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Abstract—A digital online technique for motion artifact (MA) 

tracking and compensation is reported for electroencephalogram 

(EEG) monitoring using dry-contact electrodes. A safe, low-level 

pseudorandom noise (PN) signal is driven to the body through a 

reference electrode as a test signal to measure the bio-potential 

acquisition-path gain (APG) of the electrode-tissue interface 

(ETI). The measurement result is then utilized by a digital-

domain gain compensator to act in the opposite way to the MA-

induced APG variation, thereby compensating the multiplicative 

motion artifact (MMA) in real time. The remaining baseline 

wander or additive motion artifact (AMA) is treated by a digital 

high-pass filter (HPF). The interference of the test signal to the 

EEG signal acquisition is negligible in this technique due to the 

nearly white spectrum of the PN signal. 
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I. INTRODUCTION 

Bio-potential acquisition using disposable dry-contact elec-
trodes is quickly arising as a contender to conventional wet-
electrode sensing techniques in clinical applications, brain-
computer interfaces, and gaming devices. One critical problem 
in such a system is the impedance and baseline variations of the 
capacitively coupled electrode-tissue interface (ETI) layers due 
to muscular activities, e.g., eye blinking, breathing, etc., com-
monly known as motion artifacts (MA). Left untreated, MA 
poses a significant challenge to the quality of the recorded bio-
signals—often manifested in the form of distortion and/or base-
line drift—even when the sensor analog frontend electronics 
(AFE) is well designed and operate normally. 

Conventionally, ETI is modeled as a parallel RC structure 
in series with the half-cell potential and the tissue resistance, 
as shown in Fig. 1(a) [1]. Therefore, the MA-induced ETI 
variations are usually characterized as impedance—resistance 
and capacitance—variations and a time-varying offset voltage 
based on the lumped circuit model. Most of the prior works in 
this area are focusing on rejecting the offset or baseline wan-
der using a high-pass filter (HPF) [2-4]. A few recent works 
also reported ETI impedance-variation detection and tracking 
techniques [5-6]. However, to our best knowledge, no existing 
technique has been reported to stabilize or compensate the ETI 
characteristic variations in presence of MA. 

In this work, a novel MA tracking and compensation tech-
nique is reported for seamless integration with the AFE of dry-
contact bio-sensing devices to stabilize the ETI response. A 
low-level pseudorandom noise (PN) signal, which abides the 
safety standard of the American Association for the Advance-
ment of Medical Instrumentation, is driven to the body and 
propagates through the ETI as a test signal, i.e., the g(t) shown 
in Fig. 1(b), to measure the signal acquisition-path gain (APG) 
of the ETI. The injected PN signal is recorded at the same time 
with and in exactly the same way as the bio-potentials. By 
comparing the recorded PN with its original known form via 
digital correlation, the impairments due to the multiplicative 
MA (MMA) can be assessed; this information in turn is uti-
lized to direct a digital gain compensator to perform counter-
moves to neutralize the APG variations. When combined with 
baseline filtering, the technique will lead to stable, distortion-
free bio-potential recordings in presence of MA.  

We tested the proposed technique on four healthy human 
subjects with real-time EEG tasks. The four student partici-
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Figure 1.  (a) Equivalent circuit model of ETI and MA-induced ETI impedance 
variation and baseline wander in EEG recording and (b) bio-potential acquisi-
tion path including the ETI and a low-noise amplifier (LNA) in AFE. g(t) is the 
injected test signal to measure APG. 
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pants, one female and three males, were recruited from the 
Texas Analog Center of Excellence at UT Dallas. Their aver-
age age was 26 (ranging from 23 to 27). All subjects were 
healthy without any history of head injury or neurological dis-
orders. Experimental data in both time and frequency domains 
show significant improvements in the detection of alpha waves 
after MMA compensation.  

II. CLASSIFICATION OF MOTION ARTIFACTS 

A simple network analysis of the equivalent circuit model 
of the bio-signal acquisition path shown in Fig. 1(b) results in 
the following voltage transfer function of the AFE. 
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where Vin(t) is the input bio-signal, g(t) is the injected test sig-
nal, Vout(t) is the AFE output (a distorted version of the summa-
tion of the input bio-signal and the test signal), Vhc(t) is a half-
cell potential existing in the ETI due to piezoelectric effect 
between the skin and electrode. The time-varying half-cell po-
tential gives rise to the baseline wander, which we term the 
additive motion artifact (AMA). In (2), Zin is the input imped-
ance of the low-noise amplifier (LNA), which is often in the 
range of 100 GΩ and fixed over time. Thus, the variation of the 
ETI impedance ZETI(t) results straight in a magnitude distortion 
of Vin(t), characterized by the APG A(t) experienced by both 
Vin(t) and g(t). We define A(t) as the multiplicative motion arti-
fact (MMA). In practice, both AMA and MMA degrade the 
signal quality of recording, particularly when dry-contact elec-
trodes are used. However, the fundamental difference between 
AMA and MMA lies in the fact that AMA is a linear effect 
(i.e., additive noise) whereas MMA is a nonlinear distortion. 
Therefore, the MMA distortion cannot be simply eliminated by 
linear signal processing such as filtering.  

III. PROPOSED MA COMPENSATION TECHNIQUE 

We propose an online tracking and adaptive compensation 
technique to treat MMA. The system block diagram is shown 
in Fig. 2. A low-level PN signal g(t) is driven to the body and 
received by the EEG electrodes at the same time the bio-signals 
are received (the solid path). Upon proper synchronization, the 
received PN sequence is correlated to its original form (the 
dashed path) and averaged over time, yielding  
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due to the self-correlation property of the PN. Equation (3) 
indicates that a time average of A(t) can be detected using this 
procedure. Thus, by choosing a proper time duration of the 
correlation process and assuming that A(t) varies slowly over 
time, the technique results in a direct detection of the MMA. 
Once A(t) is known, a programmable gain compensator with 
its gain B(t) set to A(t)

-1
 can be employed to neutralize the ef-

fect of MMA in the digital domain, as shown in Fig. 2. The 
post-compensation output V’out(t) will be a distortion-free, 
linear function of Vin(t).  

In addition, due to its low amplitude and almost white 
spectrum, the residual PN signal in the output after MMA 
compensation usually does not need to be removed, although it 
can be done by employing an adaptive noise cancellation loop 
[7]. In the experimental results disclosed in Section IV, such 
residual PN cancellation loop is not implemented.  

Once MMA is treated, the remaining AMA or baseline 
wander can be dealt with using a digital HPF with a low cutoff 
frequency. In our experiment, this frequency is set to 1 Hz. 
Note that the MMA compensation needs to be applied before 
the HPF according to Equation (1).  

In summary, in the proposed approach we avoided a direct 
measurement of the ETI impedance as commonly done in pri-
or works. Instead, we focus on the consequences of the ETI 
variations, i.e., MMA and AMA, and track and compensate 
them effectively using adaptive digital techniques. The method 
is in-situ and operates in the background (online) with mini-
mal or negligible interference to the normal foreground bio-
potential recording process.  

IV. EXPERIMENTAL SETUP AND RESULTS 

The hardware setup of our in-house EEG monitoring sys-
tem is shown in Fig. 3. The AFE signal-acquisition functions 

 

Figure 2.  The signal-acquisition path of a typical EEG recording device with 
the proposed technique of MMA tracking and compensation. 

 

Figure 3.  Hardware setup for in-house EEG monitoring. 
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are performed by the Texas Instruments (TI) ADS1298 bio-
signal measurement board with integrated 24-bit analog-to-
digital converters (ADCs). All digital processing is executed 
in an Altera DE4 FPGA board including the PN generation 
and data post-processing. The generated test PN signal passes 
through a voltage divider and is driven to the body using the 
TI THS4130 evaluation board of operational amplifiers. 

In our EEG measurements, there are five dry-contact elec-
trodes placed on the scalp of the subject, using the standard 

10-20 electrode. The electrode positions are CZ, POZ, OZ, 
PO3, and PO4 in our experiments. Another electrode is at-
tached to the wrist for test signal injection. No special skin 
abrasion or preparation was performed before recording. In the 
first experiment, the subject was asked during the initial 15 
seconds to nod his/her head 3 times (i.e., once every 5 sec-
onds) and then remain as steady as possible for the next 14 
seconds. During the recording, the subject was also asked to 
maintain a relatively stable wrist position. The measured aver-

age APG or ( )A t  of Equation (3) during the 29-second record-

ing is plotted in Fig. 4. The head movement resulted in three 
fast APG variations or MMA (once every 5 seconds), which 
ride on top of a slowly rising gain ramp throughout the record-
ing whose origin is not clear. The sample rate in this experi-
ment is 8 kHz. The PN sequence has a length of 8192 samples. 

The time duration of the moving average ( )A t  measurement is 

also 8192 samples, equal to the PN length. The experiment 
described next employs the same setup. 

During the second measurement, the alpha wave was se-
lected to be the target EEG signal for observation and the sub-
ject was asked to close and open his/her eyes during the re-
cording. The subject was asked to open his/her eyes in the first 
5 seconds and then close eyes till the end. During the whole 11 
seconds of recording, the subject was asked to nod his/her 

 

Figure 4.  Measured APG variations of the AFE during EEG monitoring. The 
three busy MMA incidents during the first 15 seconds of recording correspond 

to three head movements (nodding) the subject performed. 

 

Figure 5.  Column one: (a1) recorded raw EEG waveform with MA, (b1) the recording of a1 processed by a 1-Hz HPF, (c1) the recording of a1 processed using the 
proposed MMA technique first and then by the HPF, and (d1) recorded raw EEG waveform without MA; Column two: the spectrum of the first 4 seconds (eyes 
open) of the waveform in (a2) a1, (b2) b1, (c2) c1, and (d2) d1; Column three: the spectrum of the last 6 seconds (eyes closed) of the waveform in (a3) a1, (b3) b1, 
(c3) c1, and (d3) d1. All time-domain waveforms are single measurement results, while the spectra were all computed and averaged over ten identical measurements. 
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head 3 times to induce MAs experienced by the scalp elec-
trodes. The normalized time-domain EEG waveforms and the 
spectra corresponding to the first 4-5 seconds (eyes open) and 
the rest 6-7 seconds (eyes closed) are computed and plotted in 
Fig. 5. Note that the first row of Fig. 5 (a1-a3) corresponds to 
the raw EEG waveform with MA, the second row (b1-b3) cor-
responds to the same result after conventional baseline (or 
AMA) filtering using a digital HPF with a 1-Hz cutoff fre-
quency, the third row (c1-c3) also corresponds to the same 
result but after the proposed MMA compensation first and 
then baseline filtering, and the last row (d1-d3) corresponds to 
the raw EEG waveform recorded without MA, in which the 
subject was asked to remain as still as possible during the re-
cording. In addition, in columns two and three (a2-d2 and a3-
d3) of Fig. 5, each spectrum was computed and averaged over 
ten identical recordings to improve the signal-to-noise ratio.  

The first noticeable phenomenon in a1 is the three periods 
of baseline fluctuation caused by the periodic head movement 
of the subject. The frequency of this AMA is ~0.27 Hz, which 
is rejected by the 1-Hz HPF as shown in b1 and c1. Secondly, 
while the spectra in the second column (a2-d2) corresponding 
to the EEG recording with eyes open all lack obvious alpha-
band (8-15 Hz) content, the spectrum in a3 corresponding to 
the case with eyes closed but in presence of MA also lacks 
strong alpha-band content due to the MMA distortion—note 
that this is not simply due to the masking effect of the large 
baseline content close to DC because the alpha-band spectral 
content is still not obvious even after baseline filtering alone 
as shown in b3. However, once both MMA and AMA treat-
ments are administered, the alpha-band arose from the noise 
floor as illustrated in c3. The comparison between the spectra 
plotted in b3 (baseline filtering alone), c3 (the proposed MMA 
compensation and then baseline filtering), and d3 (the MA-
free case) demonstrates the significance of MMA and the pro-
posed technique in assisting the detection of alpha wave in 
presence of MA during this experiment. A similar observation 
can also be made in the time domain by comparing the EEG 
waves shown in b1 (with baseline filtering alone) and c1 (after 
both MMA and AMA treatments)—the filtering-alone result 
still displays fast up-and-down segments that cannot be re-
moved by a low-cutoff HPF, i.e., they are the distortion arti-
facts caused by the MMA. 

In addition, Fig. 6 summarizes the normalized spectra in 
the alpha-band (8-15 Hz) for the three tests reported above. In 
the figure, all ten individual measurements are marked with 
hollow ‘square’, ‘triangle’, and ‘circle’ symbols, correspond-
ing to the raw, post-AMA correction, and post-MMA+AMA 
correction recordings, respectively, and the solid symbols and 
curves represent the spectral content averaged over the ten 
datasets. We can observe that there is no significant spectral 
peak in the raw dataset (dot-dashed curve with square sym-
bols), whereas after the AMA correction (dashed curve with 
triangular symbols), the alpha-band power spectral density 
(PSD) is enhanced—for instance, the PSD at 11 Hz is im-
proved by 0.168 (from 0.056 to 0.224) and the one at 12 Hz is 
improved by 0.195 (from 0.050 to 0.245). In contrast, the PSD 

computed using the proposed technique (i.e., MMA+AMA) 
revealed two obvious peaks at 11 Hz and 12 Hz—the average 
PSD values (solid curve with circular symbols) show that the 
two maximum improvements of 0.505 (from 0.056 to 0.561) 
and 0.401 (from 0.050 to 0.451) occur at 11 Hz and 12 Hz, 
respectively. From these measurement results, we conclude 
that the MMA correction is essential in this experiment, and 
the proposed MARS technique works better than the conven-
tional AMA-alone technique for stabilizing the ETI response.  

V. CONCLUSION 

The multiplicative and additive aspects of motion artifacts 
due to ETI variations in EEG recording are clarified. A novel 
electronic technique is proposed for online tracking and com-
pensation of MMA distortion to improve the reliability of bio-
potential recording devices using dry electrodes. Alpha-wave 
recording was conducted and the measurement results demon-
strate the efficacy of the proposed technique.  
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Figure 6.  Individual and average PSD (within alpha-band) of the raw EEG 
recording, post-AMA, and post-MMA+AMA results. Improvements are most 
obvious at 11 Hz and 12 Hz for this subject. 
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