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Abstract—Today, there is an enormous amount of car accidents
due to fatigue and sleep during the activity of driving. The aim
of this work is to develop a system capable of monitoring physio-
logical variables (ECG, EEG) of drivers while driving. The use of
conventional systems to record variables such as ECG, or EEG,
is not suitable for day-to-day, besides the difficulty in preparing
the registration. The solution is to create a measurement system
without contact, or over clothing in case of ECG, or the scalp
for EEG. The system consists in a set of capacitive electrodes
and a feedback electronic circuit that provides a way to build an
appropriate electronic common, quashing the need for a ground
electrode. The circuit also implements a dynamic interference
rejection using feedback to control the amount of probed noise
that is subtracted. This allows for the capability to provide direct
interference canceling, mitigating the mains noise, both 50 Hz/60
Hz and harmonics.

Index Terms—ECG, EEG, Biopotencial Measurement, Capac-
itive sensing, Non-contact Electrode

I. INTRODUCTION

Today, the society lives in an environment burdened with
worries and stress. All these factors contribute to decreased
quality of life, leading people to a state of fatigue. Fatigue
decreases the perceptual abilities, cognitive and motor skills.
If we transport this reality to the exercise of the activity of
driving, quickly concluded the danger associated [1].

It is important that the driver has the perception of the
main causes of fatigue, to take precautions in advance. The
proposed project aims to develop a Non-contact measurement
system to monitor multiple physiological variables of the
driver, and correlate that information with the purpose of
alerting the driver of their physiological state [2], [3].

The quest for low noise non-contact measurement of
biopotentials is not new [4], [5] and still an up-to-date
research topic. It presents several benefits in regards to the
traditional wet electrodes and improves on the applicability
of biopotential measurements by increasing mobility and
decreasing inconvenience. The capacitive coupling between
the electrodes and the body presents a new set of challenges
that must be overcome, specially if we are to remove the wired
reference. It has been tried to address two of them in this
paper, both related to noise and up to a point interrelated: i)
increased electric field coupling to the mains and ii) increased
common mode voltage and common mode fluctuations.

The first one implies an increase in the amount of power

line interference that couples to the first stage of amplification.
This increases considerably the risk of clipping. The second
one increases all common mode noise thus also increasing
the power line interference. Decreasing the noise implies
the ability to improve on several factors, namely increase
the body electrode distance, improve on the garment tissue
independence and subject movement robustness.

While the first challenge remains pretty much untackled,
the second one typically gets circumvented by connecting
the electronic common to the subject by means of a wet
electrode, usually called ground [7]. Avoiding the need
for wired contact to the subject increases considerably his
mobility and freedom of movements.

In this paper we are thus presenting a biopotential amplifier
with interference canceling for dry electrodes allowing for
a drastic lowering of the common-mode voltage (CMV)
at the input terminals, which was applied to measure the
ECG. It was designed a flexible PCB board that contains the
capacitive electrodes and the corresponding amplifier circuit.
Although the experimental data consists in the use of wired
connections between the amplifiers and the visualization
system, there is nothing preventing this approach from being
converted to a wireless body network.

The concern to reduce noise, increase reliability and
distance to subject requires that it be reconsidered the
capacitive connection and change the medium properties.
We have achieved this essentially by improving the guard
techniques and also by increasing the electric surface while
keep unchanged the physical dimensions of the electrodes.

In short, it is necessary to develop a technological solution,
with the ability to monitor and alert in a short period of
time the driver of his state of fatigue. The article presents
a first approach to the concept, which consists in designing a
monitoring system.

II. DESIGN AND IMPLEMENTATION

The measurement system of non-contact ECG is composed
by analog and digital subsystems. Let’s start with the analog
subsystems, and by identifying the blocks that make-up the
amplifying channel and then how this channel was configured
to improve the performance, and more later the digital sub-
systems that form the acquisition system.



A. Circuit Design

The amplifying circuit can be seen in figure 1. This
schematic is a simplified representation which nonetheless
allow us to show the design emphasis on three main factors:
i) high impedance, achieved by an ultra-low bias current
operational amplifier, further improved by active bootstrap-
ping; ii) common mode voltage feedback that improves guard
efficiency and increases the CMRR of the amplifiers; and iii)
active inference canceling by sensing the electric field coupling
and controlling the amount by which it is re-injected with
symmetric phase. Each of these factors will be tackled in the
next subsection. Overall, the differential gain was set to be 34
dB for the ECG.

Fig. 1. Simplified block schematic of the electrode, guard, insulation, electric
field coupling sensor (EFCS), common mode voltage (CMV) and interference
compensation amplifier.

B. Input Stage

Our main concern with the input stage is threefold: (i) de-
crease the input bias current; (ii) increase the input impedance
and (iii) decrease the noise figure. These goals have been
addressed by using a very low quiescent current operational
amplifier in a bootstrapped voltage follower configuration, as
seen in figure 2.

Using this circuit an input impedance of approximately
120 GΩ and an input current lower than 2 fA have been
achieved. This extremely high input impedance allows for
the attenuation characteristic shown in figure 3, determined
considering an equivalent electrode-skin capacity of 113pF,
in which we can see that the input at 1Hz corresponds
approximately to 100% of the signal amplitude. Using a
simplistic planar capacitor approach, described by,

C =
εr · εoA

d
(1)

and considering electrodes with physical surface area of ap-
proximately 64 cm2, a 113 pF electrode would correspond
to a distance of about 1 mm, whose dielectric is the clothing
of the patient (εr = 2) [10]. This, typically, is a distance too
short if the system is applied in automobile accents in which
the ideal would be for the subject to be able to freely move.
This means that either the electrode capacity or the amplifier
gain must be increased.

Fig. 2. Schematic of the input stage directly connected with each floating
electrode. The operational amplifier is a National Instruments LMP7721
bootstrapped to increase the input impedance. Not explicitly shown but the
input line has also been shielded in a bootstrap configuration by connecting
parallel wires to the inverting input.

Fig. 3. Attenuation of the input signal considering a 113 pF electrode
equivalente capacity.

The increase in the capacity implies, essentially, an increase
of the electrical surface area, which will be addressed in the
next section. The increase in gain, to be of any use, requires
low noise at the amplifier stage. The amplifier used, LMP7721,
has an averaged out input noise datasheet specification of
around 30 nV/

√
Hz between 0.1 Hz and 100 Hz. For the

100 Hz bandwith this implies a noise floor of 0, 3µV about
two orders of magnitude lower than a typical EEG. This
is more than enough as long as the attenuation due to the
voltage divider effect shown in figure 3 is not too high.
This noise only addresses the operational amplifier while
thermal noise from the very high valued resistors and pick-
up noise must also be accounted for. To keep the thermal
noise to a minimum we have kept both the resistors and the
operational amplifier cooled while to reduce the pick-up noise
we have carefully designed the flexible PCB to minimize stray
capacitance and implemented low impedance electrical field
shielding of cables, tracks and circuit. The pick-up noise is also
further reduced by the common-mode rejection ratio (CMRR)
of the instrumentation amplifier. This, in turn, has at its input



a subtracting circuit where the pick-up noise of the electric
field coupling sensor (EFCS), a floating electrode, is subtracted
from the common-mode noise coming from the electrodes, as
depicted in figure 1. The subtracting circuit together with the
instrumentation amplifier, which has a minimum guaranteed
CMRR of 110dB, but in practice outside the test bench, this
result cannot be attained regarding the power line interference,
since some will still appear as differential coupling. The total
measured noise will be presented in section III.

Using the previous considerations, and the same extremely
high input impedance operational amplifier circuit, for a 8 cm
side square electrode we would be able to record ECG signals
at a distance of about 12 cm.

C. Capacitive Electrodes

The capacitive electrodes presented here have a different
design than what is typical [6]-[8], [11]-[15] Instead of the
common 2 conductive layers, electrode + guard, our design
has 3 conductive layers where in-between the electrode and
the guard a floating layer is inserted. This floating layer has
the same surface coverage as the guard, picking an average
of the signal coming from the electrode pair as well as the
electric field from parasitic sources (e.g. mains) that couples
to the system is amplified by a circuit identical to the one
shown in figure 2 and then subtracted to the common-mode
at the input of the instrumentation amplifier as seen in section
II-A.

Due to the capacitive nature of the coupling, the geometry
of the electrodes is relevant. We want the electrical capacity
between body and electrode to be as high as possible [8].
Things that can be changed to meet this goal, taking into
account equation 1, are: i) increase the permittivity, ii) decrease
the distance and, iii) increase the electrical surface. The first
was improved by applying a silicone layer (thickness 1 mm) on
the electrodes (figure 4), whose electric susceptibility χc ' 11.

Fig. 4. 3D model of the electrodes with the layers in detail.

The second factor that can be changed, distance, works
contrary to what we want, and in a non-linear way, increasing
very quickly with distance. The third factor is where the
higher gains can be obtained. Our electrodes, with an area
of 64 cm2, are large compared to what is commonly found [6]

[7], [13]-[15]. Their electric surface is even higher, by a factor
of 83.2%. This distinction between physical dimensions and
electrical surface is important to understand how capacity can
be increased, increasing the electric field coupling, without
increasing the size of the electrodes and eventually even
allowing them to be smaller, thus improving spatial selectivity.
In our case we have increased the electrical surface area by
painting over the copper electrodes a conductive mixture made
out of copper dust and nail varnish (figure 5 shows a detail of
the surface). Effort was made for the surface to be as rough
as possible while keeping the thickness at a minimum.

Fig. 5. Detail of the roughness achieved on the surface of the electrodes
by using a mixture of copper dust and nail varnish. The thickness is around
0, 5mm.

This technique is similar in concept to what happens in the
small intestine to increase the effective absorption area with
gains from 30 to 60 times. To measure the increase in electrical
area we used two identical capacitors using the electrodes
with a 1 mm silicon dielectric. In one of these capacitors the
electrodes were made of plain copper while in the second
one of the electrodes had the rough conductive paint. The
electrodes and silicon dielectric of each capacitor were kept
sandwiched by the same clamps to minimize differences in the
dielectric thickness. Naturally, as the method of creating and
applying the paint is handcrafted the electrical area efficiency
varied a bit, but not much as it did not get lower than
about 75%. This means that albeit our electrodes have a
surface footprint of 64 cm2, the effective surface is 112 cm2.
A substantial increase in efficiency could be achieved if we
managed to better mimic the texture of the small intestine villi.
The physical dimension of the electrodes allows for a very high
sensitivity, albeit at the expense of some spatial selectivity.

D. Data Acquistion System

In order to build a complete system, an embedded sys-
tem has been developed for data acquisition implemented
in Arduino, which is an open-source electronics prototyping
platform intended to simplify contact with electronics. The
reason for choosing this platform due to the reduced cost of
development boards and the manufacturer to provide, free of
charge, the software development tools and all the information
about the hardware. The development board preferred was
the Arduino Uno is a microcontroller board based on the
ATmega328 (AVR R© 8-Bit Mi-crocontroller, Advanced RISC
Architecture). It has 14 digital input/output pins (of which 6
can be used the PWM outputs), 6 analog inputs, a 16 MHz
crystal oscillator, a USB connection.



The microcontroller has six analog inputs available, each
with a resolution of 10-bit is not enough for the registration
of biopotentials. So we decided to select an ADC with 16-
bit resolution. The ADC chosen is the AD974, developed
by Analog Devices R©, it has 4 channels of acquisition and
interface SPI (Serial Peripheral Interface Bus) to communicate
with the microcontroller.

The acquisition system was scaled to an acquisition fre-
quency of 2 kHz. The microcontroller interrupt pin is available,
and is configured to perform a specific interrupt routine
whenever there is a change of state in this pin. The interrupt
routine is responsible for controlling the ADC, and send the
samples to the computer via USB. To ensure that acquisition
frequency is stable, is used a timer connected to external
interrupt pin.

The results received in the computer, are processed by a
function described in MATLAB R©.

Fig. 6. Data acquisition system composed by the Arduino One (bottom
board) and A/D converter (upper board) .

E. Signal Processing
The ideal would be to eliminate the interference before

the amplifier circuit, for example, using appropriate shield-
ing techniques from the transducer to the circuit. When the
interference is not completely eliminated by hardware, it
is common to implement digital filtering algorithms, stored
within the memory of recording system, whose application of
the algorithms is the responsibility of the CPU.

The project implements an algorithm of Sine-Fit, used to
attenuate the interference caused by capacitive coupling from
power lines. The algorithm is used to identify the amplitude,
phase and frequency of the fundamental harmonic, which
represents the signal interference. After the reconstructed inter-
ference signal is subtracted from the sampled signal to obtain
the residuals. Waste must then display the signal without
interference. The method used was the Gauss-Newton, able to
determine simultaneously several harmonics, multiple of the
fundamental [26] [27]. Besides the elimination of interference
caused by mains, it is necessary to limit the bandwidth of the
signal, using a low pass digital filter whose cutoff frequency
not exceed 100 Hz.

III. EXPERIMENTAL RESULTS

In this section we show both the characterization tests of
the gain, noise, harmonic distortion and clinical experimental
results.

A. Gain

The determination of the frequency response of the gain of
the amplifier circuit is the implementation of the circuit input
signals from various known which differ only in frequency,
and measuring the signals amplified at output. The signals
used are sinusoids, and whose maximum frequency does not
exceed the bandwidth of the ECG, the frequencies used:
0, 1 Hz, 1 Hz, 10 Hz, 100 Hz. In the table I and Figure 6 in the
graph, we can see the gain variation of the amplifier circuit
with frequency.

TABLE I
CHARACTERISTICS OF THE SIGNALS USED TO CALCULATE THE GAIN.

Frequency(Hz) Input (Vpp) Output (Vpp) Gain (dB)
0,0937 0,2032 10,8116 34,5211
0,8753 0,2030 10,6917 34,4331
9,9454 0,2030 10,5865 34,3431

93,6693 0,2030 10,3379 34,1367

Fig. 7. Frequency response of the gain of the amplifier circuit.

The gain of the circuit is approximately 34 dB, and demon-
strates the lack of non-linearities along the spectrum of the
ECG.

B. Noise

The test bench characterization was carried out by capacitive
coupling of the input electrodes to electric common with a
1 mm silicone dielectric. The signal acquired can be seen
in figure 8 with amplitudes referenced to the input using a
sample rate of 1 kSps having a useful bandwidth of 500 Hz
(anti-alias filter). These results show an average noise figure
of 2, 34µV/

√
Hz. In figure 8 becomes apparent that white

thermal noise is very low being the biggest culprits the pink
noise, originating essentially at the FET amplifiers, and the
power line odd harmonics.
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Fig. 8. Record of a 5 s acquisition with the electrodes coupled to the electric
common through a 1 mm silicon dielectric.

C. Harmonic Distortion

The evaluation of harmonic distortion caused by amplifier
circuit is performed by total harmonic distortion (THD) and
comparing the spectra of non-amplified signal and amplified.
The calculation of the THD and the comparison of the spectra
consider the first 5 harmonics. The signals used to determine
the gain are also reused in the distortion.

Let us just illustrate the spectra for sinusoids of 0.1 Hz,
because the behavior is identical to the others. The value of
THD in figure certifies this result, which correspond to the
behavior of the gain in the absence of non-linearities.

Fig. 9. Unamplified signal spectrum (top) and amplified (lower) whose
frequency is approximately 0, 1Hz.

D. Clinical Experimental Results

These results are very good, especially considering there
is no wire ground connection between the source and the
amplifier, but do not give full account of how well the
biopotentials can be recorded in practice.

Our experimental results were obtained with the patient
standing, the ECG system is fixed to a vertical support to
the height of the thorax. Two measurements were taken by
varying the distance between the chest and the electrodes, to
the first the patient is leaning to the electrodes making up
about 3 mm, and the second patient is about 120 mm. Figure
10 reports the ECG reading of a 24 year old male subject,
who does not exhibit any cardiac deficiency, wearing a wool
sweater. Registered amplitudes were gain corrected to report
to skin level.
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Fig. 10. ECG obtained experimentally with the setup described, with the
patient to 3 mm (above) and 120 mm (below).

The pattern of the QRS complex morphology is not the
usual conventional systems, it is necessary to improve the
signal processing, but it is still possible discriminaros R peaks
of the QRS complex that is most important when trying to
determine the HRV.

IV. CONCLUSION

We have prototyped a new capacitive electrode channel
for biopotential measurement with direct application to ECG.
These channels can either be used referenced or differentially
and possess the very desirable ability to use a floating refer-
ence with results comparable to wired biopotential recording
systems. These channels have been characterized both in a test
bench and with real clinical data having clearly demonstrated
its potential to record the ECG during exercise while driving
avoiding the need for uncomfortable electrode wire connec-
tions.

The usefulness of this configuration is highly desirable for
the recording of EEG, which is the next step of this project.
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