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Introduction. Active ECG electrodes for daily usable wearable electronics (glasses, headphones) enable making 
long-term cardiovascular disease diagnostics available to many people. 

Problem Statement. The methods of ECG recording become more accessible over the years. However, on the 
way to their general use, even in cases where only reliable registration of the R-wave of the ECG is important, 
there are certain difficulties associated with the need to apply special electrodes (eg, silver chloride ones) to cer-
tain parts of the body through wet pads and to perform specific actions.

The problem is solved by using dry electrodes built into the usual devices. However, in this case, a low amplitude 
of the useful signal and a high contact resistance (for example, on the surface of the head) do not allow recording 
an ECG by conventional means.

Purpose. The purpose of this research is to develop easy-to-use body ECG electrodes that may be built into 
everyday appliances.

Materials and Methods. Active electrodes based on flexible conductive materials and high-quality opera-
tional amplifiers have been described. The main parameters of the electronic circuit have been obtained by model 
and experimental research. The parameters have been compared with the corresponding characteristics of com-
mercial samples.

Results. Prototype active ECG electrodes have been developed, created, and studied. The obtained results 
have shown that the dependence of the input reactance on the frequency plays an important role in terms of the 
final signal quality. For a low-amplitude ECG signal, the prototype has shown a signal-to-noise ratio that is 
higher by 4.7 dB than that for high-quality commercial electrodes.

Conclusions. The designed electrodes may be used in body devices, on the body parts with a low amplitude of 
the useful signal and a high resistance of skin-electrode contact. 

K e y w o r d s : ECG, active electrodes, dry contact.

According to the World Health Organization, cardiovascular diseases (CVDs) are the most 
common cause of death worldwide. About 31% of death toll in 2016 was caused by CVDs [1]. 
The number of these fatal cases may be significantly reduced by regularly moni toring of the 
heart rate, in particular by recording the ECG in everyday life routine.
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Typically, wet electrodes with an electrically 
conductive gel between the skin surface and elec-
trodes made of Ag/AgCl are used for clinical and 
research needs. Sometimes the skin surface needs 
to be prepared or even shaved before applying the 
electrode to the skin. This is necessary to achieve 
the lowest contact resistance and the best signal-
to-noise ratio of the recorded signal and to disre-
gard the motion artifacts for preserving the shape 
of the QRS complex, P and W waves for the fur-
ther analysis by specialists or automated systems. 
However, such a signal quality is not required for 
home use, fitness or sports, where recording an ECG 
with a clinical signal quality level can be very dif-
ficult because of the limited shelf life of wet elect-
rodes, the relatively complicated and inconvenient 
process of connecting passive electrodes. It is es-
pecially relevant during long recordings, when wet 
electrodes may start to get dried on warm skin, 
which significantly increases the contact resistan-
ce with the skin and reduces the signal-to-noise 
ratio. The surface of the patient's skin may beco me 
irritated, itchy, red, and even suffer from an aller-
gic reaction [2]. Electrodes with a dry skin con-
tact are increasingly being used to address these 
problems. Dry electrodes greatly simplify the ECG 
signal recording, making this process more acces-
sible to ordinary users. Such electrodes may be ma-
de of special flexible textiles that conduct elect ri-
city. This allows integrating them into everyday 
household items, such as clothing [3], glasses, 
headphones, furniture [4, 5, 6, 7] or even seat belts 
and car driver seats [8, 9]. One of the signifi-
cant differences between wet and dry electrodes 
is that in the case of the use of dry electrodes, the 
skin-electrode contact improves over time as com-
pa red with worsening contact in the case of wet 
electrodes [10].

Nevertheless, the dry electrodes have their draw-
backs, such as: a high resistance of the electrode-
skin contact as compared with the wet electrodes 
and a high sensitivity to motion artifacts. The high 
skin contact resistance may be compensated by in-
creasing the input resistance of the electrode by 
using active electrodes with a built-in field-effect 

transistor or operational amplifier (OpAmp). The 
sensitivity to motion artifacts may be reduced by 
using active electrodes with a built-in accelero-
meter [11, 18] and additional pulse wave remo-
val methods, for example photoplethysmography 
(PPG) [12] or ballistocardiography (BCG) [13] 
to increase the chances of registration of R-peaks 
in a noisy signal.

Starting with 1887, when the first ECG was pub-
lished by D. Waller [14], and until 1964, saline was 
a mandatory component for ECG recordings as 
an electrolyte. This was because of the input resis-
tance of the cardiographs in several MOhm and 
the observance of traditions. As late as in 1964, 
D. Lewes [15] tried to record an ECG without the 
use of electrolyte and without careful prepara-
tion of the skin before wearing passive electrodes. 
Four years later, isolated dry electrodes made of 
anodized aluminum and a field-effect transistor, 
as a converter of input impedance that exceeded 
1 TOhm were introduced [16]. 

Since then, the quality of ECG recording with 
the use of dry electrodes has improved signifi-
cant ly. According to T. Kosierkiewicz [17], the 
dry electrodes made of a mix of silicone and silver 
filler may outperform classic the wet electrodes, pro-
viding less resistance between the skin and the 
electrode. In addition to silicone, the leading in-
terface may be a fabric with the addition of a thin 
metal thread. In [18], Xiang An та George K. Sty-
lios have presented the optimal dry electrodes ba-
sed on textiles in the size of 2×4 cm, which allow 
recording an ECG with as good quality of a signal 
as in the case of the wet electrodes. In addition to 
that, there are methods for taking an ECG even 
without any contact with skin.

Active electrodes may be divided into the two 
types: the contactless (or insulated) and the con-
tact (or non-insulated) electrodes. In the case of 
contactless electrodes, biopotentials are measu red 
remotely at a distance from several tenths of a mm 
to one meter [23]. The input impedance may reach 
POhms. However, the input of such electrodes acts 
as an antenna that receives any surroundings elect-
ric and magnetic fields, which leads to decreasing 
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of the signal-to-noise ratio. In addition, often the 
contactless electrodes do not have amplification 
at all, which requires an additional amplifier. The 
active contact electrodes have a much lower in-
put impedance with an upper limit of up to tens 
GOhm [24], they are in a galvanic contact with 
the skin. There may be resistors or capacitors con-
nected in series between the skin and the input of 
the amplifier. If they are input capacitors, such 
electrodes are called AC-Coupled, if, instead of ca-
pacitors, resistors are used, such electrodes are 
DC-Coupled. The AC-Coupled electrodes allow 
removing the bias voltage, this enables increa-
sing the gain of the first stage, but, on the other 
hand, it reduces the input resistance. In this re-
search, our own circuit of the active AC-Coupled 
electrodes using free software and entry-level tools 
has been developed.

The purpose of this research is to develop a pro-
totype active electrodes for ECG recording from 
the surface of the human scalp at low signal le-
vels, which makes sense when embedding ECG 
recording in everyday appliances, such as head-
phones or glasses. To achieve this goal, it is neces-
sary to solve the following tasks:

  to build a basic scheme of the active electrode 
circuit;

  to calculate the frequency of the built-in band-
pass filter;

  to make model studies of the circuit;
  to build the first prototype of the designed cir-

cuit;
  to measure the actual characteristics of the 

prototype;
  to build an installation for experimental stu-

dies of the main characteristics and parameters 
of the prototype;

  to check in practice the operability of the de-
signed device by recording ECG signals from the 
temporal parts of the head in different people;

  to compare the designed solution with modern 
high-quality commercial active ECG electro des.
The existing commercial electrocardiographs 

have a signal amplification factor, usually up to 
200 V/V. This is not enough to record the signal 
from the surface of the scalp since such a signal 
needs to be amplified 7000—10000 times [25]. A 
modular recording system has been created to re-
cord such a weak signal.

The recording system consists of a microcont-
roller, active electrodes under test, an instrument 
amplifier, filters, and an amplifier for matching 
the resistance and an input voltage range of the 
ADC (Fig. 1).

The recording system is based on CoreH743I 
board made by Waveshare Electronics. STM-
32H743IIT6 ARM Cortex-M7 microcontroller 
from STMicroelectronics is installed on this board. 
Microcontrollers STM32H7 have the three suc-
cessive approximation registers (SAR) ADC with 
16-bits resolution, 77 dB signal-to-noise ratio 
(SNR), and 87 dB Total Harmonic Distortion 
(THD) for single-ended ADC [26, 27]. To get the 
effective number of bits (ENOB), this ADC SI-
NAD (signal-to-noise and distortion ratio) shall 
be calculated first, with the use of formula (1). 
After the SINAD calculation, ENOB may be found 
from formula (2). It gives around 12.4 bits ENOB. 
It more than two bits higher than the ENOB 
STM32F7 family microcontrollers that provide 
10.4 bits for 12 bits ADC, 65 dB SNR and 72 dB 
THD [28].

SINAD = –10log10 (10–SNR/10 + 10–THD/10).  (1)

Fig. 1. Block diagram of the ECG recording system
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Where SINAD is signal-to-noise and distor-
tion ratio, SNR is signal-to-noise ratio, THD is 
total harmonic distortion.

ENOB =                              .                 (2)

Where ENOB is effective number of bits, SINAD 
is signal-to-noise-and-distortion. 

To increase SNR of the microcontroller ADC, 
the oversampling method is used. Oversampling 
or averaging 4 samples to one sample improves 
SNR by 5 dB, which may theoretically increase 
ENOB from 12.4 to 13.1 bits. With this resolu-
tion, the embedded ADC of the microcontroller 
may be used to record ECG signal.

A special amplifier based on Microchip 
MCP6024 has been created to amplify the ECG 
signal. MCP6024 has 2.5—5.5 V power supply 
ran ge, 500 uV input offset, wide common-mode 
input range from VSS — 0.3 to VDD + 0.3, low 
THD 0.005%, 2.9 uVpp input noise at 0.1—10 Hz, 
and 60 nV/√Hz input noise voltage density at 10 Hz. 

The created amplifier contains a notch filter 
with –80 dB rejection of 50 Hz mains interferen-
ce noise and low pass filter with cut-off frequency 
of 40 Hz. The combination of these filters makes 
a roll-off frequency response with a 40 dB per de-
cade slope. This filter configuration ensures the 
removal of high-frequency noise, as well as mains 
interferente noise and unwanted biosignals such 
as electromyographic noise which appears at 10 Hz 
and reaches several hundred Hz [29]. 

The cutoff frequencies of the filters are chosen 
on the basis of several factors. The first of them is 
the frequency of the power line of the country 
where the experiments are carried out, and the 
second is the known frequency spectrum of the 
ECG signal. According to М. Allen [30] who was 
one of the first researhers to calculate the frequ-
ency spectrum of ECG signals 60 years ago, more 
that 98% of the total spectrum does not exceed
90 Hz. In 1984, V. Thakor, G. Webster, and J. Tomp-
kins [31] have developed a selective fil ter with 
a center frequency of 17 Hz and a quality fac tor 
(Q) = 5 to max  imize the amplitude of R peaks. 

According to the Nyquist — Shannon — Kotel-
nikov theorem, the sampling frequency of the re-
cording system shall be two or more times higher 
than the component of the maximum frequency 
of the recorded analog signal to be able to recover 
all recorded information. Therefore, an 80 Hz samp-
ling rate is sufficient to collect basic information 
about the QRS complex, but most existing elect-
rocardiographs have a sampling rate up to 500 Hz 
to record all information from the high-frequency 
components of ECG signal. For this research, we 
use a sampling rate of 1000 Hz (4000 Hz for quad-
ratic oversampling) to be able to record R peaks with 
an accuracy of up to 1 ms for future HRV analy-
sis. The amount of generated data is 2000 bytes 
per second, or 120 KB per minute. A 2 GB SD card 
connected to the microcontroller via the SDIO 
interface is used to store the raw recorded data. 
The C/C ++ programming language is used to de-
velop STMH743IIT6 microcontroller software. 
STM32CubeIDE provided by STMicroelectro-
nics is chosen as IDE (integrated development 
environment). The STM32CubeMX graphical con-
figuration tool is used to configure all 178 pins of 
the STMH743IIT6 microcontroller.

Skin-Electrode Contact 

According to Xiang An and George K. Stylios [18], 
flexible textile fabric with integrated silver threads 
may provide contact quality at the level of stan-
dard wet electrodes. Therefore, as a conductive 
interface between the skin and the active elect-
rodes, a similar flexible textile material is used, 
but with a Ni/Cu coating that has similar proper-
ties but is much cheaper. Achieved skin-electrode 
contact impedance is 10—15 MОhm after elect-
rode installation and drops to 5—8 MOhm in a 
few minutes.

Development of Active ECG Electrodes 

The nature of biosignals, such as ECG, EMG or 
EEG, requires a fairly wide range of supply vol-
ta ge of the active electrodes. This is usually a bi-
polar power supply. In this research, two CR2032 
batteries with a maximum voltage of 3 V are used 

SINAD — 1.76
6.02
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as a power source for the active electrodes. 
LMP7702, a dual amplifier, is chosen as the basis 
of the active electrodes because of a high input 
resistance, an ultra-low noise, and a wide range 
of supply voltage and input voltage.

The purpose of creating active electrodes in 
this research is to measure the ECG from non-
standard leads of the human body, such as the 
Mastoid Area, the temporal bone behind the ears. 
The main frequency components of the ECG sig-
nal usually range within 0.1—100 Hz. Anything 
that exceeds this frequency range may be conside-
red potential noise. Based on this, it has been de-
cided to built-in a bandpass filter to eliminate all 
types of noise as soon as possible before the signal 
arrives at the input of the instrument amplifier.

The cutoff frequency of the low-pass filter should 
be approximately 100 times higher than the fre-
quency of the useful signal to prevent a decrease 
in the amplitude of the useful signal. In turn, the 
cutoff frequency of the high-pass filter should be 
100 times less than the frequency of the useful sig-
nal. It has been assumed that the central useful 
frequency of the ECG signal is 20 Hz. Therefore, 
the frequency range of the bandpass filter is from 
0.2 Hz to 2 KHz. This frequency range allows us 
to ignore the DC voltage offset and to reject the 
main frequency components of the ECG without 
a significant distortion. Formulas (4) and (5) are 
used to find the required components and cutoff 

frequencies of the bandpass filter, and formula (1) 
is used to find the gain.

 Micro-Cap 12 software is used to model the ac-
tive electrode circuits. The active electrode diag-
ram drawn with the Micro-Cap 12 circuit editor 
is shown on Fig. 2.

The Micro-Cap 12 modelling tool allows a com-
prehensive analysis of the circuit. It is used to si-
mulate the operation of active electrodes on AC 
currents and to obtain the frequency characteris-
tics (Figs. 3 and 4) and the dependence of the in-
put resistance on frequency of an input signal 
with added parasitic capacitance and resistance 
(Fig. 5). The spectral noise density is calculated 
as well (Fig. 6).

AV = 1 + R1/R2.                            (3)

Where AV is electrode gain.

FHPF =                                .                   (4)

Where FHPF is the cutoff frequency of the high 
frequency filter.

FLPF =                                                    .        (5)

Where FLPF is the cutoff frequency of the low 
pass filter.

The active electrodes (Fig. 2) do not have a re-
turn path for the bias current because OpAmp 
LMP7702 has a very low bias current of 200 fA, 
which allows the circuit to operate for approxi-
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Fig. 2. Active electrode circuit
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mately 15 days continuously before entering the 
saturation mode to one of the two supply volta-
ges. This scenario is not possible in this case, be-
cause the operation time of the circuit is limited 
to 8 working hours of the laboratory.

To avoid the problem of saturation of OpAmp, 
there are several known methods such as the use 
of a transistor switch [19] that may be activated 
when detecting the saturation mode on the out-
put of the circuit. There is also a way to use in-
verted diodes [20] or to use the disadvantages of 
printed circuit boards to provide a small parasitic 
current [21]. The same effect may be achieved by 
wrapping an enameled wire around the OpAmp 
input [22]. In the further research, we will use one 
of these methods to manufacture the next ver -
sion of the active electrodes. 

Measurement of Amplitude-Frequency 
Characteristics and Input Resistance 
of Active Electrodes 

The main characteristics of the active electrodes 
include gain, amplitude-frequency response, and 
input resistance. Measurement of these charac-
teristics allows us to compare the designed elect-
rodes with analogs. To this end, an automated tes-
ting system to measure characteristics of the ac-
tive electrodes has been built (Fig. 7). An arbitrary 
signal generator FY6800 with a maximum frequen-
cy of the generated signal of 20 MHz and a USB 
in terface is used as an input signal generator. Ri-
gol DS1054Z digital oscilloscope is used as an os-
cilloscope to measure the output signal of the test 
electrode (device under test (DUT)).

In order to measure the input resistance of the 
electrodes, a switchable resistance Rt from 0 to 
100 MOhm is included in the testing circuit. This 
allows us to measure the amplitude-frequency re-
sponse of the electrode with a closed Rt (Rt = 0) 
and the input resistance at maximum Rt (Rt = 
= 100 MOm) with the use of formula (6). 

To reduce the amplitude of the induced exter-
nal noise, the active electrodes, the resistor Rt, and 
the batteries of the active electrodes are placed 
in a Faraday cage made of 10-layer aluminum film 

Fig. 3. Frequency response obtained by simulation
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and cardboard. The conductive surface of the Fa ra-
day cage is connected to the ground of the system.

To automate long-term measurements, a signal 
generator and an oscilloscope are connected to a 
personal computer that controls the process via 
USB and Ethernet by executing scripts described 
in the Python programming language. This soft-
ware is based on modified project DS1054Z_Bo-
dePlotter [34] and FY6XXX library. This pro ject 
enables measuring the frequency response at a fre-
quency of 0.01 Hz and calculating the input resis-
tance of the DUT.

RIN = Rt                         .                    (6)

The formula for calculating the input resis-
tan ce of the active electrode given the non-uni-
for mity of the frequency response of the active 
electrodes.

Where RIN input resistance, AV(F) is the measu-
red gain of the electrode at a specific frequency F, 
V2 is the obtained voltage amplitude of the sig-
nal generator, V2 is the obtained amplitude of the 
output voltage of the electrode. 

Recording of ECG 

Recording a standard ECG from human limbs is a 
well-studied process that may be performed with 
the use of passive electrodes without active elec-
trodes and primary amplification of a signal. Re-
cording an ECG from the scalp is more compli-
cated and interesting from the point of view of wea-

rable electronics, which requires the use of active 
electrodes with high input resistance and gain, 
because the ECG voltage on the scalp is about tens 
of μV, as compared with mV in standard ECG.

Winokur [25] has shown that the optimal place 
to record the ECG from the surface of the head is 
the Mastoid Area of the temporal bone behind 
the ears. We use this place for real-world tests of 
active electrodes and ECG recording for the ex-
periment.

ECG signal is recorded for a group of 5 pa-
tients, 3 women and 2 men with an age from 25 to 
53 years. Two active electrodes are located on the 
temporal bones of the skull behind the ears on 
both sides of the head. Each electrode has two 
contacts with the skin, the signal and the ground. 
The signal is recorded on the subjects under the 
same conditions, with the same settings of the 
gain, frequencies of analog and digital filters of 
the system. During the recordings, we change 
only the active electrodes (the commercial sam-
ples (Plessey PS25255) and the electrodes of 
own design based on OpAmp LMP7702) and the 
head position.

Data Processing 

The collected data has been analyzed with the 
use of PyCharm Community Edition IDE with 
Anaconda plugin, free to use IDE (integrated de-
velopment environment), and Python program-
ming language. Each recorded ECG signal is fil-
tered by a digital bandpass filter with a frequency 
range from 5 to 30 Hz to isolate the main frequen-
cy components of the signal.

To obtain the signal-to-noise ratio of recor dings, 
the modified Pan-Thomkins algorithm in Python 
programming language [32] has been used for re-
gistering R-peaks. This allows the amplitude of the 
signal and the amplitude of the noise to be calcu-
lated automatically to find the signal-to-noise ra-
tio by formula (7).

SNR = 20log10        .                       (7)

Where As is amplitude of a signal, An is ampli-
tude of a noise.

Fig. 7. Block diagram of the automated testing system. (Whe-
re DUT is device under test, PC is personal computer)
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Measured Gain and Frequency 
Response of Active Electrodes 

Fig.8. features the frequency response of the ac-
tive electrodes as obtained by the automated 
testing system. The obtained data show the dif-
ference between the practical frequency response 
and the simulated frequency response of the de-
signed active electrodes (Fig. 8).

The first difference is the gain error because of 
the specific selection of resistors in the feedback 
circuit. The second difference is the error of 10% 
and 20% of the capacitors in the network of low-
pass filters. They are selected in pairs to match 
each other in each of the two electrodes. The fre-
quency response of the high-pass filter perfectly 
matches the computer model.

The Plessey PS25255 gain error is 15% and pro-
vides only 8.5 V/V gain out of the required 10 V/V 
from the Plessey Semiconductor datasheets [33].

Our experimental data have indicated that the 
cutoff frequency of PS25255 electrodes is 350 kHz, 
as compared with 20 kHz from the datasheets. 
They also have an undocumented frequency res-
ponse unevenness of about 2 V/V that is appro-
ximately 25% of the total gain.

Input Resistance of Active Electrodes 

Fig. 9 shows the results of measuring the input 
resistance of the electrodes. The measured impe-
dance of the electrodes PS25255 is 15 GOhm at a 
frequency of 10 Hz, as compared with 260 MOhm 
for the electrodes based on OpAmp LMP7702 
with the same frequency (Table 1). However, at a 
frequency of 100 Hz, the input resistance of the 

active electrodes PS25255 drops 50 times as com-
pared with a 2.36-times decrease for the electro-
des based on OpAmp LMP7702, which indicates 
a significant advantage of the latter in this respect.

ECG Recording from 
the Surface of a Human Head 

Measurement type 1 (Table 2) corresponds to the 
sitting body positions where the muscles of the 
neck and the back do respond to the load and 
cause noise in the ECG signals. Measurement 
types 2 and 3 correspond to the position of the 
head placed on a headrest, which increases the re-
duction of the noise amplitude and improves the 
signal-to-noise of the recorded signal.

Fig. 10 shows a view of the ECG signal recor ded 
from the surface of the scalp. As one can see from 
the graph, the maximum amplitude of the useful 
signal obtained from the electrodes PS25255 is 
about 200 μV that is 16.5 times higher than the 
amplitude of the signal obtained from the desig-
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ned OpAmp LMP7702 based electrodes. This 
confirms the results of the measured input resis-
tance of the electrodes at frequencies between 10 
and 20 Hz. In this case, the recorded signal for 
a group of people indicates the advantage of the 
designed electrodes in terms of signal-to-noise 
ratio. The designed electrodes do not have a lar-
ge distortion of the QRS complex of the ECG sig-

nal and allow detecting the R peaks with greater 
accuracy than the signal obtained from the com-
mercial electrodes.

The gain of the designed electrodes, as measu-
red experimentally, is 11 V/V, as compared with 
10 V/V obtained on the model. This 10% gain er-
ror is explained by the specific selection of feed-
back resistors R1 and R2. The pair of built-in elect-
rodes has the appropriate components. The accu-
racy of resistors is about 0.1%, that of capacitors 
is about 1%.

Although the Plessey PS25255 has a higher in-
put resistance and a higher amplitude of the out-
put signal, the overall SNR of the recorded signal 
is slightly better in the case of the designed elect-
rodes. The difference in SNR may be explained by 
a huge input impedance of PS25255 that acts 
as an antenna.

Uneven input resistance of the active elect -
ro des Plessey PS25255 leads to a distorted sha-
pe of the QRS complex. Higher input resistance 
(15 TOhm) of the electrodes at low frequencies 
within tens of Hertz, as compared with lower in-
put resistance (300 MOhm) in hundreds of Hertz, 
leads to a significant increase in the amp litude of 
the low-frequency components of the signal. Thus, 
the effect of the low-pass filter mani festes itself, 
as the R-peak becomes several times wider than it 
actually is. The proposed active elect rodes based 

Table 2. Measured Signal-To-Noise 
Ratio of the Active Electrodes

Number Subject Type
Mean SNR (SD), dB

Plessey LMP7702

1 1 1 7.04 (2.83) 10.43 (3.04)
2 1 2 7.04 (2.91) 13.97 (3.83)
3 1 3 9.18 (3.54) 11.28 (4.63)
4 2 1 6.44 (2.56) 17.0 (3.6)
5 2 2 7.46 (2.66) 16.41 (4.11)
6 2 3 9.89 (3.11) 15.96 (4.11)
7 3 1 6.3 (2.68) 7.12 (2.65)
8 3 2 8.01 (3.56) 9.34 (2.83)
9 3 3 6.8 (3.1) 7.54 (2.93)

10 4 1 5.41 (1.82) 16.87 (2.22)
11 4 2 5.86 (2.2) 18.3 (1.98)
12 4 3 7.38 (3.72) 17.81 (1.96)
13 5 1 10.75 (4.06) 13.37 (2.12)
14 5 2 7.79 (3.9) 12.55 (1.71)
15 5 3 7.74 (3.69) 14.93 (1.97)

Fig. 10. View of ECG signal recorded from electrodes pla ced on the temporal 
parts of the head
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on the OpAmp LMP7702 have a mo re uniform in-
put resistance depending on the frequency (Fig. 9) 
than the PS25255 electrodes. This ensures uni-
form amplification of all frequ ency components 
of the signal. Also the designed electrodes have 
a linear phase response (Fig. 4) in the frequency 
range of the useful signal and a low noise level 
(Fig. 6) that provides high-quality signal recording. 

Despite a relatively low input resistance of the 
designed electrodes, they have a better signal-to-
noise ratio than the commercial PS25255. The 
total signal-to-noise ratio of the designed electro-
des is by 2—14 (4.7) dB higher than that of the 
commercial PS25255. Such a low SNR of the re-
corded signal from the PS25255 electrodes may 
be explained by the modification of the electrode 
housing as well as by a large contact area and 
length of the unshielded wire between the elect-
rodes and the skin.

In this research, a schematic diagram of the ac-
tive electrode for ECG signal acquisition has been 
developed, model studies of the circuit have been 

performed, experimental samples of active elect-
rodes have been made and tested.

To verify the actual performance of the circuit, 
an automated testing system has been built with 
the use of an oscilloscope, a signal generator and 
a personal computer running software in Python. 
The experimental measurements of the parame-
ters of the active electrodes have confirmed the 
main theoretical conclusions.

Test ECGs have been recorded for a group of 
people, in the body areas with a low amplitude of 
the useful signal and a high skin-electrode con-
tact resistance. 

The advantages of the obtained electrodes inclu-
de a low noise and a low signal distortion. This sim-
plifies further processing for useful signal analysis.

The field experiment has confirmed that the 
goals set in the research have been achieved, as 
the designed active electrodes may be used in eve-
ryday equipment and in wearable electronic de-
vices to record the ECG in the background, with-
out the inconvenience of standard ECG methods.
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МАЛОШУМНІ Й ЕКОНОМІЧНІ АКТИВНІ 
ЕЛЕКТРОДИ ДЛЯ СУХИХ КОНТАКТНИХ ЕКГ

Вступ. Активні ЕКГ-електроди для натільної електроніки повсякденного використання (окуляри, навушники) 
дозволяють зробити довгострокову діагностику серцево-судинних захворювань доступною багатьом людям.

Проблематика. Засоби та методи зняття ЕКГ з роками стають доступнішими. Але на шляху до використання їх ши-
роким загалом, навіть у випадках коли має значення лише надійна реєстрація R-зубця ЕКГ, є певні труднощі, пов’язані 
з необхідністю накладати спеціальні електроди (наприклад, хлорсрібні) на певні ділянки тіла через вологі прокладки 
та виконання конкретних умов або дій з боку людини. 

Проблема вирішується використанням сухих електродів, вбудованих у звичні для людини пристрої. Але в цьому 
випадку низька амплітуда корисного сигналу та великий опір контакту (наприклад, на поверхні голови) не дозволять 
зняти ЕКГ звичайними засобами.

Мета. Розробка легких у застосуванні натільних ЕКГ-електродів, які можуть бути вбудовані у повсякденні побу-
тові прилади.

Матеріали й методи. Активні електроди на базі гнучких електропровідних матеріалів та високоякісних операційних 
підсилювачів; методи модельних та експериментальних досліджень для отримання характеристики електронної схе-
ми; метод порівняння з відповідними характеристиками комерційних зразків.

Результати. Розроблено, створено та апробовано прототип активних ЕКГ-електродів, які дозволяють досягти по-
ставленої мети. Отримані результати свідчать про значну роль характеру залежності вхідного реактивного опору від 
частоти на якість кінцевого сигналу. Для низькоамплітудного ЕКГ сигналу прототип показав на 4.7 дБ краще спів-
відношення сигнал/шум порівняно з якісними комерційними електродами. 

Висновки. Розроблені електроди можуть бути використані у натільних пристроях, на ділянках тіла з низькою 
амплітудою корисного сигналу та великим опором контакту шкіра–електрод.

Ключові слова: ЕКГ, активні електроди, сухий контакт.


