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Abstract: Biopotential signals are mainly characterized by low amplitude and thus often distorted by
extraneous interferences, such as power line interference in the recording environment and movement
artifacts during the acquisition process. With the presence of such large-amplitude interferences,
subsequent processing and analysis of the acquired signals becomes quite a challenging task that has
been reported by many previous studies. A number of software-based filtering techniques have been
proposed, with most of them being able to minimize the interferences but at the expense of distorting
the useful components of the target signal. Therefore, this study proposes a hardware-based method
that utilizes a shielded drive circuit to eliminate extraneous interferences on biopotential signal
recordings, while also preserving all useful components of the target signal. The performance of the
proposed method was evaluated by comparing the results with conventional hardware and software
filtering methods in three different biopotential signal recording experiments (electrocardiogram
(ECG), electro-oculogram (EOG), and electromyography (EMG)) on an ADS1299EEG-FE platform.
The results showed that the proposed method could effectively suppress power line interference as
well as its harmonic components, and it could also significantly eliminate the influence of unwanted
electrode lead jitter interference. Findings from this study suggest that the proposed method may
provide potential insight into high quality acquisition of different biopotential signals to greatly ease
subsequent processing in various biomedical applications.

Keywords: shielded drive; power line interference; electrode lead jitter; ECG; EOG; EMG

1. Introduction

As important indicators of various physiological parameters of the human body, biopotential
signals can directly reflect the physical condition as well as the health status of an individual [1].
With the increase in demand for technologically driven medical devices and the advancements
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in neuroscience, cognitive psychology, and artificial intelligence research, biopotential signals are
being increasingly applied to real-time health monitoring, disease diagnoses, control rehabilitation
devices, and brain–computer interfaces among others [2,3]. Generally, biopotential signals
such as electrocardiogram (ECG), electromyography (EMG), electroencephalography (EEG),
and electro-oculogram (EOG) are characterized by high impedance, low frequency, low amplitude,
and strong background noise [4,5]. For instance, the amplitude and frequency of an ECG signal
typically lie within the range of 0.05–4 mV and 0.05–150 Hz, respectively [6]; the EMG signal has
an amplitude that is relatively weaker, in the range of 0.1–2 mV, and a frequency in the range of
0–500 Hz [7,8]; and the EOG signal’s amplitude is in the range of 0.4–10 mV with a spectrum in the
range of 0.1–38 Hz [9].

When a biopotential signal is recorded, the target/output of the recordings is almost completely
submerged by the background noise/interference inherent in the recordings because the signal is
often characterized by low amplitude [10]. Thus, such noise/interference is majorly classified into
three categories as follows: Firstly, power line interference, which is composed of a 50 Hz or 60 Hz
frequency and its harmonics, commonly defined as the electromagnetic noise produced from the power
supply circuitry and electronic equipment [11]. Secondly, movement artifacts caused by poor contact
between the electrodes and the surface of an individual’s skin [12], or as a result of movement of the
wires/cables between the electrodes and the amplifier [13]. Thirdly, physiological artifacts in the form
of other signal(s) recorded alongside the originally desired biopotential signals [14,15].

To date, several methods have been proposed to eliminate the above-described
interferences/noises from a biopotential signal of interest. To that end, most of the methods
focused on improving hardware circuitry and using software filtering techniques [16–18]. There
are many commonly applied hardware-based methods for minimizing the interferences inherent
in biopotential signal recordings, such as twisting input leads together to reduce the area of the
loop formed by the wires [19], or making the acquisition devices dependent on batteries (direct
current) for their power supply [20]. Adopting a high common-mode rejection ratio amplifier,
a driven-right-leg circuit, active electrodes, and isolation can further suppress interferences [21–23].
The conventional hardware-based methods are limited since they can only reduce the extraneous
interferences to a certain extent. Furthermore, Chimeno et al. proposed an interference model that
considers interference directly coupled to the measuring electrodes and adds an internal interference
arising from the amplifier’s power supply [19]. Their study suggested that internal interference
from the power supply can affect any measuring instrument with either differential or single-ended
input. While the model mainly focused on the case of using analog amplifiers powered by power line
transformers, battery-supplied biopotential recording systems did not suffer from such problems with
power-supply interference.

In addition, shielded technology is also one of the commonly used hardware methods to suppress
power line interference. The most popular shielded technology is the use of a small coax cable, where
the outer layer is connected to a certain type of driven signal to prevent the inner wire signal from
being contaminated by extraneous interferences. Alnasser showed that unshielded electrodes account
for most power line interference, and electrode shielding, together with driven-right-leg, is quite
effective in reducing that interference [24]. Sudirman et al. proposed a method that utilized a faraday
shield in which the subjects were required to be in a faraday metal cage to eliminate 50 Hz power
line interference in an ECG signal, whereby the whole size of the cage must be significantly smaller
than the wavelength of the noises [25]. Lee et al. developed a flexible active electrode that contained a
shielding metal plate with guarding feedback to protect the ECG signals from extraneous noises [26].
Sullivan et al. used a shielding layer on printed circuit board and implemented a non-contact sensor to
record clear EEG and ECG signals [27]. With so many shielded technologies coexisting, it is necessary to
compare the performance of different shielding methods so that a general guideline can be established
when selecting shielded technologies; it would be best to propose an improved method that could be
used reliably to achieve effective biopotential acquisition in clinical or academic practices.
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On the other hand, various software-based filtering techniques have also been utilized to minimize
the power line noise/interference inherent in biopotential signal recordings [28]. The most common
approach is to use a digital notch filter at the power line frequency (50 Hz/60 Hz), which could be
easily implemented with low computational cost [29,30]. However, there are often cases when the
power line interference contains not only the 50 Hz/60 Hz component but also multiple harmonic
components, as well as other interferences caused by the instability of the power supply system [31–33].
Hence, filter banks with notch frequencies located at the fundamental and harmonic components of
power line interference were also employed [34]. However, such filter banks would cause information
loss of target signals since the frequency range largely overlaps for the biopotential signals and power
line interference [35]. Hence, a number of improved filtering techniques have been proposed over the
years to minimize interferences in biopotential recordings [36–40]. For instance, Tomasini et al. used an
adaptive power line interference filter to estimate the fundamental frequency and harmonics of power
line interference, and the estimated interference was subtracted from the noise-affected biosignal [22].
Keshtkaran et al. presented a scalable very-large-scale integration architecture of a robust algorithm
for power line interference cancelation in multichannel biopotential recordings [23], and they also
proposed an adaptive notch filter to estimate the contents of power line interference with a modified
recursive least squares algorithm [41]. Although these filtering technologies showed great performance
and robustness, the real time computation load is still high for low-power embedded systems,
especially when the sampling frequency is high. Therefore, instead of removing the interferences from
the contaminated signal using digital filtering, a robust solution to prevent power line interference from
contaminating the biopotential signal during the recording stage would be preferred for long-term
healthcare monitoring applications.

During biopotential signal acquisition, device movements, wire jitter, or subject involuntary
twitching are inevitable, thus affecting the quality of the recorded signals. The standard and commonly
applied method for eliminating interferences resulting from electrode lead jitter is to apply high-pass
filtering to the recorded signals [42]. This is the case because the frequencies of the signals are
usually very low, and the high-pass filter will cut off the frequencies of interest containing useful
information in the desired signal. With regards to thechallenges posed by extraneous interferences
in biopotential signal recording, the existing hardware-based methods have limited effect while the
traditional software filtering techniques inevitably render the target signal distorted after reducing the
interferences. If such interferences can be prevented from mixing up with the desired signal before the
raw signal gets into the acquisition device, a quality raw signal could be obtained, thus making the
subsequent signal processing and analysis tasks accurate and easier.

The current study proposes an improved hardware-based shielded technology aimed at effectively
attenuating the interferences associated with biopotential signal recordings. The proposed technology
attempts to resolve the adverse effects of the distributed resistance and capacitance of shielded cables
by introducing a shielded signal to suppress resulting interferences as much as possible, and also to
prevent the target signal from being distorted. Subsequently, three different methods for the proposed
shielded technology were built and applied individually to ECG, EOG, and EMG recordings obtained
in our laboratory. The experimental results showed that the proposed method can effectively suppress
power line interference, and also shield the target signal. Furthermore, by recording the EMG signal
in a shielded room, it was verified that the proposed hardware-based shielded drive circuit can also
eliminate electrode lead jitter interference.

2. Methods

2.1. Subjects

Twenty healthy subjects including 12 males and 8 females were recruited, and all participated
in the biopotential signal acquisition experiments designed for the current study. The mean age of
the subjects was 26.3 years with an age range of 21–31. Prior to the data acquisition experiments,
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each participant was carefully examined to be sure that they had no impairment with respect to their
heart function (for quality ECG signal), eyelid function (for proper EOG recordings), and limb muscle
function (for a normal EMG signal). Additionally, the subjects were adequately informed about the
objective as well as the purpose of the study, after which they all gave written informed consent and
provided permission for the publication of their data. The experimental protocols were approved by
the Institutional Review Board of the Shenzhen Institutes of Advanced Technology, Chinese Academy
of Sciences (SIAT-IRB-130124-H0015).

2.2. Equipment Setup and Signal Recording

In this study, the ADS1299EEG-FE kit of Texas Instruments (Dallas, Texas, United States) was
used as the biopotential signal collection device and was connected to an Arduino microcontroller.
The ADS1299EEG-FE demonstration kit has obvious advantages in the collection of biopotential signals
such as eight channels of low-noise synchronous EEG recording (which can collect multiple signals
simultaneously); a 24-bit high resolution analog to digital converter (ADC), −110 dB common-mode
rejection ratio, and very low internal noise (which ensures the accuracy of biopotential signal
detection); a 1–24 times adjustable programmable gain amplifier (PGA), which meets the needs
of different occasions; a single channel 16 kHz sampling rate (which ensures that the biopotential
signals bandwidth is sufficient); and an integrated driven-right-leg circuit (which further reduces
environmental interference) [43]. In addition, its flexible connection with the Arduino microcontroller
(Arduino is an electronic product development platform based on the microcontroller systems) ensures
the development and integration of hardware and software components [44].

As shown in Figure 1, the three previously described biopotential signals (ECG, EOG, and EMG)
were collected by the aid of electrodes attached to the subject’s ( 1 ) skin through the shielded
cables into the ADS1299EEG-FE hardware ( 3 ), then the recorded signals went through the
Arduino microcontroller ( 4 ) via a USB interface to the laptop ( 5 ), and finally the waveforms
and spectra components of the collected signals were analyzed using the MATLAB programming tool.
Additionally, shielded cables were used as electrode leads, so as to protect the signal in the core from
extraneous interferences.
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Figure 1. Schematic diagram of the data acquisition system, 1 the subject; 2 different shielded drive
methods proposed in this study; 3 ADS1299EEG-FE kit, where EEG_FE refers to analog front-end
designed for electroencephalography, GND is the ground of the power supply, and CH means the
input channel index of the kit; 4 Arduino Microcontroller Unit (MCU); 5 the laptop.

The recorded signals were sampled at the rate of 2000 Hz and subsequently amplified 24 times. To
compare the effects of the hardware-based shielded drive technology with the software-based method,
this study also designed a 3-order Butterworth software notch filter with a bandwidth of 6 Hz and an
attenuation of 120 dB at the 50 Hz center frequency. The software filter was applied to the raw data of
Method 1 (No-Shield), and the performance was evaluated by comparing the time waveforms and
spectra of the biopotential signals with different hardware-shielded methods.
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2.3. Experimental Principle

In order to prevent the adverse effects of extraneous electromagnetic fields while transmitting
the recorded signal (from 1 to 3 in Figure 1), shielded cables were utilized as the electrode leads.
When the signal is recorded, the shield is usually grounded, thus avoiding the effects of extraneous
interferences on the signal in the inner core wire. Although the shielded cables protect the signals
in the core from extraneous electromagnetic fields, a distributed resistance and capacitance often
exists between the shield and the core wire, thus affecting the quality of recorded biopotential signals
that are generally characterized by low amplitude and high impedance [45]. Therefore, this study
implemented a shielded drive technology, in which the signal in the core drives the signal in the shield,
as shown in Figure 2D. When the output of the amplifier is connected to the shield, which means
that the shield is connected to a low internal resistance voltage source, the effect of the shielded cable
against interference remains unchanged. However, since the voltage of the core is equal to the voltage
of the shield, according to Ohm’s law [46], the current in the core automatically becomes zero which
then nullifies the resistance and capacitance that once existed between the shield and the core. Hence,
the biopotential signal passing through the shielded cable is no longer affected by the distributed
resistance and capacitance.
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During the experiments, a total of four electrode channels were simultaneously used to record
the ECG, EOG, and EMG signals across all 20 of the recruited subjects. Meanwhile, the first electrode
channel denoted as Channel 1 was set as the control channel, thus it was not implemented on the
proposed shielded drive circuit. In addition, we implemented three different shielded drive techniques
on the other channels (Channel 2, Channel 3 and Channel 4). As shown in Figure 2A, the first channel
adopted the conventional method that has no shield (herein referred to as Method 1). In Figure 2B,
the second channel connected the outer shields of both electrode cables to the buffered ground signal
of the ADS1299EEG-FE, as shown in Figure 3 (referred to as Method 2). Figure 2C shows that the
outer shields of the electrode cables of the third channel were connected to the buffered BIAS_SHD
signal (Figure 3) generated by the integrated circuit of ADS1299EEG-FE (referred to as Method 3).
In Figure 2D, the signal of the inner wire was fed back to the shield using a low impedance output of
an amplifier (herein referred to as Method 4). And thus, the voltage of the shielded cable with respect
to the shield became zero. Furthermore, the four channels shared the same driven-right-leg (DRL)
electrode placed on the earlobe, as the ground and the DRL signal were generated from the integrated
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circuit of the ADS1299EEG-FE kit. The DRL circuit sensed the common-mode of a selected set of
electrodes and created a negative feedback loop by driving the body with an inverted common-mode
signal [47].Appl. Sci. 2018, 8, x FOR PEER REVIEW  6 of 19 
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2.4. Experimental Procedures

In the current study, a total of four different experiments were designed. To investigate the
effectiveness of the developed shielded drive circuit with respect to reducing power line interference,
three of the experiments were performed under normal laboratory conditions (NLC) (that is,
the laboratory was unshielded from sound and electro-magnetic interference) for the recording of
ECG, EOG, and EMG signals from the subjects. To equally examine if the proposed method could
eliminate the interference of electrode lead jitter, the fourth experiment was designed to collect an
EMG signal in a sound-proofed and electro-magnetically shielded laboratory designated as shielded
laboratory conditions (SLC). For all of the experiments, the same hardware platform of ADS1299
was used, and only the locations of the electrodes were different for different types of biopotential
signals. Prior to the commencement of the experiments, the surface of the subjects’ skin was properly
cleaned with the aid of an alcohol. Subsequently, conductive gel was applied to the electrodes before
attaching them to the skin to minimize the impedance between the skin surface and the electrode.
During the experiments, the laptop was completely powered by battery to reduce all forms of power
line interference that may result from using an alternating current (AC) supply. The experiments are
described in the following subsections.

2.4.1. ECG Data Acquisition Experiment

In the normal laboratory condition, the subjects were instructed to sit comfortably on a chair in a
quiet and relaxed manner. Then, the positive and negative nodes of the four electrode channels were
placed on the left and right forearm of each subject, respectively, as shown in Figure 4a. It is noteworthy
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that the electrodes on both sides of the forearms were placed as symmetrically as possible to minimize
the impedance mismatch of the positive and negative inputs of each channel. Afterwards, each subject
completed three experimental trials with each trial lasting for 5 min, and they all maintained a quiet
mode during the signal recording. Lastly, the time waveform and spectra of the recorded signals were
monitored in real time via a graphical user interface (GUI) module in the acquisition. Note that the
data collection scenario described here is designated as Experiment 1.
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2.4.2. EOG Data Acquisition Experiment

By placing the positive and negative nodes of the four electrodes on the forehead of each subject,
the EOG signals were recorded under normal laboratory conditions. The placement of the electrode
nodes on the forehead of each subject was done in a two by four (consisting of two rows and four
columns) grid, as shown in Figure 4b. The first row of the grid represents the positive nodes of
the channels while the second row consists of the negative nodes of the channels. The electrode
channels were placed close to each other as much as possible to ensure that similar ocular signals
were obtained across the channels. The EOG recording session also lasted for 5 min and each subject
performed 3 trials. During each experimental trial, the subjects actually blinked their eyes every
2 s with a consistent intensity all through the recordings. Furthermore, the characteristics (in terms
of waveform and spectrum) of the recorded EOG signals were observed through a GUI module to
assess the recorded signals. Note that the data collection scenario described here is designated as
Experiment 2.

2.4.3. EMG Data Acquisition Experiment

The EMG recordings were acquired under normal laboratory conditions by placing the positive
and negative nodes of each of the four electrode channels on the left forearm of the subjects, as shown
in Figure 4c. The electrodes were placed in a relatively close position to one another to ensure that
the recorded EMG signals were identical during muscle contraction. Then, the subjects completed
three trials with each trial lasting for 5 min, and they all maintained a quiet mode during the signal
recording session. During the experiment, the subject’s arm was initially relaxed and his/her hand
remained in an open state. After about a minute, the subject clenched his/her fist and kept it closed
for 3 s. Then the subject opened his/her hand and returned to the relaxed state. The EMG signal was
recorded during the process and the temporal waveforms were observed via a GUI module to assess
the signal quality. Note that the data collection scenario described here is designated as Experiment 3.
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To avoid the effect of power line interference, the EMG signal recording experiment was performed
in the shielded room. In the shielded room, up to 30 dB acoustic noise could be avoided; this is in line
with the national standards which conform to GB/T16403-1996 and GB/T16296-1996. Under these
laboratory conditions, each subject sat in a comfortable manner while the positive and negative ends
of four electrodes were attached to the muscles on their left forearm. To prevent the electrodes from
being displaced during the experiment, a bandage was used to firmly hold the electrodes to their
skin, as shown in Figure 5. During the experiment, the subjects’ forearms with the electrodes were
maintained in a stationary position, along with the electrode lead cables, for the first minute. Then,
the electrode lead cables were individually shaken at about the same amplitude for 10 s and then
returned to their initial positions. Afterwards, each subject repeated the experiment three trials while
each trial lasted for 3 min and the recorded signals were examined through a GUI. Note that the data
collection scenario described here is designated as Experiment 4.
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3. Results and Analysis

By utilizing the biopotential signals obtained from all the recruited subjects, results were obtained
for each of the above-described experimental scenarios. For each experimental scenario, the obtained
results were compared amongst all subjects, and they were observed to be consistent. Hence, the results
obtained for a representative subject are presented and analyzed as follows.

3.1. Reduction of Power Line Interference

3.1.1. Analysis of ECG Recordings

The time-domain waveform and spectrum of the ECG signal of a representative subject collected
under NLC are shown in Figure 6. It can be seen from the ECG waveform that Method 1 reflects a series
of sine wave that superimposes the ECG signals and thus prevents the ECG recordings from being
obvious. However, Methods 2, 3 and 4 produced obvious ECG signals, whose time-domain waveforms
are better than that of Method 1. Furthermore, the difference amongst Methods 2, 3 and 4 is not
obvious, probably because of their mixture with other biopotential signals such as EMG. This finding
suggests that the waveforms of ECG signals acquired with the proposed shielded drive technology
would be better than that of the conventional unshielded drive approach.

By analyzing the ECG spectrum, it can be seen that the 50 Hz frequency in the ECG signal collected
by Method 1 is as high as 13.6 dB; the 50 Hz power line frequency amplitude of Method 2 is −5.1 dB,
which is 18.7 dB lower than that of Method 1; the 50 Hz power frequency amplitude of Method 3 is
−9.6 dB, which is 23.2 dB lower than that of Method 1; while Method 4 records a 50 Hz frequency
amplitude of −17.0 dB which achieves a reduction of 30.6 dB in comparison to Method 1, and it is
much better. In addition, the harmonics of 50 Hz in the spectrum of Method 4 are also eliminated. So
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it could be concluded that the use of shielded drive can effectively suppress power line interference
during ECG signal recording, especially when utilizing Method 4.Appl. Sci. 2018, 8, x FOR PEER REVIEW  9 of 19 

 
Figure 6. The comparison of the time waveforms (a) and spectra (b) of the ECG signals (subject #11) 
under different conditions. The 50Hz notch condition (2nd row) was obtained by applying 50 Hz 
notch filter (software) to raw data of the No-Shield condition (1st row). 

The plot on the second row in Figure 6 shows the time domain waveform and spectrum of the 
raw signal (the signal gotten from Method 1) after undergoing filtering via a 50 Hz notch filter. Its 
waveform is similar to those of the shielded drive methods, but the spectrum has a large depression 
near 50 Hz. Because ECG signal frequency lies in the range of 0.05–100 Hz, the useful components of 
the recordings would be lost. In contrast, the hardware-shielded results are seen to be better. 

3.1.2. Analysis of EOG Recordings 

The analysis of spectrum and waveforms of the EOG signal for a representative subject acquired 
from Experiment 2 is shown in Figure 7. The waveform of the signal obtained by applying Method 1 
is a series of approximate sine waves with a peak-to-peak value of 0.5 mV, and blink signals can be 
seen by the signal envelope; the signal obtained by Method 2 is approximately sinusoidal with a 
reduced peak-to-peak value of 0.1 mV; the peak-to-peak value of the curve of Method 3 is further 
reduced to 0.06 mV, and the EOG signal becomes more obvious; In Method 4, the obtained EOG 
signal has almost no sine wave sequence with a fairly clean blink signal. Thus, the EOG signals 
obtained via the proposed shielded drive methods are better in comparison to those obtained via the 
unshielded drive approach (Method 1), and the EOG signal of Method 4 is considered to be the best. 

Furthermore, it could be seen from the spectrum analysis results that the 50 Hz frequency of 
EOG signal acquired by Method 1 is as high as 23.1 dB; the 50 Hz frequency amplitude of Method 2 
is 10.3 dB, which is 12.8 dB lower than that of Method 1; Method 3 has a 50 Hz frequency amplitude 
of 5.7 dB, which is 17.4 dB lower than that of Method 1; Method 4’s 50 Hz frequency amplitude of 
−23.4 dB is 46.5 dB lower than that of Method 1, which is considered very good. Moreover, the 50 Hz 
harmonics in the EOG spectrum of Method 4, such as 100 Hz and 150 Hz, also disappeared. We can 

0 0.5 1 1.5 2
-0.5

0

0.5

Am
pl

itu
de

 (m
V) No-Shield

0 50 100 150 200
-50

0

50

Am
pl

itu
de

 (d
B)

 No-Shield

0 0.5 1 1.5 2
-0.5

0

0.5

Am
pl

itu
de

 (m
V) 50Hz-Notch

0 50 100 150 200

-50

0

50

Am
pl

itu
de

 (d
B)

 50Hz-Notch

0 0.5 1 1.5 2
-0.5

0

0.5

Am
pl

itu
de

 (m
V) GND-Shield

0 50 100 150 200
-50

0

50

Am
pl

itu
de

 (d
B)

GND-Shield

0 0.5 1 1.5 2
-0.5

0

0.5

Am
pl

itu
de

 (m
V) Bias-Shield

0 50 100 150 200
-50

0

50
Am

pl
itu

de
 (d

B)
Bias-Shield

0 0.5 1 1.5 2
Time (s)

-0.5

0

0.5

Am
pl

itu
de

 (m
V) Active-Shield

0 50 100 150 200
Frequency (Hz)

-50

0

50

Am
pl

itu
de

 (d
B)

Active-Shield
f=50Hz, y=－17.0dB

f=50Hz, y=－9.6dB

f=50Hz, y=－5.1dB

f=50Hz, y=13.6dB

(b)(a)

Figure 6. The comparison of the time waveforms (a) and spectra (b) of the ECG signals (subject #11)
under different conditions. The 50Hz notch condition (2nd row) was obtained by applying 50 Hz notch
filter (software) to raw data of the No-Shield condition (1st row).

The plot on the second row in Figure 6 shows the time domain waveform and spectrum of the
raw signal (the signal gotten from Method 1) after undergoing filtering via a 50 Hz notch filter. Its
waveform is similar to those of the shielded drive methods, but the spectrum has a large depression
near 50 Hz. Because ECG signal frequency lies in the range of 0.05–100 Hz, the useful components of
the recordings would be lost. In contrast, the hardware-shielded results are seen to be better.

3.1.2. Analysis of EOG Recordings

The analysis of spectrum and waveforms of the EOG signal for a representative subject acquired
from Experiment 2 is shown in Figure 7. The waveform of the signal obtained by applying Method
1 is a series of approximate sine waves with a peak-to-peak value of 0.5 mV, and blink signals can
be seen by the signal envelope; the signal obtained by Method 2 is approximately sinusoidal with
a reduced peak-to-peak value of 0.1 mV; the peak-to-peak value of the curve of Method 3 is further
reduced to 0.06 mV, and the EOG signal becomes more obvious; In Method 4, the obtained EOG signal
has almost no sine wave sequence with a fairly clean blink signal. Thus, the EOG signals obtained via
the proposed shielded drive methods are better in comparison to those obtained via the unshielded
drive approach (Method 1), and the EOG signal of Method 4 is considered to be the best.

Furthermore, it could be seen from the spectrum analysis results that the 50 Hz frequency of
EOG signal acquired by Method 1 is as high as 23.1 dB; the 50 Hz frequency amplitude of Method 2
is 10.3 dB, which is 12.8 dB lower than that of Method 1; Method 3 has a 50 Hz frequency amplitude
of 5.7 dB, which is 17.4 dB lower than that of Method 1; Method 4’s 50 Hz frequency amplitude of



Appl. Sci. 2018, 8, 276 10 of 19

−23.4 dB is 46.5 dB lower than that of Method 1, which is considered very good. Moreover, the 50 Hz
harmonics in the EOG spectrum of Method 4, such as 100 Hz and 150 Hz, also disappeared. We can
also conclude that using the shielded drive approach could significantly reduce power line interference
when recording EOG signal especially with Method 4.
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Figure 7. The comparison of the time waveforms (a) and spectra (b) of the EOG signals (subject #7)
under different conditions. The 50Hz notch condition (2nd row) was obtained by applying 50 Hz notch
filter (software) to raw data of the No-Shield condition (1st row).

It can also be seen from Figure 7 that the graph obtained after applying the 50 Hz-Notch filter
reflects the waveform as well as spectrum of the raw signal (the output of Method 1) which is
characterized by a relatively much lower amplitude. The waveform is similar to that of Method 2,
but the spectrum has a large depression around 50 Hz, which eventually led to the loss of useful
components of the target signal. Hence, the proposed hardware-based method would be better.

3.1.3. Analysis of EMG Recordings

Figure 8 shows the results obtained after analyzing the EMG signals of a representative subject
collected in Experiment 3. In the picture, the forearm muscles of the representative subject were initially
in their rest state (without activation/contraction), and a second later the muscles were activated.
The waveform of the non-activated muscles as obtained by Method 1 represents a series of sine waves
that jitters up and down after the activation of the arm muscles; the waveform of the non-activated
muscles as obtained by Method 2 denotes a noisy line, and when the muscle is contracted, the EMG
signal patterns become obvious. The waveform obtained after applying Method 3 is similar to that of
Method 2, but with relatively smaller amplitude; the waveform of non-activated muscles obtained
by applying Method 4 appears to be cleaner compared to Method 3, and there is a significant EMG
signal burst when the forearm muscles are activated. Therefore, it can be deduced that the conclusion
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of Experiment 3 is consistent with those of Experiment 1 and Experiment 2, which further proves the
potential of the proposed shielded drive technology.
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Figure 8. The comparison of the time waveforms (a) and spectra (b) of the EMG signals (subject #4)
under different conditions. The 50 Hz notch condition (2nd row) was obtained by applying 50 Hz
notch filter (software) to raw data of the No-Shield condition (1st row).

By analyzing the EMG signal spectrum at 50 Hz, Method 1 achieved a high amplitude of 19.7 dB;
Method 2 recorded an amplitude of 4.9 dB, which is 14.8 dB lower than that of Method 1; Method 3
achieved an amplitude of 2.4 dB, which is 17.3 dB lower than that of Method 1. Meanwhile, Method 4
recorded an amplitude of −25.6 dB, which is 45.3 dB lower than that of Method 1, which appeared to
be very efficient in comparison to the other methods.

From Figure 8, the graph on the second row denotes the time domain waveform and spectrum
after the raw signal (the output of Method 1) was subjected to a 50 Hz notch filtering. Its time
domain waveform is similar to that of Method 3, but the spectrum is depressed around 50 Hz. That is,
the frequency range of the EMG signal is 0–500 Hz, and the useful components of the signal are lost.
In contrast, the hardware-shielded drive processing has a better effect.

Figure 9 shows the mean values of the spectral values at 50 Hz averaged across all the 20 subjects
for the ECG, EOG, and EMG experiments under NLC. It could be observed that the spectral amplitude
of the 50 Hz interference gradually decreased from Method 1 to Method 4 for all three different
experiments, with Method 4 achieving the lowest power line interference that almost fell below the
noise floor level. The averaged results in Figure 9 were in accordance with the observations of each
individual subject from Figures 6–8.

3.2. Elimination of Electrode Lead Jitter Interference

The results which were obtained based on the EMG recordings (muscles relaxed) acquired in the
shielded room session are presented in Figure 10. By closely observing the plots in Figure 10, one can
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see that the waveform across all four of the tested methods exhibited almost the same characteristics in
the first second, which is because the electrode leads were maintained in a fixed state while recording
the signals. After the first second, the electrode lead cables were individually shaken at about the
same amplitude and the waveform of Method 1 changed greatly while that of Method 2 is changed
slightly in comparison to that of the first second. Additionally, Method 3 could be seen to exhibit
a slightly lower waveform compared to Method 1 while the waveform of Method 4 has almost no
change with respect to that of the first second. This implies that Method 4 has substantially eliminated
the interference of the electrode lead jitter on the target signal. Therefore, it could be said that the
proposed shielded drive approach would significantly eliminate the interference of the electrode lead
jitter, especially when implemented with Method 4.
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Figure 9. Mean spectral amplitude of 50 Hz interference (averaged across all subjects) of the four different
shielded methods under three different experimental sessions: ECG, EOG and EMG experiments.
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Figure 10. The time waveforms of the recorded signals (subject #15) with the electrode lead cables initially
kept still (0–1 s) and then shaken simultaneously (1–2 s) for the four different shielded conditions.
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4. Discussion

Towards developing an efficient method for optimal attenuation of multi-source
noise/interference in biopotential signal acquisition, this study proposed hardware-based
shielded drive technology. Importantly, the proposed method could efficiently shield the recorded
biopotential signals from extraneous interferences as much as possible and also preserve the signal
quality during the transmission process to obtain a high quality target signal prior to entering the
acquisition device. In this regard, three different types of shielded drive methods were developed
and their performances were evaluated. The evaluation was done with respect to the capability of
methods to attenuate the effect of two kinds of extraneous interferences using a four-electrode channel
recording system across three kinds of biopotential signals (ECG, EOG and EMG).

4.1. Reduction of Power Line Interference

With respect to the attenuation of power line interference, three key biopotential signals (ECG,
EOG, and EMG) were considered and recorded under the same laboratory settings which have been
designated as Experiment 1, Experiment 2 and Experiment 3 in the current study. The analyses
of the biopotential signals obtained have been shown in Figures 6–8. The waveforms as well as
spectrum characteristics shown in the Figures indicate that the proposed shielded drive methods
could effectively suppress power line interference. Also, the effect of Method 4 (Active-Shield) is
considered to be the best since it suppressed almost all of the power line interference of 50 Hz as well
as its harmonics in the ECG, EOG, and EMG to 32.0 dB, 45.8 dB, and 36.9 dB respectively, as shown in
Table 1. Table 1 shows the average dB values across subjects for the three different shielded methods
(GND-Shield, Bias-Shield, and Active-Shield) against No-Shield method in suppressing the 50 Hz
power line frequency in Experiment 1, Experiment 2, and Experiment 3. It is noteworthy that the
greater the number, the better the performance of the methods in suppressing the 50 Hz power line
interference. Although the designed notch filter was able to eliminate the 50 Hz frequency inherent in
the raw signal’s (i.e., No-Shield signal) spectrum, useful components of the target signal near 50 Hz
were destroyed, and also the associated harmonic components were still present in the target signal.
Adli et al. designed an automatic interference control device (AICD) for the elimination of power line
interference, and the AICD was able to suppress the 60 Hz frequency in biopotential signal recordings
to 30 dB, yet their method could not eliminate the associated harmonic components [4]. However, by
utilizing the proposed shielded drive method, the 50 Hz frequency and its harmonic components were
significantly reduced, thus leading to improved quality of the target signals.

Table 1. Performance of three shielded methods (Method 2, Method 3, and Method 4) relative to
the unshielded method (Method 1) in suppressing the 50 Hz power line interference for different
experiments, the ECG, EOG and EMG Experiments represent recording sessions of electrocardiogram,
electro-oculogram, and electromyography signals, respectively.

M1–M2 (dB) M1–M3 (dB) M1–M4 (dB)

ECG Experiment 19.3 23.5 32.0
EOG Experiment 12.6 17.3 45.8
EMG Experiment 15.5 18.0 36.9

Note: M1, M2, M3 and M4 represent the spectrum values at the 50 Hz power line interference for the signal
recordings of Method 1, Method 2, Method 3 and Method 4, respectively.

Figure 11A showed an intensive model of the No-Shield method for measuring ECG signals,
similar to the interference model in Chimene’s study [19]. Because of the capacitive coupling to the
mains power (Cpow) and the capacitive coupling to the safety earth ground (Cbody), the power line
interference is present at the patient’s body as a common-mode signal and it might not be the same
as the isolated ground of the power supply, causing a leakage current (Idiff) between the patient and
the power-supply ground. When the leakage current flowed through the contact impedance of Zpgn,
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it would introduce a 50 Hz signal visible on both inputs of the amplifier. However, this is not the
only source of the 50 Hz disturbance. In case the cables all have a different capacitive coupling to
the mains and to ground, the voltage difference between the two cables of the positive and negative
inputs will not be zero, causing a current (Idcable) from one cable to the other through the electrodes.
For example, even if the current is as low as 0.1 µA, and the two electrodes have an impedance
of only 5 kΩ, the differential 50 Hz signal on the bipolar input will be as large as 1 mV, which is
a considerable amount of disturbance with the amplitude even larger than that of the ECG signal.
In contrast, Figure 11B shows the capacitive coupling model of the Active-Shield method. In this case,
the signal of the inner wire is fed back to the shield using a low impedance output of an amplifier. Note
that there is still capacitive coupling between the mains power and the outer shields of both electrodes.

Appl. Sci. 2018, 8, x FOR PEER REVIEW  14 of 19 

source of the 50 Hz disturbance. In case the cables all have a different capacitive coupling to the mains 
and to ground, the voltage difference between the two cables of the positive and negative inputs will 
not be zero, causing a current (Idcable) from one cable to the other through the electrodes. For example, 
even if the current is as low as 0.1 µA, and the two electrodes have an impedance of only 5 kΩ, the 
differential 50 Hz signal on the bipolar input will be as large as 1 mV, which is a considerable amount 
of disturbance with the amplitude even larger than that of the ECG signal. In contrast, Figure 11B 
shows the capacitive coupling model of the Active-Shield method. In this case, the signal of the inner 
wire is fed back to the shield using a low impedance output of an amplifier. Note that there is still 
capacitive coupling between the mains power and the outer shields of both electrodes. 

 
Figure 11. The capacitive coupling model for the power line interference for GND-Shield and  
Active-Shield methods. 

Based on the Figure 11B, the equivalent circuit of the amplifier, as well as the capacitive coupling, 
is shown in Figure 12a below (also in the revised manuscript) to examine whether the capacitive 
coupling between the mains power and the shields would introduce significant flux to the loop for 
the Active-Shield method. The amplifier that drives the outer shield could be equalized to a high 
input impedance Zin, a low output impedance Z0 (usually less than 100 Ω), and a voltage source with 
the same voltage with the input Vi (in reference to the isolated ground of the power supply). The 
output voltage Vo was composed of two independent components V1 and V2, where V1 is attributed 
to the voltage source Vi (voltage follower) and V2 is caused by the capacitive coupling between the 
mains power and the outer shield. When considering the second part V2, the voltage source could be 
regarded as a short circuit according to Thevenin’s Theorem and therefore the equivalent circuit is 
shown in Figure 12b, which is actually a voltage divider circuit between the mains power voltage 
Vpow and the isolated ground, with a series circuit by Z1 and Z0. According to the voltage dividing 
rule, the V2 voltage could be written as: V = ZZ + Z (V − V ) 

Given that Z1 is the coupling impedance between the power line and the shield and could be a 
few hundred MΩ or even larger, whereas the amplifier output impedance Z0 is usually less than 100 
Ω, the corresponding V2 is usually a few dozen µV or even less in reference to the isolated ground. 
That is to say, the power line only introduces an interference V2 of a few µV for the Active-Shield 
method, because of the low output impedance of the amplifier. Similar analysis could be applied to 
the other electrode of the Active-Shield method, and it could also be concluded that the presence of 
the power line only introduces a few dozen µV (or less) of interference  to the other outer shield. 
Although the potential of the two shields are different for the Active-Shield method, we can see that 

Figure 11. The capacitive coupling model for the power line interference for GND-Shield and
Active-Shield methods.

Based on the Figure 11B, the equivalent circuit of the amplifier, as well as the capacitive coupling,
is shown in Figure 12a below (also in the revised manuscript) to examine whether the capacitive
coupling between the mains power and the shields would introduce significant flux to the loop for the
Active-Shield method. The amplifier that drives the outer shield could be equalized to a high input
impedance Zin, a low output impedance Z0 (usually less than 100 Ω), and a voltage source with the
same voltage with the input Vi (in reference to the isolated ground of the power supply). The output
voltage Vo was composed of two independent components V1 and V2, where V1 is attributed to
the voltage source Vi (voltage follower) and V2 is caused by the capacitive coupling between the
mains power and the outer shield. When considering the second part V2, the voltage source could
be regarded as a short circuit according to Thevenin’s Theorem and therefore the equivalent circuit
is shown in Figure 12b, which is actually a voltage divider circuit between the mains power voltage
Vpow and the isolated ground, with a series circuit by Z1 and Z0. According to the voltage dividing
rule, the V2 voltage could be written as:

V2 =
Z0

Z0 + Z1
(Vpow −Visognd)
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Given that Z1 is the coupling impedance between the power line and the shield and could be
a few hundred MΩ or even larger, whereas the amplifier output impedance Z0 is usually less than
100 Ω, the corresponding V2 is usually a few dozen µV or even less in reference to the isolated ground.
That is to say, the power line only introduces an interference V2 of a few µV for the Active-Shield
method, because of the low output impedance of the amplifier. Similar analysis could be applied to
the other electrode of the Active-Shield method, and it could also be concluded that the presence of
the power line only introduces a few dozen µV (or less) of interference V′2 to the other outer shield.
Although the potential of the two shields are different for the Active-Shield method, we can see that
the actual potential difference (V2 −V′2) caused by the power line interference is quite limited, since
both V2 and V′2 are the order of µV and their difference is much smaller.

On the other hand, since the impedance ZL between the outer shield and the inner core wire is
usually quite high (in the order of TΩ) and the other ends of both shields are open (not connected to
human body or electrodes), little leakage current would flow from the outer shield to the inner wire or
elsewhere, leading to negligible effects of the power line induced V2 on the voltage of the inner wire
(Figure 12). Therefore, the differential voltage between the two inner core wires introduced by the
power line interference is also negligible.

As for the electric flux induced by the magnetic field of the power line, we tried to minimize the
area of the loop enclosed by the electrode wires during the experiment. For example, we kept the
wires as short as possible and made sure that the two electrode cables were as close as possible by
twisting them together. In this way, the effective area exposed to the power line magnetic field was
largely reduced and the effects of the loop flux induced by the magnetic field were also rather limited.
The limited power-line induced flux through the loop could be further confirmed by our experimental
observations from Figures 6–9 for the case of Active-Shield method.

Besides, it should be noted that although the electrodes of the four channels were attached as
closely as possible in Experiment 2 and Experiment 3, there were still slight differences in the electrode
positions, as shown in Figure 4b,c. Therefore, the amplitude of the EOG and EMG signals of four
channels might have shown slight differences, as observed in Figures 7a and 8a. Moreover, although
the EOG signal frequency is in the range of 0.1–38 Hz, which has no overlap with the spectrum of
power line interference, common software bandpass filter methods cannot obtain satisfactory filtered
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results in routine practices. The reason for this is that the amplitude of the 50 Hz interference is much
stronger than EOG signal, and the limited stop-band attenuation at 50 Hz is not enough to bring power
line interference below the noise floor level. Hence, our experimental results obviously show that
the proposed shielded drive method would potentially be effective for the acquisition of multiple
biopotential signals.

4.2. Elimination of Electrode Lead Jitter Interference

By conducting an additional experiment that involved the recording of EMG signals in an
electromagnetic shielded room designated as Experiment 4, the effect of electrode lead jitter was
studied as shown in Figure 10. By examining the results in Figure 10, one can see that all the
shielded drive methods could significantly eliminate the interference in the EMG recordings caused
by electrode lead jitter. Of the three shielded drive methods, the Active-Shield (Method 4) had the
best performance, which almost completely eliminated the electrode lead jitter interference. It is
conceivable that the Active-Shield method could be applied not only to EMG signals but also to the
other biopotential signals.

For shielded technologies, the electrode cable consists of a small coax cable, where the outer layer
is shielding the inner signal wire. Figure 13 shows the transmission line models of the electrode cable
of the two different shielded methods, in which the outer shield is connected to different shielding
signals (only one of the two input electrodes of each channel is plotted for simplicity).
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As seen from Figure 13, the outer shield is connected to the isolated ground of the power supply
for the GND-Shield method. In this way, the inner signal wire is protected against the capacitive
coupling from the mains power, since the potential between the cables becomes zero and there is
no current from one cable to the other through the electrodes, leading to no differential interference
input. However, there is a considerable capacitance (CL) and resistance (RL) between the inner signal
wire and the outer shield. Consequently, when there were some movements of the electrode cables,
a large amount of movement artifacts will be seen in the output, caused by variation in the impedance
(CL and RL) of the cable. The situation was similar for the case of Bias-Shield method. In contrast,
for the Active-Shield method, the signal of the inner wire is put on the outer shield using a low
impedance output of an amplifier, so the shield has almost the same potential as the inner signal wire
in this case. Therefore, the change in CL and RL caused by cable movements will no longer have any
influence on the potential of the inner wire and the system output. The model in Figure 13 provides
the explanation for why the proposed Active-Shield circuit is effective in eliminating the electrode lead
jitter interference (Figure 10).

The developed shielded drive circuit in the current study exhibits a simple structure and low
cost, and is effective in suppressing power line interference as well as eliminating electrode lead jitter
interference which simplifies the subsequent signal processing and analysis tasks. It could prevent
the signal from extraneous noises without any requirement of hardware or software filtering. These
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characteristics of the proposed method are significantly important in developing biopotential signal
acquisition and processing methods needed in wearable devices and other types of portable devices.
It is noteworthy that the proposed shielded drive circuit built in the current study is independent of
the acquisition system and thus we could integrate the shielded drive circuit into different acquisition
devices to improve the signal quality in our future work.

5. Conclusions

In this study, the performances of different shielded technologies in reducing power line
interference were comprehensively compared for effective biopotential acquisition. By investigating
the performance of the proposed Active-Shield circuit with respect to ECG, EOG, and EMG signals
acquired under normal laboratory settings, experimental results revealed that the proposed shielded
drive method could effectively suppress power line interference including its harmonic components,
and greatly improve the signal quality compared to conventional hardware-shielded and software
filtering methods. The results also showed that the shielded drive circuit could significantly eliminate
the influence of electrode lead jitter interference on the acquired signals, so it could be a great candidate
to take care of the noises introduced by body movements of the subjects. In conclusion, the findings of
the present study could be quite useful for providing a simple and effective solution to reduce power
line interference and movement artifacts to obtain high-quality biopotential signals.
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