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The object of this study is a wireless local Wi-Fi network 
for broadcasting biomedical signals, its structure, and prin-
ciples of construction. The task of minimizing the power con-
sumption of a Wi-Fi transmitter has been addressed, which 
provides the possibility of building a wireless system for long-
term monitoring of biomedical signals. As a result, a function-
al diagram of a wireless Holter monitoring system based on 
an ESP32 microcontroller was constructed, which includes a 
subsystem for setting up and diagnosing system units using 
MATLAB software packages, an ECG signal generator, and 
a multifunctional PCIe board from National Instruments. 
Evaluation criteria and methods for minimizing power con-
sumption by an autonomous Wi-Fi transmitter have been pro-
posed. Methods for synchronizing the working cycles of the 
transmitter and receiver of the Holter monitoring system were 
determined. A procedure for determining the optimal biosig-
nal measurement frequency is presented, at which the dis-
tortion of ECG signals would be minimal, which means that 
the signal could be transmitted without losses. The concept of 
constructing an algorithm for implementing a program for a 
Wi-Fi transmitter has been developed, ensuring parallel exe-
cution of ECG signal measurement operations and their trans-
mission over a local network. The data from semi-naturalis-
tic tests with an experimental Holter monitoring system with 
a pre-setup subsystem and using external measuring devices, 
a computer, and the MATLAB software environment are pre-
sented. A comparative analysis of the experimental data with 
primary ECG signals and ECG signals at the receiver output 
showed a fairly stable correspondence between the input and 
output ECG signals. The proposed algorithms make it possible 
to reduce the average current consumption of the ESP32 micro-
controller to 50.5 mA. The results of the study demonstrate the 
possibility of constructing an energy-efficient wireless system 
for long-term monitoring of biomedical signals based on the 
Wi-Fi interface
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1. Introduction

Healthcare organizations in many countries need to 
improve the quality of medical services to people. This is 
explained by the emergence of new types of diseases and 
new approaches to treating long-known ones, the growth of 
people with complex diseases, changes in the general rate of 
population aging, and social changes occurring in society 
as a whole. All these facts lead to an increase in demand for 
additional services, which include regular monitoring of the 
body’s condition [1, 2].

One of the main issues related to patient monitoring is 
the problem of mobility, since in most cases it is necessary to 
remain connected to devices within one ward. New genera-
tion systems increasingly use wireless technologies, which 
makes it possible not only to increase patient mobility but 
also to increase information content. The use of wireless 
technologies involves the use of computer systems for the 
transmission of biomedical data, as well as remote control of 
medical devices.

The duration of monitoring is of great importance for 
diagnosing various diseases since accurate diagnoses require 
an unambiguous assessment of the physiological state and 

how this state has changed over time. Annual screenings do 
not have sufficient time accuracy to predict the likelihood 
of many diseases, such as stroke, heart attack, or diabetes. 
Even regular monitoring of known health problems can be 
inaccurate and ineffective, requiring frequent visits to the 
doctor [3]. It is during the period of long-term continuous 
monitoring that the doctor can identify all existing patho-
logical deviations in the patient and make an accurate diag-
nosis [4, 5].

One of such monitoring is Holter monitoring. It is the 
most commonly used method of outpatient examination of 
patients with suspected arrhythmia. Since many clinical-
ly significant arrhythmias are often asymptomatic, their 
proper detection and treatment are critical to reducing 
mortality and morbidity [6, 7]. Holter monitoring records 
an electrocardiogram on a special portable device located 
on the human body. Although portable Holter monitoring 
solutions involve recording an ECG for 24–48 hours, they 
lack the ability to provide real-time feedback with the 
ability to automatically detect pathological conditions [8]. 
The use of wireless communication for the transmission of 
biomedical information could improve the comfort of the 
electrocardiogram (ECG) registration procedure and would 
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In [18], some disadvantages of ZigBee technology are 
noted. In this case, the wireless protocol was used to trans-
mit bioelectric signals such as blood oxygen saturation, heart 
rate, and body temperature. The issue of some limitations 
regarding sending and receiving messages remained as unre-
solved issues. These limitations are due to the lack of memo-
ry to store all the nodes of the network addresses for sending 
and receiving messages, as well as the narrow bandwidth of 
the ZigBee network.

Another significant disadvantage characteristic of Zig-
Bee technology used to monitor physiological states, de-
scribed in [19], is a temporary interruption of the data flow. 
Such an interruption leads to a loss of communication be-
tween the end device and the parent. Searching for the latter 
takes a certain amount of time, which can generally lead to 
a conflict of nodes and negatively affect system performance 
and lead to data loss.

The problems associated with the speed and continuity 
of data transfer, their volume, communication range, struc-
tural complication of systems due to the use of additional 
modules can be solved by using Wi-Fi technology. Work [20] 
provides a comparative analysis of network technologies 
used in transmitting ECG signals, which confirms the ad-
vantages of this technology. It is indicated that the range of 
Bluetooth is 2–20 m, ZigBee – 20–30 m, Wi-Fi – 20–200 m. 
The data transfer rate of Bluetooth is 3–24 Mbit/s, ZigBee – 
10–250 kbit/s, Wi-Fi – 11–54 Mbit/s. The power consump-
tion of Bluetooth is low, ZigBee – low, Wi-Fi – average. Data 
collection when using Wi-Fi is carried out independently of 
intelligent terminals, unlike Bluetooth and ZigBee. In addi-
tion, when using Wi-Fi technology, data transfer is carried 
out without interruptions [21].

Power consumption can be reduced by using inexpen-
sive, low-power Wi-Fi transceivers from Espressif Sys-
tems (ESP8266, ESP32). In [22], the authors use ESP32 
to design an energy-efficient three-lead ECG monitor. The 
system consumes 165 mW, which allows the device to oper-
ate for up to 67 hours on a 3000 mAh battery. However, this 
system only records data to a microSD memory card and 
does not provide for wireless transmission.

In [23], a system for collecting, processing, and wire-
lessly transmitting ECG in real time is implemented based 
on ESP32. The experimental results show that the system 
meets the requirements of remote monitoring and auxiliary 
diagnostics, but the energy efficiency of the transmit/receive 
process was not addressed.

ESP32 transceivers can operate under four modes: trans-
mit, receive, sleep, and standby. Sleep mode is considered the 
most energy-efficient mode of operation since it consumes 
significantly less energy than all other modes of operation. 
However, nodes cannot transmit or receive data under the 
energy-saving sleep mode. Therefore, it is necessary to use 
a method for synchronizing the operation of nodes that 
guarantees the coincidence of transmission and reception 
operations.

Our review of the literature demonstrates that issues on 
the development of energy-efficient methods for hardware 
and software implementation of a wireless Wi-Fi system 
for monitoring human biomedical parameters remain un-
resolved. The above arguments allow us to assert that it is 
advisable to conduct a study on the development of a local 
Wi-Fi network for transmitting biomedical signals that 
provides an optimal ratio of transmitter power consumption, 
transmission speed, and quality of transmitted signals.

also provide the doctor with the opportunity to monitor the 
patient’s condition in real time, predict and make a decision. 
Wireless monitoring involves the transmission of measured 
physiological data (e.g., ECG, blood pressure, muscle electrical 
activity, etc.) from peripheral sensors to a centralized platform. 
The platform may include both hardware and software units for 
signal acquisition, processing, and decision support. When de-
signing monitoring systems, developers face various challenges. 
These include technological capabilities and efficiency of the 
system, reliability and validity, interoperability, data integrity, 
and quality, which is often accompanied by a lack of reliable 
verification of results and the lack of generalization [9].

The type of wireless technology used largely determines 
the capabilities of the monitoring system since the system 
performance, range, and signal transmission speed, noise 
immunity of the system, as well as ease of setup depend on 
this [10]. The most commonly used technologies in wireless 
transmission systems are Bluetooth, ZigBee, and Wi-Fi. The 
analysis of these protocols is given in detail in works [11–13].

If the registration procedure does not imply restrictions 
on the patient’s movement, then the transmitting part of the 
system located on the patient’s body must be provided with 
an autonomous power source. In this case, the duration of 
continuous registration becomes an important parameter, 
which depends on the power consumption of the transmit-
ting part. With relatively high power consumption, the 
capacity and, accordingly, the weight of the power source 
increase. This creates inconvenience in wearing such devic-
es, restricting the patient in activities. The problem arises 
to find algorithms and methods for reducing the power con-
sumption of such an autonomous device. Thus, it is a relevant 
task to implement multichannel transmission of biomedical 
signals with minimal power consumption of the transmitter 
while maintaining the specified qualitative and quantitative 
indicators of the process of transmission and reception of 
biomedical information.

2. Literature review and problem statement

The main disadvantages of Bluetooth technology are 
its short range and limited number of connecting devices. 
Its advantage is low power consumption. This is confirmed 
in work [14], which reports the development of a wearable 
multi-frequency impedance cardiography device. This sys-
tem provides long-term monitoring of ECG and multi-fre-
quency impedance cardiogram (ICG). Due to the use of 
energy-efficient equipment, the system can operate for up to 
18 hours on a 3 V battery, continuously sending data via the 
Bluetooth module.

Another example of a long-term monitoring system using 
Bluetooth technology is described in work [15]. The system 
under consideration can monitor physiological parameters 
important for patients with heart failure. These parameters 
include chest impedance, ECG, heart rate, and motor activity 
detection. But in this case, the system can no longer be classi-
fied as energy efficient since the Arduino Uno platform is used 
as a control unit. As a result, the battery lasts for about 5 hours.

ZigBee technology has a longer range than Bluetooth 
technology. It is also designed for long-term autonomous 
operation, is safe, and can be used to solve telemedicine 
problems [16]. In addition, ZigBee has a fast transition (less 
than 15 ms) from sleep to active mode, which is an advantage 
compared to Bluetooth technology (about 3 s) [17].
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3. The aim and objectives of the study

The objective of our study is to design a local Wi-Fi 
network for multichannel transmission of biomedical signals 
based on the ESP32 module, which ensures minimal power 
consumption of an autonomous transmitter while maintain-
ing the specified qualitative and quantitative indicators of 
the process of transmitting and receiving biomedical signals.

To achieve this goal, it is necessary to solve the following 
problems:

– to develop an algorithm for implementing a program that 
makes it possible to reduce power consumption by the transmit-
ter and synchronize the cycles of measuring and transmitting 
biosignals in the transmitter and receiver of the system;

– to organize parallel execution of two cycles of the 
transmitter program: a cycle of measuring biosignals and a 
cycle of wireless transmission of digitized biosignals to the 
receiving part of the local network;

– to determine the value of the biosignal measurement 
frequency at which the distortion of the biosignal will be 
minimal, which will avoid the loss of diagnostic features;

– to study the energy efficiency of the receiving-trans-
mitting system for electrocardiosignals (ECS) using the 
proposed algorithms.

4. The study materials and methods

The object of our study is the processes of measuring and 
wireless transmission of biomedical signals over a local wire-
less network built on the basis of a Wi-Fi interface.

It is assumed that the development of an algorithm for 
generating a data packet, dividing the process of executing 
the algorithm between two cores of the ESP32 module could 
make it possible to synchronize the process of transmitting 
a packet over the Wi-Fi interface and switch the transmitter 
to a power-saving mode, which would reduce the energy con-
sumption of the transmitter while maintaining the quality of 
the transmitted biosignals.

A set of measures was used, including the search for an 
optimal algorithm for implementing a biomedical signal 
broadcasting program, the selection of a Wi-Fi transmitter 
that ensures parallel execution of operations, and circuitry 
and software solutions aimed at minimizing the energy con-
sumption of the biosignal transmission channel.

As a specific type of biomedical signal, it is advisable to 
choose an electrocardiological signal as the most common 
in medical practice, and as a diagnostic procedure – Holter 
monitoring, which involves recording ECS over a long peri-
od of time.

The basic components of the hardware in the local wire-
less network are shown in Fig. 1.

The following designations are used in Fig. 1:
1 – ECG signal generator ECGS-12A;
2 – Li-ion 18650 batteries;
3 – ESP32 family transmitter module;
4 – ECG signal amplifiers;
5, 6 – Arduino Due boards;
7 – ESP32 family receiver module;
8 – auxiliary BNC-2120 module for data collection.
A module with a dual-core ESP32-D0WDQ6-V3 mi-

crocontroller from Espressif Systems is used as a Wi-Fi 
transmitter. ESP32 is built on an Xtensa LX6 processor 
(32 bit), has a Wi-Fi wireless interface controller, eighteen 
analog-to-digital converters (ADC) with a bit depth of 
12 bits, an I2C interface, and 4 general-purpose timers. The 
programming environment is ESP-IDF and Arduino IDE. 
All of the listed technical features of the ESP32 are a neces-
sary set for building a wireless local area network.

5. Results of investigating a local Wi-Fi network for 
transmitting biomedical signals

5. 1. Algorithm for minimizing energy consumption by 
the transmitter and synchronizing measurements in the 
transmitter and receiver of the system

There are two main technological methods for minimizing 
energy consumption. The first is to increase the duty cycle of 
the Wi-Fi biosignal transmission process, i.e., the ratio of the 
period of one cycle of measurement and transmission of the 
biosignal to the duration of the direct Wi-Fi transmission of 
the biosignal. The second is to use a special low-power mode 
of ESP32. The first method can be classified as algorithmic.

A characteristic feature of the algorithm, including mea-
suring ECS, generating a data packet, and transmitting the 
packet via the Wi-Fi interface, is the serial-parallel principle 
of dividing the algorithm execution process between two 
cores of the ESP32 module. This principle ensures the con-
tinuity of the ECS measurement and transmission and elim-
inates the loss of electrocardiological information. Initially, 
an algorithm for measuring biopotentials and generating a 
data packet P is developed (Fig. 2).

The program fragment (Fig. 2) is a data array for three 
ECG leads and includes n bytes or n/2 measurements, since 
an array in the Arduino Ide programming environment can 
only be formed from bytes, and each measurement of one 
lead contains two bytes.

The degree of energy saving by the Wi-Fi transmitter 
is determined not only by the optimization of the program 
implementation algorithm for the transmitter but also by the 
hardware and software capabilities of the ESP32 module itself, 
which has six energy-saving modes. Among them, the Mo-
dem-sleep mode can be distinguished. Under this mode, a sig-

nificant reduction in consumption is achieved by turning 
off the RF path of the microcontroller, as well as the Wi-Fi 
frequency generator. The remaining nodes of the module 
operate under a normal mode, taking into account the 
user settings of the clock frequency of the main processor.

The Modem-sleep mode is applicable only to the 
ESP32 module operating under the active Wi-Fi Sta-
tion mode. In this case, the transmitter does not have 
the ability to create its own local Wi-Fi network, it 
connects to an existing one, in this case, to the network 
organized by the receiver. The mode comes into effect 
after connecting to the access point (Wi-Fi receiver).Fig.	1.	Hardware	of	the	ECS	signal	transmission	system



37

Information and controlling system

The ESP32 module uses the Wi-Fi delivery traffic 
indication message beacon mechanism to maintain a con-
nection with the Wi-Fi receiver. Under the sleep mode of 
the modem, the ESP32 switches off the radio frequency 
block between two beacons (messages). In the classic 
version, these messages are transmitted at predetermined 
time intervals (Delivery Traffic Indication Message). A 
distinctive feature of the proposed technique for gener-
ating permission signals for message transmission is that 
the discreteness of these signals is not strictly specified 
but is determined by the hardware timers of the receiver, 
which form the interval for processing information by 
the receiver. The resolution of the beacon signals is equal 
to 1 ms. Thus, the time interval of the active mode of the 
transmitter is reduced, due to which additional energy 
consumption is saved. 

5. 2. Parallel execution of biosignal measurement and 
wireless transmission of digitized biosignals by the trans-
mitter

The program algorithm for two ESP-32 module cores 
is shown in Fig. 3. Module 1 (core 0) is designed to imple-
ment the following command execution order: measuring 
the ECG signal in three leads, forming the P1=P array 
and setting the b=1 flag. As a result, module 2 (core 1) is 
granted permission to transmit data from the P1 array to 
the receiving side. At the end of the P1 array transmission 
session, the b flag and the P1 array are reset. In parallel 
with the process of transmitting the P1 array, a repeated 
data array is created in module 1, but this time under the 
P2 symbol. After this, the c=1 flag is set, allowing mod-
ule 2 to send data from the P2 array to the Wi-Fi receiver.

The receiver of the ECS broadcast system is also imple-
mented on the ESP32 module, but in a single-core version. 
The reception algorithm is shown in Fig. 4.

Fig.	4.	Algorithm	for	receiving	electrocardiological	signals

The method of packet transmission of biosignals is char-
acterized by an inversely proportional relationship between 
the power consumption of the transmitter and the volume 
of the packet of transmitted information. The volume of the 
packet of transmitted information is directly proportional to 
the duration of the cycle (period) of information transmis-
sion, i.e., the larger the volume, the longer the period. The 
maximum packet size is determined by the amount of RAM 
of the ESP32 module. However, there is another relation-
ship – the larger the volume of transmitted information, the 
greater the probability of an error, distortion, or failure in 
the transmission process. It was determined empirically that 
the most optimal packet size should not exceed 6000 bytes. 
In this case, the array of measured ECS includes 3450 bytes 
of information. This volume of the data array was selected 
based on the possibility of increasing the number of mea-
sured leads to 5. The measured data is written to the memory 
of the ESP32 signal receiver module as a sequence of packets 
P1 and P2 (Fig. 4). Here, the packet is unpacked, and the 

 

 

Fig.	2.	Fragment	of	the	algorithm	for	forming	a	data	
packet	P1	(P2)

 

 

Fig.	3.	Algorithm	for	two	cores
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data is sequentially transmitted via the I2C inter-
face to the Arduino DUE boards for preliminary 
processing. After this, the receiver enters a standby 
mode to receive the next information packet.

5. 3. Determining the minimum sampling fre-
quency of a biosignal

One of the most important characteristics of 
the procedure for measuring and transmitting 
biosignals is the duty cycle of the packet trans-
mission process of biosignals. The duty cycle S is 
determined from the formula:

S=T/ttr,     (1)

where T is the duration of one measurement cycle 
and Wi-Fi data transmission, and ttr is the duration 
of the Wi-Fi transmission session of one measure-
ment of all leads. Thus, the greater the duty cycle, 
the less energy is consumed.

The energy consumption (W) of the Wi-Fi 
transmitter is determined from the following for-
mula:

W=Mmeas(T–ttr)+Mtrttr,   (2)

where Mmeas is the power consumed during the measurement 
of ECG leads, Mtr is the power consumed during a Wi-Fi 
transmission session of one measurement of all leads.

The functional components of the ESP32 include hardware 
64-bit general-purpose timers. In the Arduino Ide software 
environment using the built-in libraries from ESP-IDF, one can 
set up certain identical time intervals for the transmitter and 
receiver of Wi-Fi information. These time intervals correspond 
to one cycle of measuring three ECG leads (for the transmitter) 
and one cycle of receiving the measured leads and transmitting 
the result via the I2C interface (for the receiver).

In this case, the duration of one cycle is set to 
3000 μs (3 ms). This value was chosen taking into account 
that the duration of the shortest ECG fragment – the Q 
wave is on average 30 ms, there are 10 samples per wave dig-
itization, which corresponds to a frequency of 333.3 Hz. This 
is quite sufficient for the correct interpretation of the ECG. 
Based on this, the time of one measurement cycle and Wi-Fi 
data transmission is T=30/10=3 ms.

Thus, by setting the required time intervals, the synchro-
nization of the processes of executing the working programs 
of the receiver and transmitter is carried out.

5. 4. Results of the experimental study of energy 
consumption by the receiving-transmitting system of 
electrocardiographic signals

To implement the developed algorithms, a functional 
diagram of the ECG broadcasting system for three leads is 
proposed, shown in Fig. 5. The system also includes all the 
elements shown in Fig. 1.

The ECG generator is an imitator of a set of cardio-
grams, both normal and with various pathologies and 
interference. The bioamplifier unit includes three AD8232 
boards. The AD8232 board from Analog Devices is used 
to extract, amplify, and filter the ECG under noise condi-
tions [24]. Hardware correction of the signal pass frequen-
cy is also provided.

Three ECG leads (signals) are fed to the ADC inputs 
of the ESP32 module. Under Wi-Fi mode, the number of 
active ADCs is 6. The Wi-Fi receiver output is connected 
via the I2C interface to Arduino Due boards built on 32-
bit AT91SAM3X8E microcontrollers from Atmel of the 
ARM Cortex-M3 family, with a frequency of 84 MHz. The 
module includes two 12-bit DACs and an I2C interface. 
The purpose of the Arduino Due is to pre-process the ECG 
signals and to be able to connect via an I2C-USB adapter 
to a personal computer or directly to a Raspberry Pi5 
mini-computer for final automated processing and analysis 
of the information received.

The NI PCIe-6321 I/O board and the BNC-2120 module 
are used to configure the entire Wi-Fi complex. The BNC-
2120 module serves as a switch between the NI PCIe-6321 
board and the outputs of the bioamplifiers and the Wi-Fi 
receiver. The software environment for processing and 
studying signals coming through the NI PCIe-6321 I/O 
board is the MATLAB program with the Data Acquisition 
Toolbox (DAT) package installed.

The option of using the Simulink Desktop Re-
al-Time (DRT) package as a software environment was 
considered. It is a real-time kernel for running Simulink 
models and simulating hardware on a computer. However, a 
comparative analysis of the two packages revealed that the 
DAT package supports much more time, frequency, and spec-
tral analysis tools for Simulink models. Therefore, priority 
was given to using the DAT package.

Fig. 6 shows the entire complex assembled, including an 
oscilloscope and a computer. The two-channel oscilloscope 
allows monitoring the input and output signals of one lead. 
The computer makes it possible to monitor the signals at the 
input and output of the Holter monitoring system in three 
leads in the MATLAB software environment. The hardware 
units were shown in detail in Fig. 1.

The process of transmitting and measuring ECG in-
cludes several main stages. The first stage is amplification, 
measurement, and wireless transmission of signals from 
three leads generated by the ECG signal generator. At the 
same time, the amplified signals are sent to the BNC-2120 
module.

 

 

Fig.	5.	Functional	diagram	of	Holter	monitoring
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The second stage is receiving and transmitting signals 
via the I2C interface to the inputs of the Arduino Due 
boards and in parallel via the adapter to the USB port of the 
PC for the final interpretation of the information received, i. 
e., the diagnostic conclusion.

The third stage includes preliminary processing and 
transmission of signals from the output of the Arduino Due 
boards to the BNC-2120 module, then to the PCIe-6321 
board for further processing in the DAT package of the 
MATLAB system.

Fig. 7 shows a virtual model assembled in the MATLAB 
environment using the tools of the Data Acquisition Toolbox 
software package.

The model includes the following modules: Analog 
Input (single Sample), Filtr1–Filtr3, TD1–TD3, Scope1, 
Scope2. The Analog Input (single Sample) module is 
designed to transmit signals from the external hardware 
interface module NI BNC-2120. Since the study was con-
ducted for three leads, three inputs are used, designated 
as ai0–ai2, and three outputs are used, designated as 
ai3–ai5.

The Filtr1–Filtr3 modules are designed for preliminary 
processing and filtering. The TD1–TD3 modules implement 
a time delay of the input signals by one cycle since the pro-

cesses in the Filtr1–Filtr3 modules occur with a delay of one 
measurement cycle. Thus, the modeling results are displayed 
on the screens of the Scope1 and Scope2 oscilloscopes at the 
same points in time (Fig. 8).

Fig. 8, a shows the signals from the bioamplifier output, 
and Fig. 8, b – output signals from the receiver. Compar-
ative visual analysis of the obtained plots shows that the 
plots of the input and output signals have no visible dis-
crepancies.

In Fig. 8, b, on the upper plot, there are two vertical 
marks between the ECG cycles. They are created by soft-
ware so that the beginning and end of one data transmission 
packet can be observed (one transmission packet includes 
three measurement cycles corresponding to three leads). 
Observing this process helps analyze how much information 
has been transmitted in a certain time.

The signals under study can also be observed on the 
oscilloscope screen (Fig. 9). The upper plot (channel 2) is 
the output signal, the lower plot (channel 1) is the input 
signal.

The duration of one measurement cycle can be determined 
as follows. The total number of measurements is 3450, there 
are 1150 readings or 575 two-byte numbers per lead. The ex-
act duration of one measurement set using the hardware timer 
is 3 ms. Thus, one measurement cycle takes 3*575=1750 ms, 
which is confirmed by the oscilloscope screen image in Fig. 9: 
one cycle lasts 7 divisions, the value of one division is 250 ms, 
thus 7*250=1750 ms.

A fragment of the output signal is shown in 
an enlarged scale in Fig. 10, which confirms that 
the duration of one measurement (step) is indeed 
3 ms. The duty cycle of the packet transmission of 
biosignals is S=T/ttr=1750/3≈575.

During the work, a study was conducted con-
cerning the energy consumption of the ECS-sig-
nal transmitter. For this purpose, a shunt with a 
resistance of 0.1 Ohm was used, connected to the 
power supply circuit in series with the transmit-
ter. The current passing through the resistance 
causes a voltage drop on it, which is measured and 
fed first to the AD8232 amplifier-filter (with a 
gain coefficient kgain=100), and then to the oscil-
loscope. Fig. 11 shows an oscillogram recording a 
rectangular voltage pulse at the moment of signal 
transmission.

The voltage value during signal transmis-
sion (Active mode) Ua is 2.5 V, when there is no 
transmission (Modem-sleep mode), the voltage 
Us is 0.5 V. Based on these values, taking into 
account the gain factor, it is possible to determine 
the current consumption under the active mode Ia 
and under the “modem sleep” mode Is. The results 

of measuring the parameters of the transmitter operating 
modes are given in Table 1.

Table	1

Results	of	measuring	the	parameters	of	the	transmitter	
operating	modes

Transmitter mode Mode duration, ms
Current of consump-

tion, mA

Active mode 3 250

Modem-sleep mode 1747 50

 

 

Fig.	6.	Measuring-debugging	system	

Fig.	7.	Model	for	displaying	input	and	output	biosignals	in	the	MATLAB	
software	environment
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To calculate the total current consumption by the 
transmitter Iп, formula (3) is used, where the total time 
ТΣ is the sum of the time of the “modem sleep” mode Тs, 
which is 1747 ms (based on the fact that the duration of 
the entire cycle is 1750 ms) and the time of the active 
mode Та=3 ms (Fig. 11):

п .a a s sT I T I
I

TΣ

⋅ + ⋅=            (3)

Taking into account the current consumption of three 
AD8232 microcircuits (according to the passport data [25], 
one microcircuit consumes 170 μA), the total value of the 
current consumption IΣ will be equal to 50.5 mA.

a

b

Fig.	8.	Simulation	results:	a	–	input	signals;	b	–	output	signals
 

 

Fig.	9.	Oscillograms	of	input	and	output	signals	from		
one	lead

 

 
 

Fig.	10.	Output	signal	oscillograms	in	enlarged	scale
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The operating time of two Li-ion INR18650 НЕ4 batter-
ies can be calculated using formula (4), where the capacity 
of one battery C is 2500 mAh. A correction factor of 0.70 is 
introduced to take into account external factors that can 
affect the battery life:

0.7.
C

T
TΣ

Σ

= ⋅   (4)

Thus, the autonomous operation time of the patient’s 
wearable device was 69 hours. To verify the calculation, the 
measuring-debugging system was tested with the transmit-
ter operating under an autonomous mode. The result showed 
that the transmitter is capable of continuous operation for 
60 hours (2.5 days). Without the use of the proposed algo-
rithms, the time was 14 hours.

6. Discussion of results of investigating a local Wi-Fi 
network for transmitting biomedical signals

The proposed algorithm of the program, aimed at 
synchronizing the measurement cycles of biosignals and 
reducing the energy consumption of the Wi-Fi transmit-
ter, has made it possible to increase the battery life of the 
wearable device (2.5 days). This result was achieved by 
implementing algorithms for increasing the duty cycle of 
the Wi-Fi biosignal transmission process. When there was 
no transmission, the ESP32 microcontroller was switched 
to a special low-power mode Modem-sleep mode. Thus, 
the higher the duty cycle, the less energy consumed by 
the transmitter. According to calculations, the duty cycle 
of the packet transmission of biosignals S was 575. At the 
same time, by changing the duration T of the measurement 
cycle, it is possible to control the duty cycle of the packet 
transmission of biosignals.

Unlike the device proposed in [26], in which the total 
battery life is 3 hours, the battery life of the developed 
system is significantly longer when using batteries of the 
same capacity. The estimated battery life of the transceiv-
er, taking into account the correction factor according to 
formula (4), was 69 hours. This is slightly different from 
the time obtained as a result of the experiment (60 hours). 
The deviation can be explained by the fact that the ca-
pacity of the batteries may actually be less than stated in 
the technical documentation. Nevertheless, owing to the 
proposed algorithms, it was possible to reduce the aver-
age current consumption of the ESP32 microcontroller 
to 50.5 mA. This is significantly less than the current 
consumption under Wi-Fi or Bluetooth transmission 
mode, which is in the range of 160 to 260 mA [26]. The 

battery life is comparable with devices using BLE tech-
nology [27] but unlike them, the developed device has a 
longer communication range. This is possible due to the 
advantages of using Wi-Fi technology.

Continuity of biosignal measurement and wireless 
transmission is achieved by a software algorithm for 
dividing these processes between two ESP32 module 
cores. Comparative analysis of the obtained oscillo-
grams (Fig. 9) revealed that the signal from the bioampli-
fier output and the output signal from the receiver after 
the wireless transmission process have minor acceptable 
discrepancies that do not affect the quality of the trans-
mitted signal. Thus, the developed software algorithms 
and the selected sampling frequency of 333.3 Hz ensure 
continuity of measurement and transmission, while avoid-
ing the loss of diagnostic ECG features. It should be noted 
that in the study, an electrocardiogram signal in 3 stan-
dard leads was used as biomedical signals. Based on this, 
the biosignal measurement frequency and the duty cycle 
of packet transmission were selected. This is associated 
with restrictions on the transmission of electromyogram 
or electroencephalogram signals. In this case, it will be 
necessary to recalculate the sampling frequency and the 
duty cycle of the transmitted signal.

A caveat of our paper is an insufficiently comprehen-
sive study on the issue of saving energy consumption 
by an autonomous Wi-Fi transmitter. As noted above, 
the energy consumption of a Wi-Fi transmitter directly 
depends on the duty cycle of the transmitted signal, i.e., 
the ratio of the period of the sequence of transmission of 
information pulses to the duration of the packet of trans-
mitted information. It was proposed to increase the duty 
cycle by increasing the volume of the packet of transmit-
ted information, but this technique has certain hardware 
limitations of the ESP32 microcontroller. Another possi-
ble option for increasing the duty cycle is to use various 
data compression methods without losing the reliability 
of the transmitted information, such as various encoding 
algorithms or, for example, the wavelet transform. Such 
studies will require the use of additional procedures, as 
well as hardware and software. Therefore, this is one of 
the directions for the development of our research. In ad-
dition, in order to expand the capabilities of the designed 
wireless network, it is advisable to consider the devel-
opment of an algorithm for recognizing morphological 
elements of biosignals using classical and alternative [29] 
identification methods.

7. Conclusions 

1. A procedure for reducing the energy consumption 
by a Wi-Fi transmitter is proposed by synchronizing 
cycles and controlling the duty cycle of the packet data 
transmission process. Thus, when there is no data, the 
Modem-sleep mode transmitter was used. To implement 
synchronization, the hardware timers of the ESP32 mod-
ules were configured. As a result of our studies, the opti-
mal data packet size was selected, which ensures the re-
quired quality of the transmitted signal with a sufficiently 
long operation of the transmitter under an autonomous 
mode (2.5 days). 

2. The implemented software algorithm, based on the 
serial-parallel division of the program execution process 

 

 

Fig.	11.	Pulse	of	transmission	of	the	ECS	information	packet	
via	the	local	network
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between two cores of the ESP32 module, provides the 
continuity of measurement and transmission of electro-
cardiological information. In addition, the structure of 
the algorithm fragment was determined for setting the 
frequency of measuring the input ECS signal, ensuring its 
minimal distortion on the receiving side and at the same 
time not degrading the quality of diagnostics.

3. The value of the biosignal measurement frequency 
was determined based on the duration of the shortest Q 
wave of the ECG. As the experimental results showed, 
the selected sampling frequency of 333.3 Hz allowed us to 
minimize biosignal distortion and prevent the loss of ECG 
diagnostic features.

4. A hardware implementation of a wireless local Wi-
Fi network based on the ESP32 microcontroller using the 
developed algorithms has been proposed. The hardware 
and software system allowed us to conduct experimen-
tal studies on the energy efficiency of the ECG receiv-
ing-transmitting system. Analysis of the results revealed 
that the wireless transmission process was performed 
without loss of ECG diagnostic features. At the same time, 
the developed algorithms, due to an increase in the duty 
cycle of the packet transmission of biosignals, allow us to 
significantly reduce energy consumption.
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