extraction of Cggr as well as the almost perfect matching
of the two sections of the custom-designed inter-digitated
electrode.
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Fig. 12. Measured power spectral density of (a) the motion-
modulated EEG and (b) the cleaned EEG, confirming the
linearity and efficacy of the PWM+PGA in artifact removal.

activating the DRL loop attenuates the powerline noise by
>36dB.

Additionally, the described adaptive PWM-based gain con-
trol, which was primarily designed to remove motion artifacts,
is leveraged to further enhance the CMRR. Fig. 16 shows the
measured CMRR of two channels with and without dynamic
gain control. In this experiment, the input capacitance of the
two paths of the recording front-end (UP and LP) are set to
10pF for channell and 11pF for channel2 (i.e., an intentional
10% mismatch). An 11.33dB (at 60Hz) CMRR improvement is
measured when the PWM-based dynamic gain control in the
artifact removal block is utilized to improve common-mode
rejection.

The effect of DC offset between the ideal value set by the
DRL loop and the actual skin potential (i.e., Veiee — Viskin)
is evaluated by monitoring the magnitude of motion artifacts
on the recorded signal when there is a 100mV, 10mV, 1mV or
zero DC voltage difference across the electrode-tissue interface
capacitance (Cgsy). We conducted surface EEG recording
experiments under various electrode motions when different
values for Ve je.—Viiin Were applied. We expected the recorded
signals to contain three components: (i) pure EEG signals, (ii)
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Fig. 13. Measured error in removing artifacts with varying
arbitrary magnitude (full-scale range) using the combination
of the AY PWM and PGA.
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Fig. 14. Schematic of the circuit used for DRL loop to the
body for CMRR enhancement.

EEG-correlated artifacts in the form of linear gain modula-
tions (similar to artifacts shown in Fig. 4(d)) and (iii) EEG-
uncorrelated artifacts due to the intentional DC bias difference
between the electrode and the skin (similar to artifacts shown
in Fig. 4(c)). Next, the effect of the EEG-correlated artifacts
were removed using the strategy presented in Section V. As a
result, the remaining artifacts on the signal are of the EEG-
uncorrelated type, which are associated with the magnitude of
Vetee — Viskin, as was discussed in Section III. The resulted
signal is plotted in Fig. 17, illustrating the impact of different
DC offset magnitudes on the quality of EEG recording. As
shown in this Figure, for large DC voltage differences, the
Cgsy variations cause large EEG-uncorrelated artifacts on the
recorded signal, which makes EEG signal recovery practically
impossible. However, with the proper skin biasing through
the DRL loop, this DC difference is made sufficiently small
(i.e., <1mV), resulting in uncorrelated artifacts that are small
enough not to affect the efficacy of the presented architecture
for correlated motion artifact removal, or the required DR for
the recording circuit.

We also used pre-recorded EEG signals (CHB MIT Scalp
EEG Database [22]) and randomly contaminated them with
motion artifacts extracted from our experimental measurements
before feeding them to the presented circuit. Comparing the
recorded signals without (Fig. 18(a)) and with (Fig. 18(b)) the
motion artifact removal activated, it is evident that the artifacts
are suppressed significantly using the presented architecture. It
should be noted that since the recording is performed with the
presented architecture and with Vg, set exactly equal to Ve,
all EEG-uncorrelated artifacts are blocked by the front-end and
the artifacts appearing in Fig. 18(a) are in the form of gain
modulation, which are detected and removed by the circuit,
once the artifact removal is activated as shown in Fig. 18(b).

Table I compares this work with the state of the art wearable
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Fig. 16. Measurement results showing CMRR enhancement
achieved by the presented dynamic gain control.

Note: Neither of the two curves represent the nominal CMRR
of the presented design because an intentional 10% mismatch
between the capacitances of the interdigitated electrode is
applied for this experiment.

bio-signal recording microsystems in terms of system-level and
circuit-level performance and features. The presented work
is the only design that offers both detection and removal of
motion artifacts in-channel and on-chip. In addition, the in-
channel ADC-free implementation makes the design needless
of a central backend signal processing unit, hence further re-
laxes the overall system complexity and improves its channel-
count scalability. Moreover, since the proposed method for
artifact detection is needless of a current injection at an out-
of-band frequency (typically, 1kHz [5], [8]), it yields a higher
accuracy in extracting the real-time interface impedance, and
consumes the lowest power per channel among works that
feature artifact extraction.

VII. CONCLUSION

In this paper, we first experimentally characterized the
electrode-tissue interface impedance variations of dry EEG
electrodes in the presence of random physical movements.
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Fig. 17. Measurement results showing the impact of the
magnitude of the DC voltage across C'gg; on the severity of
uncorrelated artifacts that appear on the recorded EEG.
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Fig. 18. Experimental evaluation of the presented architecture’s
efficacy in motion artifact removal using motion-contaminated
pre-recorded EEG signals: (a) The artifact removal is off:
motion artifacts appear frequently and cause large nonlinear
time-varying changes in the recording voltage gain. (b) The
artifact removal is on: gain variations are almost completely
compensated by the proposed circuit and no significant distor-
tion is observed.

The characterization results were used to explain how motion
artifacts are manifested in the EEG recording when con-
ventional analog front-end architectures are used. Based on
the acquired knowledge, we proposed, analyzed, developed,
and experimentally tested an analog dual-path feed-forward
architecture for EEG recording and simultaneous in-channel
motion artifact extraction and removal. Compared to the state-
of-the-art, the proposed front-end is needless of any digital
signal processing and any tissue current injection for interface
impedance estimation. This has resulted in improving energy
efficiency, size, and complexity of the solution by avoiding
power hungry high-DR data converters and auxiliary current
stimulators, as well as minimizing the number of connections
between electrodes and central processing unit. A 12mm?



IC was fabricated in a 130nm CMOS technology, integrating
8 channels of the presented architecture for EEG recording.
The design analysis and the VLSI circuit implementation are
described in details and system- and circuit-level experimental
characterization results are reported. The presented measure-
ment results confirm a voltage gain of 48.3dB, a bandwidth of
up to 300Hz, rail-to-rail input DC offset tolerance, and 41.5dB
artifact suppression while consuming 55uW per channel.
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