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Abstract 

Wireless ElectroCardioGram (ECG) systems are employed in manifold application fields: tele-

monitoring, sport applications, support to ageing people at home, fetal ECG, wearable devices, 

ambulatory monitoring. The presence of cables often hinders user’s free movements, alongside 

clinicians’ routine operations. Therefore, wireless ECG systems are desirable. This paper aims 

at reviewing the solutions described in the literature, besides commercially available devices 

and electronic components useful to setup laboratory prototypes realization. Several systems 

have been developed, different in terms of the adopted technology; when approaching the 

development of a wireless ECG system, some important aspects should be considered: 

electrodes (disposable, wet/dry, without contact, insulated), analog front-end, data acquisition 

systems (including amplifiers, multiplexer), wireless transmission technology (e.g. WiFi, 

Bluetooth) and power consumption (battery lifetime, miniaturization purposes). Technological 

advancements and continuous research have already brought to miniaturized and comfortable 

devices, but there is still room for improvement on multiple sides. 

Keywords: Biomedical engineering, ECG, electrocardiography, wireless ECG, electrodes, wireless communication 

Highlights: 

• Wireless electrocardiogram systems are increasingly common in many use fields 

• Available devices and useful electronic components are being reviewed 

• Electrodes, electronics, wireless technology and power consumption are treated 

• Miniaturised and comfortable devices development is the current research trend 

1. Introduction 

Healthcare systems are currently facing new challenges, linked to multiple aspects. 

On one side, an unprecedented change in population age is currently ongoing; according to the United Nations, by 2050 one 

out of six people in the world will be over 65 years old (16%); moreover, in Europe and North America one out of four people 
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could be aged 65 or over [1]. This represents an ageing trend quicker than ever before, with almost a doubling of the population 
over 60 years between 2015 and 2050 (from 12% to 22%) [2]. 

On the other side, people are now driven by the desire for health awareness, hence willing to self-monitor their basic health 

conditions and wearable devices are spreading with this purpose, not only in health but also in sport applications [3]. Even in 

clinical applications there is a urgent need of practical instrumentation, allowing routine actions while minimizing the hindrance 

of cables or bulky apparatuses. Furthermore, extended studies and field tests have shown how remote monitoring represents a 

valuable option for all those patients who do not need a direct medical assistance, but would manage their own health better 

with the support of this type of technology: diabetic, overweight, elderly subjects, people with cardiovascular diseases (CVDs) 

[4] or Chronic obstructive pulmonary disease (COPDs) [5], and hypertensive people [6]. 

The increase in life expectancy and the related health costs are pushing biomedical research focus on the development of 

cost-effective and easily available solutions for healthcare services, aimed at promoting both the ease of use and the comfort of 

the users (also reducing the necessary travels for outpatient visits, which is extremely important in case of fragile people, how 

the recent Covid-19 pandemic has clearly underlined [7,8]). Lightweight, compactness, low-power consumption, and 

interoperability are desirable features for portable devices, also easing their miniaturization in real wearable devices. Mobile 

telemedicine has recently known a rapid development thanks to new mobile technologies, communication bandwidth, and 

miniaturization capabilities easing the systems portability [9,10], consequently increasing the flexibility of healthcare services 

delivery [11]. Furthermore, the advances in microelectronics and communication fields allow cost effectiveness and better 

performance of these devices, thus fostering their market penetration [12]. 

In this context, the trends in electrocardiographic (ECG) activity monitoring are heading towards wearable [13] and/or 

wireless systems [14], which can even be combined (also with advanced computing technologies and artificial intelligence – AI 

– tools) to enable better healthcare services. They both represent interesting fields of research, because of two main reasons: 1) 

the fact that cardiovascular diseases are very spread all around the world (17.9 million deaths from CVDs in 2016, i.e. 31% of 

all global deaths [15]) and consequently monitoring cardiac functionality is paramount, and 2) the application in a wide range 

of fields: 

• home telecare and Ambient Assisted Living (AAL) for the monitoring of ageing people living at home [16]. Even 

applications of continuous ECG recording in the bathtub [17], in the toilet [18] or embedded in armchairs [19,20] have 

been studied recently, exploiting capacitive electrodes and conductive fabrics. These solutions for remote monitoring 

(employing sensing electrodes distributed on the living environment furniture) attempt to reduce the healthcare costs 

[21], with a pivotal role played by wireless communication systems [22,23] enabling data transfer to the hospital/the 

healthcare server [24] or, more generally, to a specific base station [25] or to a smartphone application [26]; 

• sport applications [27], where ECG monitors report better performances than wearable devices using 

photoplethysmographic (PPG) signals [28], which on the other hand are prone to motion artifacts [29] and determine a 

quite high power consumption, contributing to the relatively short battery lifetime of wearable devices [30]); 

• fetal ECG (f-ECG) [31]; 

• ambulatory monitoring [32]; 

• continuous monitoring of patients with diabetes, hypertension, CVDs or COPDs; 

• surgical interventions. 

Wireless ECG systems are desirable to promote the users’ (common healthy people and patients, but also medical personnel) 

free movements and normal lifestyle and routine actions, without being hindered by the presence of wires, thanks to the fact that 

the person under monitoring has not to be tethered to a bulky instrumentation. Plus, the development of algorithms for automatic 

ECG classification [33,34] has the potential to reduce the misdiagnosis problems and the need for the live presence of the 

doctors. Consequently, the whole healthcare quality is strengthened [35], also thanks to the fact that remote monitoring can be 

performed in normal life conditions, allowing routine daily activities. However, it is worthy to underline that the presence of 

cables cannot be completely eliminated, since electrodes need to be connected each other to measure electric potential 

differences, besides being connected to a main unit. In any case, these connections can be optimized and also miniaturized in a 

compact and portable system, avoiding wires for the connection to the main (bulky) ECG system. Both the cables length and 

the amount of wires influence the quality of the measurement, impacting on the signal-to-noise ratio (SNR) and on the comfort 

of the user, whose movements could cause artifacts (the so-called “leads-off”, due to a momentaneous loss of connection 

between electrodes and skin, as well as false signal peaks due to motion [36]). 

Furthermore, electronics can also be embedded in textile materials, enhancing the naturalness and the comfort perception 

[37–41], without requiring skin preparation and avoiding skin irritation due to adhesive materials [42]. Indeed, an important 

aspect to consider consists of sensing electrodes; for long-term monitoring, it is discouraged to employ wet disposable 
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electrodes (often made of Ag/AgCl), because they could easily cause skin irritation, inflammation, and allergic reactions [43– 

45], as well as feature a progressive degradation of signal quality because of the gel dehydration; therefore, many other types of 

electrodes have been explored in the literature, even if they are not widely adopted in clinical applications and commercial 

systems yet. 

To complete this overview, even if the focus of this study is on medical applications (to support the healthcare system), it is 

worthy to note that research is rapidly growing also on non-clinical applications, bringing to the development of advanced 

commercial systems for everyday life. Indeed, the recent spread of wearable wrist-worn technologies has offered the unique 

chance to detect the Heart Rate (HR)-related parameters across long periods during daily-life activities. The latest development 

toward this direction is the use of single-lead ECG in smartwatches [46] to detect atrial fibrillation [46, 47], even though this 

functionality is not suitable for continuous monitoring, as users have to stay still for 30 seconds during the acquisition, while 

closing the circuit by putting a finger of the other hand onto the watch. Thus, the aim of these devices is not to provide a full 

ECG path, but rather to process the data through an alghoritm able to identify specific episodes suggesting heart disorders such 

as atrial fibrillation. 

Currently, different commercial products, such as the KardiaBand (AliveCor) and Apple watch Series 4-6 have gained FDA 

(Food and Drug Administration) 510 (k) class II clearance for ECG feature and the ability to detect arrhythmias [49], as well  

as the FDA-Cleared Electrocardiogram Monitor App from Samsung, which is available on the Galaxy Watch3 and Galaxy 

Watch Active2, and it is able to record and classify an ECG as either sinus rhythm, or atrial fibrillation. Similarly, the 

ScanWatch (Withings) [50] has received CE medical certification in Europe, and other similar devices from different wearable 

companies are expected to be soon FDA cleared and regulated to be able to measure beats per minute, to detect normal sinus 

rhythms and atrial fibrillation. Despite the limited applicability of these devices to clinical practice, as they are only one lead, 

several studies evaluated their potential in obtaining 3-lead electrocardiogram recordings based on Einthoven’s triangle, 

showing a strong correlation when compared to standard ECG [51,52], and therefore new potential opportunities for cardiac 

disorders diagnosis. 

Finally, it is worth to mention that nocturnal polysomnographic monitoring devices, such as the Compumedics Somnté and 

Grael, also provide the ECG through surface electrodes [53] and are commonly used to determine different sleep disorders such 

as sleep apnea [54]. 

The goal of this article is to provide an extensive technical and product review, examining not only the available commercial 

systems for wireless ECG monitoring, but also discussing the main components for the laboratory development of devices with 

research purposes. This is intended to give advices to the developers and provide them an up-to-date overview on the different 

components characteristics and also producers, to try reducing the design effort, with no claim to be exaustive, given the rapidly 

and quite unpredictable market and research growth in this field. Furthermore, the authors want to discuss the state of the art (SotA) 

on laboratory developed systems and filed patents. Finally, the authors aim to specify the differences between daily monitoring 

applications and clinical purposes, undoubtedly requiring different metrological characteristics of the sensing devices. With respect 

to the SotA, this review is aimed at merging both research and commercial systems, as well as electronic components, while 

elaborating on different application fields, since, to the best of the authors’ knowledge, this kind of manuscript is not present in the 

literature; there are in fact specific studies on different topics but no review papers including all these aspects. For example, 

Ghasemzadeh et al. reviewed signal processing and classification techniques for application in wearable devices, focusing on ECG 

and inertial sensors [55], as well as Elgendi et al, who revisited QRS detection algorithms for wireless ECG systems [56]. Custodio 

et al. focused on architectures and communication technologies [57]; similarly, Wang et al. reviewed low-power technologies for 

wearable systems [58], while Al-Zaiti et al. reported technical solutions for wireless transmission of ECG signals [59]. Patel et al. 

concentrated their study on wearable sensors for rehabilitation purposes, both at home and in community settings, with a short 

description of key technologies [60]; also Ramasamy and Balan considered wearable sensors for ECG measurement, making a 

comparison among the different solutions (e.g. wet electrodes, dry sensors, textile-based sensors, knitted integrated sensors and 

planar fashionable circuit boards) [61]. Mansoor Baig et al. reviewed wearable patient monitoring systems with the aim of 

underlining challenges and opportunities for their clinical use [62]; however, they did not make a distinction between research and 

commercial devices, neither focused on electronic components. Alfarhan et al. made a review on wireless ECG systems focusing 

on the main components, without extensively discussing commercial and research devices [63]. There is only a quite short review 

of both research and commercial wireless medical devices dated back to 2013 [64], but since that time the research on the field and 

the technological development have undoubtedly made great strides, bringing new solutions to the market and contributing to the 

SotA. This paper is organised as follows: Section 2 discusses the literature on wireless ECG systems, Section 3 presents the patents 

available in this field, Section 4 reports commercially available devices, Section 5 considers some electronic components useful for 

the realization of wireless ECG laboratory prototypes, and finally Section 6 reports the authors’ conclusions. 
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2. The state of the art 

When designing a wireless ECG system, multiple components should be taken into consideration [63], as schematically 

summarized in Figure 1. 

Figure 1 Wireless ECG systems: components to consider in the design process. 

Electrodes. As mentioned above, conventional Ag/AgCl gel electrodes are surely the most common ones, but they reveal to 

be inappropriate for ambulatory and long-term monitoring. To compensate for the dehydration effects, some studies tested 

miniature water reservoirs [65] or superabsorbent polymers [66], however reliability and motion tolerance issues could be 

raised. Dry electrodes are preferable; they do not use any gel or moisturizer, hence suffer from high electrode-tissue impedance, 

due to the poor contact with the skin. To minimize noise and motion artifact effects (transversal motion causes instantaneous 

changes in the contact impedance, whereas lateral motion induces triboelectric charge on the electrode surface [67]), flexible 

substrates (e.g. elastomeric polymer materials [68–70], where sometimes conductive materials, such as silver nanowire [71], 

carbon nanotubes [72], carbon black, carbon nanoparticles [42], and graphene [73] are embedded) can enhance the 

conformability to the skin [74,75], which is particularly useful when wide movements are foreseen, making the sensor capable 

to stretch and flex without being damaged, thanks to its ability to adapt to the skin topography and maintain the contact 

effectively [24]. Moreover, also conductive rubber can be used [76], in which stretchability can be further enhanced by specific 

geometrical configurations, such as serpentine, mesh, sponge, net-shaped, or spring-like structures [73,77]. These electrodes 

(e.g. PlesseyTM electrodes [78]) are capacitively coupled to the skin through a layer of insulating material [79] (e.g. textile, like 

cotton), making them suitable to be integrated in smart clothing. A third electrode, larger than the others, is commonly used  

(maybe integrated on the main board [80]) to improve the robustness against noise and artifacts. Concentric ring electrodes 

have also been proposed to acquire a more localized electrical activity than conventional disc electrodes [81]. There are also 

insulated electrodes, with a buffer amplifier [67] and an active shielding against noise [82], and non-contact electrodes (e.g. 

for automotive applications [82]). The latter are realized with smart fabrics, such as highly conductive polymers on a cotton  

substrate, integrating antennas for wireless transmission of data towards external devices [83,84]. Textile-based electrodes are 

more and more widespread, since they provide high comfort levels to the user and exploit both conventional fabric 

manufacturing techniques (e.g. weaving, knitting, embroidery and stitching) and advanced ones (e.g. ink-jet printing, coating, 

lithography and chemical vapour deposition); metallic yarns (e.g. stainless-steel) can be manipulated as textile materials and 

washed without loosing their properties. Also, nylon spandex [85] and chemical fibres [86] are widely employed. However, 

they show a high sensitivity to motion artifacts, suffering also from poor electrode-skin contact. For these reasons, it is 

preferable to use a 3-electrode configuration than a 2-electrode one; in addition, the signal quality is better when electrodes 

are wet. Finally, also silicone microneedle electrode arrays (on a polydimethylsiloxane substrate) have been proposed in the 

literature, resulting flexible and conductive, but at the same time semi-invasive, complex, and quite expensive [87]. Electrode 

arrays were realized also with Ni/Cu polyester conductive fabric tape from 3M, modelled on a thin foam pad and connected to 

wires [88]; three optimal electrodes for a differential 3-lead ECG measurement can be selected, then the signal is transmitted 

wirelessly. 
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Figure 2 Electrodes examples: a) disposable wet-electrodes, b) dry electrodes, c) non-contact electrodes, d) PlesseyTM electrodes, e) capacitive 

electrodes and f) textile electrodes. 

Coincident sensing and transmitting electrodes were developed as well, hence simplifying the system structure [89]. Finally, 

conductive inks can be used to realise electrodes, such as gold nanoparticle ink [90] or medical grade Ag/AgCl ink [91], 

presenting a better performance than silver, both in terms of long-term drift and contact noise [92]. 

Analog front-end. The analog front-end (AFE) filters (outside the band of interest) and amplifies the signal; it should have 

the following characteristics: 

• high input impedance, which can be improved with resistors [93] or antiparallel diodes [94]; 

• high common mode rejection ratio (CMRR), in order to reduce motionnoise artifacts noise associated to electrodes 

impedance imbalance; 

• large DC electrode offset; 

• low noise floor, to obtain better signal quality. 

Low-power and low-cost sensors are desirable for wearable and wireless applications [95]. In fact, a low-power design for 

AFEs is essential to extend the battery lifetime of the device. In [96], a fully integrated, low-power, high-resolution AFE is 

proposed, which includes a 14-bit low-power inverter-based Sigma-Delta modulator, and a differential amplifier with a 

subthreshold transistor to obtain a good trade-off between power consumption and noise. The proposed AFE is specifically 

targeted to ECG/EEG signal recording and features a noise efficient factor (NEF) of only 3.658, better than previous works 

analysed by the authors. Pavani et al. [97] designed a compact, wireless and low-cost 12 lead ECG AFE system, choosing the 

TI ADS 1198 Delta-Sigma ADC, to avoid expensive ASIC or custom ICs which are typically used in ECG systems. The same 

board is also capable of running some signal processing algorithms that allow to use the device as a stand-alone system, for 

additional easiness of use and portability. Lukas et al. [98] present a wireless sensing heterogeneous system-in-package (SiP) 

containing an ultra-low power (ULP) SoC, a non-volatile boot memory (NVM), and a 2.4 GHz frequency shift key (FSK) radio, 

all integrated with custom ULP interfaces. An energy harvesting platform power management is also included to feed the SiP 

and the sensors. The design of the system is fully targeted at maximally reducing the power consumption: in fact, the proposed 

SoC consumes 1.02 μW during continuous ECG monitoring and post-processing. A prototype wearable device to be used on 

the upper arm for continuous ECG monitoring, based on commercial off-the-shelf (COTS) components, has been recently 

proposed by Richards et al. [99]. Again, the prototype exploits full powering from harvested energy, thanks to the use of a BLE 

data transmission link, and to an optimised design of an ULP AFE, handling ECG signal amplification and filtering. The 

prototype achieves continuous ECG recording and wireless transmission of digitized ECG data at a throughput of 816 bits/s, in 

a low-cost and compact form factor. In a recent work [100], an AD8232 chip is used for the AFE of a low-cost, low-power, and 

wireless ECG Lead II monitoring system, equipped with cloud-enabled deep learning-based automatic arrhythmia detection, 

and powered by two 450 mi-Ah Li-ion batteries. The device exploits a flexible fabric-based design that helps its easy adoption 

out of clinical settings, especially in low-resources contexts. Saleem et al. [101] present the design of an AFE circuit for an 

ECG monitoring system, in which the instrumentation amplifier INA128 is used to amplify the signals acquired through 

electrodes, followed by high- and low-pass filtering to remove artefacts. Tests performed on a digital storage oscilloscope 

confirm the AFE provides a standard ECG trace, however, aiming to use AC power, isolation between the patient and the device 

is still needed, for safety purposes. 

Data AcQuisition (DAQ) system. A DAQ system consists of integrated circuits, including amplifiers, multiplexers, analog-

to digital converters (ADCs), and communication modules. While the design of highly efficient microcontrollers and 
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transmission devices has been the main focus of research from industry and academia in the last years, aiming for energy efficient 

modern wearable systems, sensor data acquisition performed by medical devices is still mostly based on the standard paradigm 

of regular signal sampling at the Nyquist rate. Some innovative proposals are emerging, for example to create event-based heart-

rate analysis devices, such as in the work by Zanoli et al. [102], where the proposed approach is compared to the standard one, on 

the same ULP platform, providing a reduction of the energy consumption in runtime up to 15.6 times, while keeping almost the 

same detection performance. The traditional acquisition approach based on sampling at the Nyquist rate leads to data overload 

and an extra use of resources in the full processing pipeline, when applied to sparse and highly non-stationary signals, like those 

typically handled by medical devices. The adoption of the compressed sampling (or sensing) approach to optimize the ECG signal 

acquisition has been proved effective by several works in the literature [99,103–105]. 

Digital signal processing (DSP) unit. The acquired and AD-converted signals need to be processed by a DSP unit to derive 

valuable information on the health status of the monitored person; in this context, it is appropriate to distinguish between real-

time processing (through an onboard microcontroller or a Field Programmable Gate Array – FPGA, i.e. on-chip signal 

processing) and post-processing (through a PC or a Personal Digital Assistant – PDA) operations. The former requires fast 

algorithms executed onboard, essentially for noise reduction and to infer fundamental evidence on the ECG signal (e.g. detection 

of QRS complex and calculation of HR [106,107], or short-term Heart Rate Variability, HRV), whereas the latter allow to 

perform a deeper analysis even in more relaxed times, for example to identify all the ECG signal components [56,108] and 

related figures. Computing devices can also improve the SNR by filtering [109] and decomposition [110–112] techniques. 

Recently, AI technologies are increasingly employed to reduce noise and estimate the health status of the monitored person 

[113,114]. 

Wireless communication technology. Different solutions can be adopted to facilitate wireless data transmission in real-time: 

• IR, which is suitable for short distances and low data rate [115]; 

• Bluetooth at 2.4 GHz (i.e. an ISM – Industrial, Scientific and Medical – band), which can reach 100 m [63], at different 

data rates; Bluetooth Low Energy (LE) is advantageous in terms of power consumption [90]; 

• WiFi, for the realization of local area networks [116], with up to 100 m distance coverage and data transferrable at 

several tens of Mbit/s; 

• RF (Radio-Frequency – e.g. RFID – Radio-Frequency IDentification – or ZigBee), which, however, can suffer from 

instability and packet loss during transmission [117], thus being best used for short-range transmissions in Personal 

Area Networks (PANs); 

• ANT [79]; 

• GPRS (General Packet Radio Service) [118] for long-range and limited data rate communications, currently supported 

as a legacy technology in machine-to-machine (M2M) communications; 

• Wireless mobile technologies (4G, Long Term Evolution (LTE) , Narrow Band – IoT (Nb-IoT), and the upcoming 5G, 

and Wide Area Networks (WAN) technologies) [62,119,120]. 

Back in 2008, the IEEE issued a guidance document [121] to address the use of RF wireless technology for the transport of 

medical data, both to and from point-of-care (PoC) medical devices, in home- or mobile-based healthcare scenarios, up to 

hospital ambulatory and stationary situations. Despite dating quite back in time, the document identifies the main critical issues 

to consider, which are still valid irrespective of the specific wireless technology adopted, such as: i) reliability, latency, priority, 

and bandwidth, that define the Quality-of-Service (QoS) requirements prescribed by the data being transported and the 

application or service that will use it; ii) the performance expected from the wireless technology to use, in terms of capability to 

establish and maintain the link, power consumption, link range, and throughput; iii) specific requirements defined by the end 

users, according to the application context. The guidance document established the foundations for adopting off-the-shelf RF 

wireless technologies for medical data transport, and it is still a reference guideline despite the impressive evolution of the 

available wireless communication technologies in the recent times. 

In a modern and Internet of Things (IoT)-oriented perspective [122], connected devices can have some kind of local, on-board 

elaboration functions (so-called edge or fog computing approach [123,124]) to pre-process raw measurement data, or act as relays 

of raw data towards cloud-based computing platforms [125–127], where complex and resource-consuming processing algorithms 

(such as those used in AI) are executed, to share and access health-related data of different patients, and also to perform personalised 

diagnostics [128]. Years ago, Alesanco et al. [129] performed a complete study of wide-area wireless ECG transmission for real-

time cardiac tele-monitoring. They considered both technical and clinical practice-related aspects, to elaborate recommendations 

for real-time monitoring: not only the transmission channel quality parameters but also the tolerance of cardiologists to the effects 

of interruptions introduced during transmission were included in the study. The results of the assessment showed that the maximum 

percentage of time for which the monitoring process could be stopped without 

6 



 

 

 

discomfort for the cardiologists was around 15%, with a maximum monitoring delay of 3 or 4 s, depending on the scenario 
under consideration. 

Power consumption. Power consumption should be limited as much as possible with a dual purpose: to extend the life time of 

the battery (thus enabling long-term monitoring) and to ease the miniaturization of the sensor (given that the battery is the most 

cumbersome component). A proper compromise should be found between power consumption and hardware efficiency, to optimize 

the system performance [112]. An example of an efficient solution consists in coin batteries (e.g. CR2032) or rechargeable LiPo 

batteries, representing a viable compromise between lifetime and size [36]. Harvesting techniques [107] are being developed and 

more commonly applied, as well as low-power electronic components [12] or dynamic power adjustment methods (considering 

strength indicators – depending both on the user’s motion and the surrounding environment – to automatically regulate the 

transmission power [130]). In fact, it is worthy to consider that the transceiver and data transmission generally consume most of 

the power of the system, depending on the proximity between transceiver and receiver and the channel access protocol implemented 

at the MAC (Medium Access Control) and data link layers. The transmission power affects the signal quality, obviously influenced 

by propagation conditions and eventual interfering sources; it can be reduced, for example, by employing modulation techniques 

robust against interference, adaptive or compressed sampling methods [131], or adopting different operating modes (e.g. 

transmission on demand, triggered by specific events, or linked to pre-determined thresholds, rather than continuous transfer). At 

present, there is a large room for improvement towards the so-called IoT devices. 

Table 1 Wireless ECG system components: overview 

 

Component Characteristics 

Electrodes 

Good contact with the skin, low electrode-tissue 

impedance, biocompatibility. 

Available types: Ag/AgCl, dry, insulated, textile-
based, and microneedle array. 

AFE 
High input impedance, high CMRR, large DC 
offset, low noise floor. 

DAQ 
Pre-processing components: amplifiers, 
multiplexers, ADCs, communication modules. 

DSP 
Microcontroller or FPGA for real-time 
processing. 

Wireless 

technology 

IR, Bluetooth, WiFi, RF, ANT, last generations of 

cellular technologies (4G, LTE, 5G) and WAN. 

Power 

consumption 

Reduced thanks to low-power components and 
firmware, dynamic power adjustment methods, 
and energy harvesting techniques.  

SotA systems. Compact wireless ECG systems have been developed in different application fields; Lin et al. [132] realized a 

wireless (Bluetooth) wearable ECG system for telecardiology applications, with the dimensions of a business card (90 x 35 x 15 

mm). Yong et al. [133] implemented a wireless sensor network based on the MSP430 microcontroller for the acquisition (at 250 Hz 

sampling frequency), and a central ARM-based system (AT91SAM7S64 embedded microprocessor) for the monitoring; also 

Deshpande and Kulkarni [134] used a wireless sensor network, with a system-on-chip (SoC) processor featuring ultra-low power 

consumption and transmission coverage up to 100 m. Wu, Tang and Yang [135] proposed a sport physiological parameters 

monitoring system, based on a wireless sensor network and a software for PC platform. The data processing platform based on 

medical IoT has a built-in signal processing algorithm, which can process physiological data in real time and carry out a preliminary 

auxiliary diagnosis, remotely transmitted by a ZigBee module. Another compact system (hand-held device) is the Blue Box, which 

measures cardiac parameters, photoplethysmographic signal (PPG), and bioimpedance and transmits data through Bluetooth 

[62,136]. Aboalseoud et al. [137] developed another on-body wireless sensor network, with a variable number of electrodes (2-20); 

three main modules were considered: the sensing module, measuring the ECG signal and removing eventual DC shifts before 

amplification and filtering operations; the DSP module, converting the signal into digital form, saving it into memory, and reducing 

motion artifacts; and the RF unit, transmitting data to a base station according to Time Division Multiplexing (TDM) protocol. The 

whole sensor node measured 7 x 5 cm. Another sensor network was developed by Spanò et al. [12], who realized sensor and actuator 

nodes (including not only ECG, but also other ambient sensors) to collect data and communicate with an IoT server, making 

information homogeneous and sharing it with the final applications and users. Finally, Wang et al. [130] developed a small wireless 

ECG sensor node (5.5 x 2.5 cm, including an AFE, a microcontroller, a transceiver, and a recharging circuit – powered by a 600 

mAh battery) together with a ZigBee coordinator (to be operated at a maximum distance of 30 m from the sensor node), and a 

Graphical User Interface to display and analyse data on a PC, forming a compact 
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wearable system suitable for long-term home care monitoring applications. The system achieves an optimised transmission 

power thanks to the employment of a dynamic adjustment rule based on the received signal strength indicator (RSSI) and power 

levels; this way, power consumption was reduced by 20% and 30% during normal activities and resting, respectively. 

Modular systems enable an easy redesign, hence they are adaptable to different situations; Borromeo et al. [138] designed a 

compact modular system (size of a business card) mainly composed by three layers, namely for communication (Bluetooth 

module: WRAP THR 2022-1-B2B chip from BlueGiga), processing (PIC16F876 microcontroller and Xilinx Spartan3E-100 

FPGA), and sensing (bioamplifier and bandpass filter, besides a general purpose end-user application developed for mobile 

phones or PDAs). 

Fully integrated wireless ECG measurement systems have been developed, obtaining valuable reductions in terms of power 

requirements, dimensions, and costs. A so-called SoC includes an AFE, an ADC, a power management unit, a DSP unit, and a 

wireless communication module. The power requirements of AFE architectures are in the range from hundreds of nW to tens of 

μW [106,107,139]. Attention should be paid to the fact that the input impedance is relatively low, therefore it should be 

compensated with electrodes showing low electrode-tissue impedance (ETI) (e.g. Ag/AgCl wet electrodes [140]). Tsai et al. 

[141] realized a portable ECG detection device with a low-power AFE, a quadrature CMOS voltage-controlled oscillator and 

an RF 2.4 GHz transmitter, which could all be integrated into a single chip, thus achieving a low-power system for wearable 

applications. Flexible hybrid electronics technology was also used to realize a wireless ECG monitor relying on a flexible 

substrate with printed electrodes and traces connecting the electronic components [90]. 

Compact and low-cost wireless ECG systems were realized also with the ATmega328 microcontroller (for signals acquisition 

and ADC), using capacitive electrodes (working also through clothes) integrated in the AFE [142]; data can be stored in memory 

in .csv format [143]. Different wireless protocols were tested, but WiFi seems to be more reliable than others [117]. Proper 

amplifiers and filters, as well as a high CMRR, are needed to deal with low-voltage signals. 

Even attachable ECG sensor bandages (38 x 75 mm) were designed, deploying dry electrodes printed on fabric and a sensor 

chip (2.4 x 2.0 mm) wired on it, with ultra-low power consumption (12 μW) [144]; Planar-Fashionable Circuit Board (P-FCB) 

technology was employed. Also systems with double-adhesive tape were developed in a patch configuration, relying on a 

flexible substrate that can be discreetly worn under the clothes [36]. 

Portable, low-power, smart wireless ECG monitoring systems were developed also with the possibility of connecting multiple 

terminals to a unique central controller for the real-time acquisition and data transmission [145]; Yang and Chai [146] used an 

MSP430 microcontroller for ADC, digital filtering, QRS identification, and HR computation. A ZigBee network (providing low 

complexity, low power consumption, low data-rate, and low-cost) was used to send data from the terminals to the central 

controller through wireless chips (MG2455, suitable for short distance communication). 

The field of smart clothing is experiencing a rapid development both in clinical and sport applications. Coosemans et al. [147] 

realised a system embedded in a body suit for the ECG monitoring of children with an increased risk of Sudden Infant Death 

Syndrome (SIDS). Stainless steel electrodes were knitted and woven on an elastic belt; the circuit was powered inductively (132 

kHz) through two coils (used also for data transmission): the external one, large to cope with misalignments associated to 

movements, and the receiving one, realized on a flexible printed circuit (connected to electrodes through press-studs) that 

includes all the electronics for sensor interface (sampling frequency: 300 Hz), data processing, and wireless transmission (16.5 

kbit/s, up to 18 cm distance from the external coil). Le et al. [148] used coils as well for inductively powering a wireless ECG 

monitoring system. 

Hsu et al. [149] designed a 12-lead ECG monitoring system able to measure biopotentials across the clothes. An elastic chest 

vest provides the suitable pressure for maintaining the wireless module on site and acquiring a good quality signal; ECG signals 

are transmitted via Bluetooth to a back-end host system. The effect of sweating can improve the signal quality; on the contrary, the 

clothes thickness can attenuate the signal amplitude. An ultra-wearable wireless ECG monitoring system has been proposed by 

Park et al. [150]; they employed capacitive electrodes (QUASAR [151,152]) together with an ultra-compact, ultra-low power 

wireless sensor node (Eco [153], including also a triaxial accelerometer and the ability to measure temperature), resulting in a power 

consumption lower than 30 mW, which is fundamental to obtain a small form factor (26 x 15 x 7 mm). ECG signals (sampled at 1 

kHz) were transmitted wirelessly to a base station. Majumder et al. [14] realized a wearable wireless ECG monitoring system using 

capacitive electrodes and Biometrics DataLog for data acquisition and transmission (based on Bluetooth). Diaz-Suarex et al. [154] 

used three textile active electrodes with embedded electronic boards: one with the energy components, the second with the analog 

components for amplification, filtering and security ground, and the third with the DSP and wireless transmission modules. 

Steinberg et al. [155] realized sensors for the measurement of 1-lead ECG integrated in garments (i.e. t-shirt, bra, etc.), using an 

acquisition module for storage and processing (both for real-time monitoring and off-line analysis), attachable to sensors by means 

of stainless-steel snaps. ECG signals were transferred to a web-based cloud and the acquisition was controlled wirelessly through 

Bluetooth (via a smartphone). 
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Sport applications are quite common for wireless ECG systems as well; Valchinov et al. [156] manufactured dry electrodes 

on a standard printed circuit board (PCB, acting as a physical substrate) that can operate also through clothing and can be 

embedded in fabric. The AFE, sensing and amplifying ECG signals, was built on the PCB top layer. Signals (sampled at 500 

Hz) were sent via ultra-low power ANT+, but also Bluetooth was supported by the 2.4 GHz transceiver; a distance up to 65 m 

could be covered, whereas the system developed by Sigit et al. [157], consisting in a mini-sized hardware, supported Bluetooth 

transmission up to 20 m. 

Capacitive electrodes were also embedded on the back of a chair, with a third electrode (ground, in the form of a conductive 

textile) on the seat [66]; a hygroscopic polymer was employed, with a super-absorbent layer, and moisture (ambient humidity 

or body sweat) was maintained with cotton layers at the electrodes extremities. This allowed to decrease the stabilization period 

needed before obtaining a clear and stable ECG signal, due to electrostatic charge build-up and the lack of discharge paths. 

Signals were transmitted via IEEE 802.15.4 (ZigBee protocol). 

Prats-Boluda et al. [158] developed a high-spatial resolution ECG monitoring system based on a flexible tripolar concentric 

electrode (printed on a polyester substrate) and a PCB (43 x 36 x 10 mm). The electrode was connected to a module for the analog 

conditioning of the signal (including amplification and filtering, to minimise noise and interference that could compromise the 

signal of interest, which is in the order of μV), which routed the signal to the microcontroller ADC and then to the communication 

stage (nBlue Br-le-4.0-S2A transceiver module, including a low-energy transceiver and an antenna, operating at 2.4 GHz). The 

system consumption was of 9 mA in inquiry mode, 23.8 mA during transmission. Also Mathias et al. [159] developed a flexible 

electrode consisting in circular copper plates separated by a thin insulator; noise shielding capabilities were provided by the 

external plate, which additionally prevented from coupling to ground or external electronics. 

3. Patents 

Different patents regarding wireless ECG systems can be found. An implantable medical device was designed, comprehensive 

of a programmable sensing circuit to obtain a signal (approximating a surface ECG) measured through implanted electrodes 

embedded in the device [160]. Different pairs of electrodes can be selected to set differential inputs; acquisition commands are 

captured by a command receiver included in the processor. Also concentric electrodes are usable for this purpose; the almost real-

time data transmission can be obtained through an antenna electrode, including a portion of a telemetry antenna. Istvan et al. 

developed a lightweight and portable wireless ECG system, assessing ECG signals and transmitting them to a base station via 

telemetry [161,162]; then, the signal can be reconverted into analog form and read by a conventional ECG monitor. The system 

includes three parts: a chest assembly (enabling to record up to 7 ECG leads, i.e. standard and augmented ones), which is a flexible 

circuit linking electrode connectors with conductive traces for electrical signals (sufficiently spaced apart or isolated to avoid 

arcing across each other), including an adhesive layer, an insulating layer, and a base layer (furthermore, a precordial assembly 

can be added to measure up to 12 leads, including the precordial ones); a body electronics unit, transmitting the signals wirelessly 

(via Bluetooth) to the base station, equipped with a user interface and a battery; a base station (portable transceiver), eventually 

wired to a standard ECG monitor. The positioning of the assembly on the patient’s body is flexible, thanks to expandable arms, 

realized with a serpentine pattern; this is useful both to adapt to patients of different body sizes and to manage movements during 

the acquisition. A key token pairs the body electronics unit and the base station; a body electronics unit can communicate 

simultaneously with multiple base stations. A proper shielding layer in the chest assembly (made of dielectric or 

electrically/magnetically conductive materials) can prevent from external interfaces and noise. Data transmission can be Bluetooth 

or IEEE 802.11b. Balda [163] developed a retractable multi-use cardiac monitor, collecting different physiological signals, storing 

them in memory (e.g. RAM, EEPROM – Electrically Erasable Programmable Read-Only Memory, FLASH), before sending data 

wirelessly (e.g. via 900 MHz radio, Bluetooth, IEEE 802.11, WLAN, Personal Area Network, TransferJet, Ultra-Wide-Band, 

IrDA – Infrared Data Association, RFID, Wireless USB, Near Field Communication, and ZigBee) to a destination (e.g. 

smartphone). A retractable wire allows to adjust the inter-electrode distance, whose optimal value can be found automatically 

thanks to the cardiac monitor assistance. 

4. Commercial devices 

Also commercial devices for wireless ECG monitoring are available, as reported in Table 2. There are also relatively cheap 

devices, like HeartCheckTM Palm or Easy ECG Check, able to record ECG signals and transmit data wirelessly. The former is FDA 

cleared and can measure both Lead I and II (with a sampling frequency of 250 Hz and an error of 1%), hence transmit the signals 

via Bluetooth Protocols (v4.0, Classic, and Low Energy); data can be stored together with diary information for an eventual review 

by a physician, also in remote monitoring applications, thus contributing to telemedicine market. Other hand-held devices are 

available, such as AliveCor© Heart Monitor, HeartCheck CardiBeat, BodiMetricsTM Performance Monitor, AfibAlert® Heart 

Rhythm Monitor, Color Portable ECG Recorder Dicare, and Easy ECG Monitor. The signals are substantially 
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captured by electrodes kept in contact with hands/fingertips and, thanks to the wireless transmission of data, alert signals can be 

sent to relatives or healthcare providers, thus enabling the monitoring at home, especially in case of ageing people with particular 

fragilities (e.g. those undergoing a cancer treatment or affected by dementia). These devices are not suitable for continuous 

monitoring, as they are not wearable but need to be kept in hands. On the other hand, there are the so-called “chest-strap” devices, 

like Physiological Status Monitor and QardioCore; the latter provides not only ECG signal, but also HR and HRV parameters, 

respiration rate, body temperature, and activity tracking, sending data to a caregiver for remote monitoring, which is particularly 

useful in case of people at risk because of hereditary predisposition, heart attacks, diabetes, hypertension, or overweight. 

Moreover, there are instruments connected to classical ECG patient cables, like BTL CardioPoint FLEXI, touchECG System, and 

H3+TM Digital Holter Recorder, which measure ECG signals and transmit them wirelessly to a central platform. Adhesive-backed 

(or “patch”) devices are available as well, like the Medtronic SEEQTM Mobile Cardiac Telemetry (MCT) System; it can be worn 

up to 30 days for the diagnosis of irregular heartbeats causes. Data are sent via Bluetooth for being stored on a web portal, enabling 

the physician to monitor the patient. Another cardiac monitoring solution of this type is Zio® by iRhythm; it has 14 days of battery 

lifetime and the monitored data are analysed by a dedicated service, so that the physician can receive an accurate and exploitable 

report about the patient. Also Philips Biosensor BX100 can be worn on the chest to measure vital parameters (e.g. heart and 

respiratory rates), posture and activity; eventual worsening of the patient’s conditions is immediately detected, so as to act 

promptly. Data are automatically recorded and the use is possible up to 5 days. Savvy ECG [164] allows a long-term (up to 24 

months) continuous monitoring; it also provides a mark event function, generating an ECG report for the physician. Finally, the 

BioRadio apparatus is a wearable device able to acquire different physiological signals (ECG, EMG, EEG, respiration, and 

motion) and stream them to a PC via Bluetooth or storing them in memory for mobile monitoring. In Table 2, a summary of the 

technologies employed in the different commercially available devices is presented, specifying the wireless technology adopted, 

the number/type of ECG leads, the sampling rate, the accuracy, the battery type and duration, the used software and data 

accessibility/location, the certifications of the device (in particular, for what regards both United States and European markets) 

and the target applications. 

5. Electronic components 

When planning to design a new wireless ECG system prototype, a research on the available electronics components should 

be performed. In Table 3 some useful commercial components, including electrodes, AFEs, operational amplifiers, 

microcontrollers, and wireless modules, are reported. 

Analog Devices produces different AFEs (AD8233, ADAS1000), besides suitable amplifiers (AD8617, AD8605); 

moreover, they are developing a low-power and low-cost wireless ECG Holter monitor, just fitting on the back side of an 

electrode [165]. Similarly, Medlab developed an ECG board with multiple channels (EGxxxxx series), providing fundamental, 

augmented and precordial leads; also respiration measurements are possible over the ECG electrodes. Maxim realizes AFEs 

for ECG systems (MAX30001, MAX30003 series), also including a built-in Sigma-Delta high resolution (18 bit) ADC and a 

robust R-R detector. Texas Instruments provides the ADS129x series, which is a multi-electrode AFE with integrated sigma-

delta 24-bit ADC, with different number of channels (from 1 to 8). Dry electrodes suitable for long-term monitoring are 

manufactured by Wearable sensing and Quasar, which also produces wireless DAQ systems, just like Biometrics Ltd. Finally, 

STMicroelectronics and Telit provide wireless transceivers and communication interfaces. Nordic Semiconductor produces 

NRF52xxx SoCs, which are ultra-low power 2.4 GHz wireless SoCs integrating 2.4 GHz transceiver and a CPU with flash 

memory, hence constituting an intelligent Bluetooth LE device, which is not only a miniaturized beacon but also an essential 

integrated circuit for Bluetooth LE-enabled smartwatches that include continuous ECG monitoring. There are obviously other 

vendors producing useful components, here the authors limit to report the most common products found in literature concerning 

wireless ECG systems. 

Table 2 Wireless ECG commercial systems (information checked in February 2021) 

Product Manufacturer Price Website 

HeartCheck  

Palm 
HeartCheck 99.00 $ https://www.theheartcheck.com/preorders.html  

  

 

1 0  

https://www.theheartcheck.com/preorders.html


 
Easy ECG Check 

AliveCor© Heart 

Monitor, Kardia Mobile 

ECG Check 79.99 $ https://www.cardiacdesigns.com/purchase  

  

AliveCor© 210.00 € https://www.alivecor.it/  

  

(6L) 

HeartCheck CardiBeat HeartCheck 129.00 $ https://www.theheartcheck.com/cardibeat/index.html  

  

BodiMetricsTM 

Performance Monitor 

AfibAlert® Heart Rhythm 

Monitor 

HeartCheck 299.00 $ https://theheartcheck.myshopify.com/products/bodimetrics-  
performance-monitor  

  

AfibAlert® 179 $ 

(starter kit) 

https://www.lohmantech.com/product/afibalert-device-1-yr-wnty-1-  
yr-web-access/  

  

Color Portable ECG 

Recorder Dicare m1CC 

Dimetek NA http://www.dimetekus.com/Color-Portable-ECG-Recorder-Dicare-  
m1CC_p234.html  

    

  
  Easy ECG Monitor -- PC- 

80A (Bluetooth 4.0) 

Heal Force NA http://www.healforce.com/en/html/products/portableecgmonitors/heal  

thcare-equipment-portable-ECG-monitors-PC-80A.html  

  

Physiological Status 

Monitor 

Quasar NA http://www.quasarusa.com/  
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http://www.healforce.com/en/html/products/portableecgmonitors/healthcare-equipment-portable-ECG-monitors-PC-80A.html
http://www.quasarusa.com/


 

QardioCore Qardio 499.00 € https://www.getqardio.com/it/qardiocore-wearable-ecg-ekg-monitor-  
iphone/  

  

BTL CardioPoint FLEXI BTL corporate NA https://www.btlnet.com/products-cardiology-wireless-ecg-flexi  

  

 
touchECG System Cardioline NA https://www.cardioline.it/en/product-details-touchecg-system/  

  

H3+TM Digital Holter 

Recorder 

Hillrom NA https://www.welchallyn.com/en/products/categories/cardiopulmonary  
/holter-monitoring-systems/h3.html  

  

SEEQTM Mobile Cardiac 

Telemetry (MCT) System 

Medtronic NA https://www.yet2.com/active-projects/medtronic-offering-seeq-mct-

mobile-cardiac-telemetry-patch-and-wireless-continuous-monitoring/  

Zio iRhythm NA https://www.irhythmtech.com/ 

  

Philips Biosensor BX100 Philips NA https://www.usa.philips.com/healthcare/product/HC989803203011/bi  
osensor-bx100-wearable-biosensor 

  

Savvy ECG Savvy NA http://savvy.si/en/  

  

BioRadio Great Lakes 
NeuroTechnologi 

es 

8000$ 
(complete 

kit) 

https://glneurotech.com/bioradio/  
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Product 
Wireless  

technology 

Monitored  

leads 

Sampling 

rate 

Accuracy Battery type  

and duration 

Software and data  

accessibility Certifications   

HeartCheck 

Palm 
Bluetooth (v4.0, 

Classic and LE) 
I and II 

250 Hz ±1 bpm or 

1% 
Rechargeabl

e lithium 

battery 

SMART monitoring 
ECG service, smart 
device with GEMSTM

 

Mobile App 

FDA cleared,  

CE mark 
Cardiac 

Easy ECG 

Check 
Bluetooth LE Single lead 200 Hz NA 

Lithium ion r 

rechargeable 
battery, up to 

8 hours 
duration 

ECG Check App,  

cloud server 

FDA cleared,  

CE marked 
Monitor 

AliveCor© 

Heart 
Monitor, 
Kardia 
Mobile (6L) 

Ultra-high 
frequency to 
transmit data to 
the smartphone 
microphone 

6 leads 300 Hz NA 

Coin cell 
battery, up 
to 200 hours 
operational 
time 

AliveECG app FDA cleared 
Detectio  

bradyca  

heart rh 

HeartCheck 

CardiBeat 
Bluetooth LE Single lead 200 Hz NA 

Lithium ion 
battery, up 
to 8 hours 
duration 

GEMSTM Mobile App 

on smartphones/tablet 
NA 

Monitor 

rhythms 

BodiMetrics 

TM 

Performance 

Monitor 

Bluetooth Single lead NA 
±2 bpm or 

2% 

Rechargeabl
e lithium-
polymer 
battery, up to 
1000 checks 
duration 

BodiMetrics Mobile 

App 
NA Well-be 

AfibAlert® 

Heart Rhythm 

Monitor 

Data transmitted 

through a 

standard 
telephone (or 

via USB) 

Single lead NA ±1 bpm 

Alkaline 
batteries, up 
to 27 days 
duration (if 
used once a 
day) 

AfibAlert® 

application on PC, 

AfibAlert® website 

NA Control 

Color 

Portable ECG 
Recorder 

Dicare m1CC 

Bluetooth 

Lead I, II, 
III and 

Chest (V1, 
V3 and V5) 

100/200/4 

00 Hz 
(adjustabl 

e) 

NA 

AAA 

batteries, up 
to 32 hours 

duration 

SD card 
FDA cleared,  

CE marked 

ECG m 

patients 

Easy ECG  
Monitor --  
PC-80A  
(Bluetooth  
4.0) 

Bluetooth 4.0 

Up to 3 

leads with 

the patient 

cable 

NA NA 

AAA 

batteries, up 

to 10 hours 

duration 

Built-in memory 
FDA cleared,  

CE marked 

Monitor 

CVDs 

Physiological 

Status 

Monitor 

Ultralow-power 

wireless link 
Single lead 240 Hz NA 

AAA lithium 
ion battery, 
up to several 
days duration 

Micro-SD 

memory card 
NA 

Non-inv 

physiolo 

QardioCore Bluetooth 4.0 Single lead 600 Hz NA 

Lithium-ion 

polymer 

battery, up 

to 24 hours 

duration 

Qardio App 
FDA cleared,  

CE marked 
Monitor 

BTL 

CardioPoint 

FLEXI 

Wi-Fi 12 leads NA NA 

Internal 
rechargeable 
Li-Ion battery, 
up to 6 hours 
duration 

Computers in the 

BTL NETwork; BTL 

CardioPoint® 

software 

NA 
Assessm 

cardiac-  

H3+TM 

Digital Holter 

Recorder 

NA 

Modified I, 

II and III, 

aVR, aVL, 

aVF and V 

180 Hz NA 

AAA alkaline 

battery, up to 
2 days 

duration 

Internal, non-volatile 

memory, HScribeTM 
5 Holter analysis 

system, Web Upload 
solution 

CE marking 

Use in c 

medical 
patients 

monitor 

SEEQTM
  

Mobile  

Cardiac 

Bluetooth/cellul 

ar 
Single lead 200 Hz NA 

Long-life 

battery, up to 

zLink smart cellular 
device, to accesss a 
cloud portal 

FDA cleared,  

CE marked 

Arrhyth 

monitor 
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Telemetry  
(MCT)  
System 

        7.5 days 

duration 
      

Zio Bluetooth LE Single lead 200 Hz NA NA 
myZio App, 

www.myZio.com  

FDA cleared,  

CE marked 
Detectio 

Philips 

Biosensor 

BX100 

Bluetooth LE, 

Wi-Fi 
NA 250 Hz 

±5 bpm or 

10% 

CR2032  

battery 

IntelliVue 

GuardianSoftware 

FDA cleared,  

CE marked 

Monitor  

through  

paramet 

Savvy ECG Bluetooth 4.0 Single lead 125 Hz NA 
Up to 7 days 
duration 

MobECG mobile 
application 

NA 
Monitor 
issues (e 

BioRadio 
Bluetooth 

Classic/LE 
Single lead 

250- 

16000 

Hz 

NA 

Rechargeabl

e battery, up 

to 8 hours 

duration 

On-board memory, 

BioCapture Software 

Not FDA  

cleared 

Real-tim 

physiolo 

use 
 

Table 4 Useful electronics components for the design of a new wireless ECG system 

Product Manufacturer Price Website 

AD8232 Single-Lead, Heart Rate 

Monitor Front End 

Analog Devices 46.27€ 
(evaluation 
board) 

https://www.analog.com/en/products/ad8232.html  

  

AD8233 Heart Rate Monitor for 

Wearable Products 

Analog Devices 46.27€ 
(evaluation 
board) 

https://www.analog.com/en/products/ad8233.html#  

  

ADAS1000/ADAS1000- 
1/ADAS1000-2 ECG analog front 
end 

Analog Devices 199€ 
(evaluation 
board) 

https://www.analog.com/en/products/adas1000.html?doc=  
ADAS1000_1000-1_1000-2.pdf  

  
Low Cost Micropower, Low 
Noise CMOS rail-to-rails, 

input/output op-amp AD8617 

Analog Devices 20.19€ 
(evaluation 

board) 

https://www.analog.com/en/products/ad8617.html#produc  
t-samplebuy  

  
AD8605 Analog Devices 20.19€ 

(evaluation 

board) 

https://www.analog.com/en/products/ad8605.html  

  

One-/three-/six-/five-/twelve- 

channel ECG board, EGxxxxx 

series (EG01000, EG01010, 

EG04000, EG05000, EG12000) 

Medlab NA https://www.medlab.eu/english/modules/ekgmodules/eg01  

000/index.html  
https://www.medlab.eu/english/modules/ekgmodules/eg01  
010/index.html 

https://www.medlab.eu/english/modules/ekgmodules/eg04  

000/index.html 
https://www.medlab.eu/english/modules/ekgmodules/eg05  

000/index.html 

https://www.medlab.eu/english/modules/ekgmodules/eg12  

000/index.html 

Low Power, Low Cost, Wireless 

ECG Holter Monitor 

Analog Devices NA https://www.analog.com/en/education/education-  
library/articles/low-power-low-cost-wireless-ecg-holter-  
monitor.html  

Ultra-Low-Power, Single-Channel 

Integrated Biopotential (ECG, R- 

to-R, and Pace Detection) and 

bioimpedance (BioZ) AFE, 

MAX3001 

Maxim IntegratedTM
  29.00$ 

(evaluation 

board) 

https://www.maximintegrated.com/en/products/analog/dat  

a-converters/analog-front-end-ics/MAX30001.html 

  

Ultra-Low-Power, Single-Channel  
Integrated Biopotential (ECG, R-  
to-R Detection) AFE, MAX3003 

Maxim IntegratedTM
  29.00$ 

(evaluation 
board) 

https://www.maximintegrated.com/en/products/analog/dat  
a-converters/analog-front-end-  
ics/MAX30003.html/product-details/tabs-3 

24-bit, 1-ch/2-ch/3-ch, Low- 

Power AFE for ECG 
Applications, ADS129x 

series (ADS1291, ADS1292 

and ADS1293) 

Texas Instruments 99.00$ 

(evaluation 

board) 

https://www.ti.com/product/ADS1291  
https://www.ti.com/product/ADS1292  

https://www.ti.com/product/ADS1293  
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https://www.analog.com/en/education/education-library/articles/low-power-low-cost-wireless-ecg-holter-monitor.html
https://www.analog.com/en/education/education-library/articles/low-power-low-cost-wireless-ecg-holter-monitor.html
https://www.analog.com/en/education/education-library/articles/low-power-low-cost-wireless-ecg-holter-monitor.html
https://www.maximintegrated.com/en/products/analog/dat
https://www.maximintegrated.com/en/products/analog/dat
https://www.ti.com/product/ADS1291
https://www.ti.com/product/ADS1292
https://www.ti.com/product/ADS1293


 

 
 

4-Channel/6-Channel/8-Channel 

24-Bit ADC with Integrated ECG 

Front End, ADS129x series 

(ADS1294, ADS1296 and 
ADS1298) 

Texas Instruments 199.00$ 

(evaluation 

board) 

https://www.ti.com/product/ADS1294  

https://www.ti.com/product/ADS1294  
https://www.ti.com/product/ADS1294  

  

Dry electrodes Wearable sensing NA https://wearablesensing.com/  

  Dry electrodes, wireless DAQ Quasar NA http://www.quasarusa.com/  

  Biometrics DataLog Biometric Ltd NA http://www.biometricsltd.com/datalog.htm  

  STM32L151x6/8/B 

STM32L152x6/8/B Ultra-low-

power 32-bit MCU ARM®-
based Cortex®-M3, 128KB 

Flash, 16KB SRAM, 4KB 

EEPROM, LCD, USB, ADC, 

DAC 

STMicroelectronics NA https://www.st.com/resource/en/datasheet/cd00277537.pd  

f 

WE866E4-P fully integrated dual 

band, dual mode, 

combo Wi-Fi (802.11 a/b/g/n) / 

Bluetooth Low Energy (BLE) 5.0 
module – IEEE 802.11 a/b/g/n & 

Bluetooth certified and 

complying with Wi-Fi Alliance 

& BT SIG-v5 requirements 

Telit NA https://www.telit.com/m2m-iot-products/wifi-bluetooth-  
modules/wi-fi-wl865e4-p/  

  

Versatile Bluetooth 5.2 SoC 

supporting Bluetooth Low 

Energy, Bluetooth mesh and NFC, 

nRF52832 – Bluetooth qualified 

design, 

Nordic 

Semiconductor 

≈40$ 
(Developme 

nt kit) 

https://www.nordicsemi.com/Products/Low-power-short-  
range-wireless/nRF52832 

  

Advanced Bluetooth 5, Thread 

and Zigbee multiprotocol SoC, 

nRF52840 – Bluetooth qualified 

design, 

Nordic 

Semiconductor 

≈50$ 
(Developme 

nt kit) 

https://www.nordicsemi.com/Products/Low-power-short-  
range-wireless/nRF52840 

  
 

6. Conclusions 

Today healthcare systems are experiencing great changes and facing new challenges, mainly related to ageing of population 

and to the shift of care processes from the hospital to the home environment. This inevitably brings new requirements for remote 

monitoring and the possibility of employing wireless instrumentation is undoubtedly contributing to this direction, as shown in 

Table 5, evidencing pros and cons of wireless ECG technology. 

Table 5 Comparison of wireless ECG systems with respect to traditional ones 

 

  Wireless ECG Traditional ECG 

C
h

a
ra

ct
er

is
ti

c
 

Pros 

Portability Cumbersome equipment 

Relatively low-cost High-cost 

Wireless communication 
Stable data transfer through 
cable 

Usability outside clinical 

environment 

Hospital/ambulatory 

measurement 

Possibility of remote 

monitoring 

Necessity of the clinician 

during the measurement 

Possibility of long-term 
measurement 

Acquisition limited in time 

Cons 

Exposure to interference 
issues and link instability 

Cabled connection 
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  Electrodes biocompatibility 
Suitability of standard 
electrodes (relatively short-  

  
for long-term monitoring 

term measurement)  

This paper aims to highlight how the literature on the topic of wireless ECG systems is moving forward, as well as 

commercial devices and suitably designed electronics, witnessing the interest in the subject; more and more miniaturized 

devices are being developed and next generation technology enables to realize comfortable wearable devices for continuous 

monitoring of vital signs. However, systems are not mature yet and there is still room for a lot of hugely improving research , 

starting from the sensing electrodes (particularly the materials to manufacture them, aimed at biocompatibility, which is 

essential even more for prolonged measurements) to the noise shielding solutions, passing through practicity, portability, power 

consumption, and user-friendliness of the device, as suggested in Table 6. Also, data security aspects should be thoroughly 

taken into account, considering the related data protection standards to guarantee that data access and handling are properly 

managed. 

Undoubtedly the market in this field is continuosly growing and evolves fast, offering not only new products but also 

innovative (and often miniaturised) components useful for research purposes. The different solutions reach different market 

portions, from healthcare professionals to simple citizens wishing to track their fitness activity. 

Table 6 Not-mature aspects that can be improved through research 

 

Not-mature aspect What can be improved   
Electrodes Biocompatibility, electric contact goodness   
SNR Shielding and filtering technologies   
Portability Miniaturisation of the system   

Power consumption 
Optimisation of data transmission, low-power 
harvesting techniques 

components, 

User-friendliness User interface, easiness of use    

When medical applications are considered, it is worthy to mention that most of these devices are intended for arrhytmias 

screening and monitoring, with a particular focus on fibrillations (also common smartwatches have been used for their detection 

[166], hence underlining how technology is fastly improving in this field, with reliable and accurate solutions able to support 

medical decisions). On the other hand, there is an increasing tendency to make data available to users by sharing them on 

dedicate clouds; this highlights once again the importance of security and protection of data, offering at the same time big 

amounts of data to analyse, leading to the development of advanced algorithms for prediction of significant parameters thanks 

to AI technology [167]. Furthermore, the peculiarities of different application fields (e.g. ambulatory monitoring, home 

assistance, and sport applications) will lead to the development of devices with different metrological characteristics (and, 

consequently, diverse costs), matching specific users’ requirements to fulfil distinct measurement purposes. If the target use of 

the device is clinical, the device should be obviously more accurate and precise, requiring high level hardware and software 

components, whereas for daily life applications (e..g fitness tracking) the specifications can be more “relaxed”. Even the 

tolerable rate of lost data or communication link interruptions due to reliability issues in the wireless transmission technology 

must be carefully evaluated, in order to avoid their detrimental impact on the quality of the measurement data but also on the 

clinical procedures established within hospitals or healthcare institutions. Indeed, it is worthy to underline that the clinical 

usability of such devices is critical, since the often non-conventional electrodes positioning provide signals that need to be 

interpreted. Moreover, the correct positioning of the device should be thoroughly described in the user manual, possibly 

providing a simple test for its verification. This undoubtedly requires a valuable contribution from medical experts, comparing 

these data with those obtainable from standard ECG systems, in order to establish correspondences but also differences for a 

reliable interpretation of the measured signals [168]. 

Proper guidelines should be proposed in this perspective, hence providing the clinicians not only with sensing devices 

designed for continuous monitoring of their patients, but also with proper valuable means and procedures to evaluate the obtained 

results, thus being effectively supported in their decision-making process, also thanks to proper AI algorithms able to provide 

hints on symptoms detection and diagnosis. Furthermore, regarding the correct positioning of electrodes, it is important to 

underline how much adhesion can interfere with the quality of the measured data, since motion artifacts can undoubtedly play a 

key role in the signal acquisition and noise generation, hence demanding proper test to verify its correctness (e.g. electrical 

impedance measurement to control the contact impedance). Motion-related noise is even more significant when wireless ECG 

systems are used in daily life; algorithms have to be employed in order to properly filter noise [34,169] and, when not possible, 

to discard the spoiled signal portion. 

1 6  



 

 

References 

[1] United Nations, World Population Ageing 2019, New York, 2020. 
[2] World Health Organization, Ageing and health, (2018). https://www.who.int/news-room/fact-sheets/detail/ageing-and-health 

(accessed May 27, 2020). 

[3] L. Scalise, G. Cosoli, Wearables for health and fitness: Measurement characteristics and accuracy, in: I2MTC 2018 - 2018 IEEE Int. 

Instrum. Meas. Technol. Conf. Discov. New Horizons Instrum. Meas. Proc., 2018. https://doi.org/10.1109/I2MTC.2018.8409635.  

[4] K.-C. Yen, Y.-H. Chan, C.-T. Wu, M.-J. Hsieh, C.-L. Wang, M.-S. Wen, P.-H. Chu, Resuscitation outcomes of a wireless ECG 

telemonitoring system for cardiovascular ward patients experiencing in-hospital cardiac arrest, J. Formos. Med. Assoc. (2020). 

https://doi.org/10.1016/j.jfma.2020.07.004.  

[5] I. Tomasic, N. Tomasic, R. Trobec, M. Krpan, T. Kelava, Continuous remote monitoring of COPD patients—justification and 

explanation of the requirements and a survey of the available technologies, Med. Biol. Eng. Comput. 56 (2018) 547–569. 

https://doi.org/10.1007/s11517-018-1798-z.  

[6] H. Fraser, Y. Kwon, M. Neuer, The future of connected health devices, 2011. 

[7] D.R. Lakkireddy, M.K. Chung, R. Gopinathannair, K.K. Patton, T.J. Gluckman, M. Turagam, J. Cheung, P. Patel, J. Sotomonte, R. 
Lampert, J.K. Han, B. Rajagopalan, L. Eckhardt, J. Joglar, K. Sandau, B. Olshansky, E. Wan, P.A. Noseworthy, M. Leal, E. Kaufman, 

A. Gutierrez, J.M. Marine, P.J. Wang, A.M. Russo, Guidance for Cardiac Electrophysiology During the Coronavirus (COVID-19) 

Pandemic from the Heart Rhythm Society COVID-19 Task Force; Electrophysiology Section of the American College of Cardiology; 

and the Electrocardiography and Arrhythmias Committee of the Council on Clinical Cardiology, American Heart Association, Hear. 

Rhythm. (2020). https://doi.org/10.1016/j.hrthm.2020.03.028.  

[8] V. Chauhan, S. Galwankar, B. Arquilla, M. Garg, S. Di Somma, A. El’Menyar, V. Krishnan, J. Gerber, R. Holland, S.P. Stawicki, 

Novel coronavirus (COVID-19): Leveraging telemedicine to optimize care while minimizing exposures and viral transmission, J. 

Emergencies, Trauma Shock. 13 (2020) 20–24. https://doi.org/10.4103/JETS.JETS_32_20.  

[9] C.S. Pattichis, E. Kyriacou, S. Voskarides, M.S. Pattichis, R. Istepanian, C.N. Schizas, Wireless telemedicine systems: An overview, 

IEEE Antennas Propag. Mag. 44 (2002) 143–153. https://doi.org/10.1109/MAP.2002.1003651.  

[10] Y.M. Chi, S.R. Deiss, G. Cauwenberghs, Non-contact low power EEG/ECG electrode for high density wearable biopotential sensor 

networks, in: Proc. - 2009 6th Int. Work. Wearable Implant. Body Sens. Networks, BSN 2009, 2009: pp. 246–250. 
https://doi.org/10.1109/BSN.2009.52.  

[11] M. Gruska, G. Aigner, J. Altenberger, D. Burkart-Küttner, L. Fiedler, M. Gwechenberger, P. Lercher, M. Martinek, M. Nürnberg, G. 

Pölzl, G. Porenta, S. Sauermann, C. Schukro, D. Scherr, C. Steinwender, M. Stühlinger, A. Teubl, Recommendations on the utilization 

of telemedicine in cardiology, Wien. Klin. Wochenschr. (2020) 1–19. https://doi.org/10.1007/s00508-020-01762-2.  

[12] E. Spanò, S. Di Pascoli, G. Iannaccone, Low-Power Wearable ECG Monitoring System for Multiple-Patient Remote Monitoring, 

IEEE Sens. J. 16 (2016) 5452–5462. https://doi.org/10.1109/JSEN.2016.2564995.  

[13] G. Cosoli, S. Spinsante, L. Scalise, Wrist-worn and chest-strap wearable devices: systematic review on accuracy and metrological 

characteristics, Measurement. (2020) 107789. https://doi.org/10.1016/j.measurement.2020.107789.  

[14] S. Majumder, L. Chen, O. Marinov, C.H. Chen, T. Mondal, M. Jamal Deen, Noncontact Wearable Wireless ECG Systems for Long-

Term Monitoring, IEEE Rev. Biomed. Eng. 11 (2018) 306–321. https://doi.org/10.1109/RBME.2018.2840336.  
[15] World Health Organization, Cardiovascular diseases (CVDs), (2017). https://www.who.int/news-room/fact-

sheets/detail/cardiovascular-diseases-(cvds) (accessed May 28, 2020). 

[16] T. Tamura, Home geriatric physiological measurements, Physiol. Meas. 33 (2012). https://iopscience.iop.org/article/10.1088/0967-

3334/33/10/R47 (accessed May 28, 2020). 

[17] J. Xu, P. Cui, W. Chen, ECG-based Identity Validation during Bathing in Different Water Temperature**, in: Proc. Annu. Int. Conf. 

IEEE Eng. Med. Biol. Soc. EMBS, Institute of Electrical and Electronics Engineers Inc., 2020: pp. 5276–5279. 
https://doi.org/10.1109/EMBC44109.2020.9176107.  

[18] S. Peng, S. Bao, W. Chen, Capacitive Coupled Electrodes based Non-contact ECG Measurement System with Real-time Wavelet 

Denoising Algorithm, in: Proc. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. EMBS, Institute of Electrical and Electronics Engineers 

Inc., 2019: pp. 6587–6590. https://doi.org/10.1109/EMBC.2019.8856885.  

[19] A.L. Bleda, R. Maestre, A. Garcia, Unobtrusive Contactless Cardiac Monitoring for Telemedicine and Ambient Assisted Living, in: 

Comput. Cardiol. (2010)., IEEE Computer Society, 2018. https://doi.org/10.22489/CinC.2018.109.  

[20] J.J. Huang, H.Y. Syu, Z.L. Cai, A.R. See, Development of a long term dynamic blood pressure monitoring system using cuff-less method 

and pulse transit time, Meas. J. Int. Meas. Confed. 124 (2018) 309–317. https://doi.org/10.1016/j.measurement.2018.04.047.  

[21] I. De La Torre-Diéz, M. López-Coronado, C. Vaca, J.S. Aguado, C. De Castro, Cost-utility and cost-effectiveness studies of 

telemedicine, electronic, and mobile health systems in the literature: A systematic review, Telemed. e-Health. 21 (2015) 81–85. 
https://doi.org/10.1089/tmj.2014.0053.  

[22] B. Abidi, A. Jilbab, E.H. Mohamed, Wireless body area network for health monitoring, J. Med. Eng. Technol. 43 (2019) 124–132. 

https://doi.org/10.1080/03091902.2019.1620354.  

[23] A. Kailas, M.A. Ingram, Wireless communications technology in telehealth systems, in: Proc. 2009 1st Int. Conf. Wirel. Commun. 

Veh. Technol. Inf. Theory Aerosp. Electron. Syst. Technol. Wirel. VITAE 2009, 2009: pp. 926–930. 

https://doi.org/10.1109/WIRELESSVITAE.2009.5172574.  

[24] I.J. Wang, L. De Liao, Y. Te Wang, C.Y. Chen, B.S. Lin, S.W. Lu, C.T. Lin, A wearable mobile electrocardiogram measurement 

device with novel dry polymer-based electrodes, in: IEEE Reg. 10 Annu. Int. Conf. Proceedings/TENCON, 2010: pp. 379–384. 
https://doi.org/10.1109/TENCON.2010.5686658.  

[25] T. Gee, An Assessment of WMTS, Med. Connect. (2008). http://medicalconnectivity.com/2008/04/27/an-assessment-of-wireless-

medical-telemetry-system-wmts/ (accessed May 28, 2020). 

1 7  

https://www.who.int/news-room/fact-sheets/detail/ageing-and-health
https://doi.org/10.1109/I2MTC.2018.8409635.
https://doi.org/10.1016/j.jfma.2020.07.004.
https://doi.org/10.1007/s11517-018-1798-z.
https://doi.org/10.1016/j.hrthm.2020.03.028.
https://doi.org/10.4103/JETS.JETS_32_20.
https://doi.org/10.1109/MAP.2002.1003651.
https://doi.org/10.1109/BSN.2009.52.
https://doi.org/10.1007/s00508-020-01762-2.
https://doi.org/10.1109/JSEN.2016.2564995.
https://doi.org/10.1016/j.measurement.2020.107789.
https://doi.org/10.1109/RBME.2018.2840336.
https://www.who.int/news-room/fact
https://iopscience.iop.org/article/10.1088/0967
https://doi.org/10.1109/EMBC44109.2020.9176107.
https://doi.org/10.1109/EMBC.2019.8856885.
https://doi.org/10.22489/CinC.2018.109.
https://doi.org/10.1016/j.measurement.2018.04.047.
https://doi.org/10.1089/tmj.2014.0053.
https://doi.org/10.1080/03091902.2019.1620354.
https://doi.org/10.1109/WIRELESSVITAE.2009.5172574.
https://doi.org/10.1109/TENCON.2010.5686658.
http://medicalconnectivity.com/2008/04/27/an-assessment-of-wireless


 

 

[26] A. Khalaf, R. Abdoola, Wireless body sensor network and ECG Android application for eHealth, in: Int. Conf. Adv. Biomed. Eng. 
ICABME, Institute of Electrical and Electronics Engineers Inc., 2017. https://doi.org/10.1109/ICABME.2017.8167526.  

[27] W. Xia, Y. Zhou, Y. Fang, H. Liu, ECG-Enhanced Multi-sensor Solution for Wearable Sports Devices, in: Proc. - 2018 IEEE Int. 

Conf. Syst. Man, Cybern. SMC 2018, Institute of Electrical and Electronics Engineers Inc., 2019: pp. 1939–1944. 
https://doi.org/10.1109/SMC.2018.00335.  

[28] S. Spinsante, S. Porfiri, L. Scalise, Accuracy of Heart Rate Measurements by a Smartwatch in Low Intensity Activities, in: Med. 

Meas. Appl. MeMeA 2019 - Symp. Proc., Institute of Electrical and Electronics Engineers Inc., 2019. 

https://doi.org/10.1109/MeMeA.2019.8802216.  

[29] E. Khan, F. Al Hossain, S.Z. Uddin, S.K. Alam, M.K. Hasan, A Robust Heart Rate Monitoring Scheme Using Photoplethysmographic 

Signals Corrupted by Intense Motion Artifacts, IEEE Trans. Biomed. Eng. 63 (2016) 550–562. 

https://doi.org/10.1109/TBME.2015.2466075.  

[30] J.C. Hong, P.H. Lin, P.C. Hsieh, The effect of consumer innovativeness on perceived value and continuance intention to use 
smartwatch, Comput. Human Behav. 67 (2017) 264–272. https://doi.org/10.1016/j.chb.2016.11.001.  

[31] P.R. Muduli, R.R. Gunukula, A. Mukherjee, A deep learning approach to fetal-ECG signal reconstruction, in: 2016 22nd Natl. Conf. 

Commun. NCC 2016, Institute of Electrical and Electronics Engineers Inc., 2016. https://doi.org/10.1109/NCC.2016.7561206.  

[32] T. Tanantong, E. Nantajeewarawat, S. Thiemjarus, Toward continuous ambulatory monitoring using a wearable and wireless ECG-

Recording system: A study on the effects of signal quality on arrhythmia detection, in: Biomed. Mater. Eng., IOS Press, 2014: pp. 

391–404. https://doi.org/10.3233/BME-130823.  

[33] M. Hammad, A. Maher, K. Wang, F. Jiang, M. Amrani, Detection of abnormal heart conditions based on characteristics of ECG 

signals, Meas. J. Int. Meas. Confed. (2018). https://doi.org/10.1016/j.measurement.2018.05.033.  

[34] A. Appathurai, J. Jerusalin Carol, C. Raja, S.N. Kumar, A. V. Daniel, A. Jasmine Gnana Malar, A.L. Fred, S. Krishnamoorthy, A 

study on ECG signal characterization and practical implementation of some ECG characterization techniques, Meas. J. Int. Meas. 

Confed. (2019). https://doi.org/10.1016/j.measurement.2019.02.040.  

[35] S.P. Nelwan, T.B. Van Dam, P. Klootwijk, S.H. Meij, Ubiquitous mobile access to real-time patient monitoring data, in: Comput. 

Cardiol., 2002: pp. 557–560. https://doi.org/10.1109/cic.2002.1166833.  

[36] S.S. Mittal, M. Zabran, K. Ghose, Low-Power Discreetly-Wearable Smart ECG Patch with On-Board Analytics | IEEE MeMeA 2020 

- Virtual, in: IEEE Int. Symp. Med. Meas. Appl., Bari, 2020. https://2020.memea-virtual.org/presentation/paper/low-power-

discreetly-wearable-smart-ecg-patch-board-analytics (accessed June 12, 2020). 

[37] M. Catrysse, R. Puers, C. Hertleer, L. Van Langenhove, H. Van Egmond, D. Matthys, Towards the integration of textile sensors in a 

wireless monitoring suit, Sensors Actuators, A Phys. 114 (2004) 302–311. https://doi.org/10.1016/j.sna.2003.10.071.  

[38] A. Fleury, M. Sugar, T. Chau, E-textiles in Clinical Rehabilitation: A Scoping Review, Electronics. 4 (2015) 173–203. 

https://doi.org/10.3390/electronics4010173.  

[39] T. Vervust, G. Buyle, F. Bossuyt, J. Vanfleteren, Integration of stretchable and washable electronic modules for smart textile 
applications, J. Text. Inst. 103 (2012) 1127–1138. https://doi.org/10.1080/00405000.2012.664866.  

[40] T. Finni, M. Hu, P. Kettunen, T. Vilavuo, S. Cheng, Measurement of EMG activity with textile electrodes embedded into clothing, 

Physiol. Meas. 28 (2007) 1405–1419. 

[41] G.D. Gargiulo, A. O’Loughlin, P.P. Breen, Electro-resistive bands for non-invasive cardiac and respiration monitoring, a feasibility 

study - IOPscience, Physiol. Meas. 36 (2015). https://iopscience.iop.org/article/10.1088/0967-3334/36/2/N35 (accessed May 28, 

2020). 

[42] Y.H. Chen, M. Op de Beeck, L. Vanderheyden, E. Carrette, V. Mihajlović, K. Vanstreels, B. Grundlehner, S. Gadeyne, P. Boon, C. 

van Hoof, Soft, comfortable polymer dry electrodes for high quality ECG and EEG recording, Sensors (Switzerland). 14 (2014) 
23758–23780. https://doi.org/10.3390/s141223758.  

[43] E. Özkaya, P.D.L.D.A.L. Kavlak Bozkurt, Allergic contact dermatitis caused by self-adhesive electrocardiography electrodes: A rare 

case with concomitant roles of nickel and acrylates, Contact Dermatitis. 70 (2014) 121–123. https://doi.org/10.1111/cod.12146.  

[44] A. Gruetzmann, S. Hansen, J.M.¨ Uller, Novel dry electrodes for ECG monitoring, Physiol. Meas. 28 (2007) 1375–1390. 

https://doi.org/10.1088/0967-3334/28/11/005.  

[45] C. Tronstad, G.K. Johnsen, S. Grimnes, O.G. Martinsen, A study on electrode gels for skin conductance measurement, Physiol. Meas. 

31 (2010) 1395–1410. https://doi.org/10.1088/0967-3334/31/10/008.  

[46] A. Samol, K. Bischof, B. Luani, D. Pascut, M. Wiemer, S. Kaese, Single-lead ECG recordings including einthoven and wilson leads 

by a smartwatch: A new era of patient directed early ECG differential diagnosis of cardiac diseases?, Sensors (Switzerland). (2019). 

https://doi.org/10.3390/s19204377.  

[47] J. Wasserlauf, C. You, R. Patel, A. Valys, D. Albert, R. Passman, Smartwatch Performance for the Detection and Quantification of 
Atrial Fibrillation, Circ. Arrhythmia Electrophysiol. (2019). https://doi.org/10.1161/CIRCEP.118.006834.  

[48] N. Isakadze, S.S. Martin, How useful is the smartwatch ECG?, Trends Cardiovasc. Med. (2020). 

https://doi.org/10.1016/j.tcm.2019.10.010.  

[49] B.W. Nelson, C.A. Low, N. Jacobson, P. Areán, J. Torous, N.B. Allen, Guidelines for wrist-worn consumer wearable assessment of 

heart rate in biobehavioral research, Npj Digit. Med. (2020). https://doi.org/10.1038/s41746-020-0297-4.  

[50] Q. Zheng, Q. Tang, Z.L. Wang, Z. Li, Self-powered cardiovascular electronic devices and systems, Nat. Rev. Cardiol. (2020). 

https://doi.org/10.1038/s41569-020-0426-4.  

[51] A. Behzadi, A.S. Shamloo, K. Mouratis, G. Hindricks, A. Arya, A. Bollmann, Feasibility and reliability of smartwatch to obtain 3-
lead electrocardiogram recordings, Sensors (Switzerland). (2020). https://doi.org/10.3390/s20185074.  

[52] A. Samol, K. Bischoff, B. Luani, D. Pascut, M. Wiemer, S. Kaese, Recording of bipolar multichannel ECGs by a smartwatch: Modern 

ECG diagnostic 100 years after Einthoven, Sensors (Switzerland). (2019). https://doi.org/10.3390/s19132894.  

[53] A. Oulhaj, S. Al Dhaheri, B. Bin Su, M. Al-Houqani, Discriminating between positional and non-positional obstructive sleep apnea 

1 8  

https://doi.org/10.1109/ICABME.2017.8167526.
https://doi.org/10.1109/SMC.2018.00335.
https://doi.org/10.1109/MeMeA.2019.8802216.
https://doi.org/10.1109/TBME.2015.2466075.
https://doi.org/10.1016/j.chb.2016.11.001.
https://doi.org/10.1109/NCC.2016.7561206.
https://doi.org/10.3233/BME-130823.
https://doi.org/10.1016/j.measurement.2018.05.033.
https://doi.org/10.1016/j.measurement.2019.02.040.
https://doi.org/10.1109/cic.2002.1166833.
https://2020.memea-virtual.org/presentation/paper/low-power-discreetly-wearable-smart-ecg-patch-board-analytics
https://2020.memea-virtual.org/presentation/paper/low-power-discreetly-wearable-smart-ecg-patch-board-analytics
https://doi.org/10.1016/j.sna.2003.10.071.
https://doi.org/10.3390/electronics4010173.
https://doi.org/10.1080/00405000.2012.664866.
https://iopscience.iop.org/article/10.1088/0967-3334/36/2/N35
https://doi.org/10.3390/s141223758.
https://doi.org/10.1111/cod.12146.
https://doi.org/10.1088/0967-3334/28/11/005.
https://doi.org/10.1088/0967-3334/31/10/008.
https://doi.org/10.3390/s19204377.
https://doi.org/10.1161/CIRCEP.118.006834.
https://doi.org/10.1016/j.tcm.2019.10.010.
https://doi.org/10.1038/s41746-020-0297-4.
https://doi.org/10.1038/s41569-020-0426-4.
https://doi.org/10.3390/s20185074.
https://doi.org/10.3390/s19132894.


 

 

using some clinical characteristics, Sleep Breath. (2017). https://doi.org/10.1007/s11325-017-1499-0.  
[54] T. Arora, M. Al-Houqani, Comparison of commonly used screening tools for determining obstructive sleep apnea amongst aviation 

employees, Sleep Med. (2020). https://doi.org/10.1016/j.sleep.2020.07.008.  

[55] H. Ghasemzadeh, S. Ostadabbas, E. Guenterberg, A. Pantelopoulos, Wireless medical-embedded systems: A review of signal-

processing techniques for classification, IEEE Sens. J. 13 (2013) 423–437. https://doi.org/10.1109/JSEN.2012.2222572.  

[56] M. Elgendi, B. Eskofier, S. Dokos, D. Abbott, Revisiting QRS detection methodologies for portable, wearable, battery-operated, and 

wireless ECG systems, PLoS One. 9 (2014). https://doi.org/10.1371/journal.pone.0084018.  

[57] V. Custodio, F. Herrera, G. López, J. Moreno, A Review on Architectures and Communications Technologies for Wearable Health-

Monitoring Systems, Sensors. 12 (2012) 13907–13946. https://doi.org/10.3390/s121013907.  

[58] C. Wang, W. Lu, M.R. Narayanan, S.J. Redmond, N.H. Lovell, Low-power technologies for wearable telecare and telehealth systems: 

A review, Biomed. Eng. Lett. 5 (2015) 1–9. https://doi.org/10.1007/s13534-015-0174-2.  

[59] S.S. Al-Zaiti, V. Shusterman, M.G. Carey, Novel technical solutions for wireless ECG transmission & analysis in the age of the 

internet cloud, J. Electrocardiol. 46 (2013) 540–545. https://doi.org/10.1016/j.jelectrocard.2013.07.002.  

[60] S. Patel, H. Park, P. Bonato, L. Chan, M. Rodgers, A review of wearable sensors and systems with application in rehabilitation, J. 

Neuroeng. Rehabil. 9 (2012) 21. https://doi.org/10.1186/1743-0003-9-21.  

[61] S. Ramasamy, A. Balan, Wearable sensors for ECG measurement: a review, Sens. Rev. 38 (2018) 412–419. 

https://doi.org/10.1108/SR-06-2017-0110.  

[62] M.M. Baig, H. Gholamhosseini, M.J. Connolly, A comprehensive survey of wearable and wireless ECG monitoring systems for older 

adults, Med. Biol. Eng. Comput. 51 (2013) 485–495. https://doi.org/10.1007/s11517-012-1021-6.  

[63] K. Alfarhan, M.Y. Mashor, A.R.M. Saad, A Review of Wireless Ecg Monitoring systems design, Int. Acad. Eng. Med. Res. 1 (2016). 

[64] M.R. Mahfouz, M.J. Kuhn, G. To, Wireless medical devices: A review of current research and commercial systems, in: BioWireleSS 

2013 - Proc. 2013 IEEE Top. Conf. Biomed. Wirel. Technol. Networks, Sens. Syst. - 2013 IEEE Radio Wirel. Week, RWW 2013, 

IEEE Computer Society, 2013: pp. 16–18. https://doi.org/10.1109/BioWireleSS.2013.6613660.  

[65] M. Weder, D. Hegemann, M. Amberg, M. Hess, L.F. Boesel, R. Abächerli, V.R. Meyer, R.M. Rossi, Embroidered electrode with 

silver/titanium coating for long-term ECG monitoring, Sensors (Switzerland). 15 (2015) 1750–1759. 

https://doi.org/10.3390/s150101750.  

[66] E.M. Fong, W.Y. Chung, A hygroscopic sensor electrode for fast stabilized non-contact ECG signal acquisition, Sensors 

(Switzerland). 15 (2015) 19237–19250. https://doi.org/10.3390/s150819237.  

[67] Y.M. Chi, T.P. Jung, G. Cauwenberghs, Dry-contact and noncontact biopotential electrodes: Methodological review, IEEE Rev. 

Biomed. Eng. 3 (2010) 106–119. https://doi.org/10.1109/RBME.2010.2084078.  

[68] A.C. Myers, H. Huang, Y. Zhu, Wearable silver nanowire dry electrodes for electrophysiological sensing, RSC Adv. 5 (2015) 11627– 

11632. https://doi.org/10.1039/c4ra15101a.  

[69] J.S. Lee, J. Heo, W.K. Lee, Y.G. Lim, Y.H. Kim, K.S. Park, Flexible capacitive electrodes for minimizing motion artifacts in 

ambulatory electrocardiograms, Sensors (Switzerland). 14 (2014) 14732–14743. https://doi.org/10.3390/s140814732.  

[70] F. Lin, S. Yao, M. McKnight, Y. Zhu, A. Bozkurt, Silver nanowire based wearable sensors for multimodal sensing, in: BioWireleSS 

2016 - Proceedings, 2016 IEEE Top. Conf. Biomed. Wirel. Technol. Networks, Sens. Syst., Institute of Electrical and Electronics 

Engineers Inc., 2016: pp. 55–58. https://doi.org/10.1109/BIOWIRELESS.2016.7445561.  

[71] Z. Hui, Y. Liu, W. Guo, L. Li, N. Mu, C. Jin, Y. Zhu, P. Peng, Chemical sintering of direct-written silver nanowire flexible electrodes 

under room temperature, Nanotechnology. 28 (2017) 285703. https://doi.org/10.1088/1361-6528/AA76CE.  

[72] B. Liu, H. Tang, Z. Luo, W. Zhang, Q. Tu, X. Jin, Wearable carbon nanotubes-based polymer electrodes for ambulatory 

electrocardiographic measurements, Sensors Actuators, A Phys. 265 (2017) 79–85. https://doi.org/10.1016/j.sna.2017.08.036.  

[73] S. Zhao, J. Li, D. Cao, G. Zhang, J. Li, K. Li, Y. Yang, W. Wang, Y. Jin, R. Sun, C.P. Wong, Recent Advancements in Flexible and 

Stretchable Electrodes for Electromechanical Sensors: Strategies, Materials, and Features, ACS Appl. Mater. Interfaces. 9 (2017) 

12147–12164. https://doi.org/10.1021/acsami.6b13800.  

[74] H.C. Jung, J.H. Moon, D.H. Baek, J.H. Lee, Y.Y. Choi, J.S. Hong, S.H. Lee, CNT/PDMS composite flexible dry electrodesfor long-

term ECG monitoring, IEEE Trans. Biomed. Eng. 59 (2012) 1472–1479. https://doi.org/10.1109/TBME.2012.2190288.  

[75] N. Meziane, S. Yang, M. Shokoueinejad, J.G. Webster, M. Attari, H. Eren, Simultaneous comparison of 1 gel with 4 dry electrode 

types for electrocardiography, Physiol. Meas. 36 (2015) 513–529. https://doi.org/10.1088/0967-3334/36/3/513.  

[76] S.C. Shin, S. Lee, T. Lee, K. Lee, Y.S. Lee, H.G. Kang, Two electrode based healthcare device for continuously monitoring ECG 

and BIA signals, in: 2018 IEEE EMBS Int. Conf. Biomed. Heal. Informatics, BHI 2018, Institute of Electrical and Electronics 

Engineers Inc., 2018: pp. 141–144. https://doi.org/10.1109/BHI.2018.8333389.  

[77] J. Heikenfeld, A. Jajack, J. Rogers, P. Gutruf, L. Tian, T. Pan, R. Li, M. Khine, J. Kim, J. Wang, J. Kim, Wearable sensors: Modalities, 

challenges, and prospects, Lab Chip. 18 (2018) 217–248. https://doi.org/10.1039/c7lc00914c.  

[78] J. Hernández-Ortega, F.J. Gimeno-Blanes, J.L. Rojo-Álvarez, J.A. Flores-Yepes, A.L. Bleda-Tomás, R. Maestre-Ferriz, J.M. López-
Ayala, J.R. Gimeno-Blanes, A. García-Alberola, Morphological analysis on single lead contactless ECG monitoring based on a beat-

template development, Comput. Cardiol. (2010). 41 (2014) 369–372. 

[79] E. Nemati, M.J. Deen, T. Mondal, A wireless wearable ECG sensor for long-term applications, in: IEEE Commun. Mag., 2012: pp. 

36–43. https://doi.org/10.1109/MCOM.2012.6122530.  

[80] P. Zhou, Z. Li, F. Wang, H. Jiao, Non-contact ECG monitoring based on capacitive electrodes, in: IFMBE Proc., Springer, Berlin, 

Heidelberg, 2013: pp. 1506–1509. https://doi.org/10.1007/978-3-642-29305-4_396.  

[81] Y. Ye-Lin, J.M. Bueno-Barrachina, G. Prats-boluda, R. Rodriguez de Sanabria, J. Garcia-Casado, Wireless sensor node for non-

invasive high precision electrocardiographic signal acquisition based on a multi-ring electrode, Meas. J. Int. Meas. Confed. (2017). 

https://doi.org/10.1016/j.measurement.2016.11.009.  

[82] S. Leonhardt, A. Aleksandrowicz, Non-contact ECG monitoring for automotive application, Proc. 5th Int. Work. Wearable Implant. 

1 9  

https://doi.org/10.1007/s11325-017-1499-0.
https://doi.org/10.1016/j.sleep.2020.07.008.
https://doi.org/10.1109/JSEN.2012.2222572.
https://doi.org/10.1371/journal.pone.0084018.
https://doi.org/10.3390/s121013907.
https://doi.org/10.1007/s13534-015-0174-2.
https://doi.org/10.1016/j.jelectrocard.2013.07.002.
https://doi.org/10.1186/1743-0003-9-21.
https://doi.org/10.1108/SR-06-2017-0110.
https://doi.org/10.1007/s11517-012-1021-6.
https://doi.org/10.1109/BioWireleSS.2013.6613660.
https://doi.org/10.3390/s150101750.
https://doi.org/10.3390/s150819237.
https://doi.org/10.1109/RBME.2010.2084078.
https://doi.org/10.1039/c4ra15101a.
https://doi.org/10.3390/s140814732.
https://doi.org/10.1109/BIOWIRELESS.2016.7445561.
https://doi.org/10.1088/1361-6528/AA76CE.
https://doi.org/10.1016/j.sna.2017.08.036.
https://doi.org/10.1021/acsami.6b13800.
https://doi.org/10.1109/TBME.2012.2190288.
https://doi.org/10.1088/0967-3334/36/3/513.
https://doi.org/10.1109/BHI.2018.8333389.
https://doi.org/10.1039/c7lc00914c.
https://doi.org/10.1109/MCOM.2012.6122530.
https://doi.org/10.1007/978-3-642-29305-4_396.
https://doi.org/10.1016/j.measurement.2016.11.009.


 

 

Body Sens. Networks, BSN2008, Conjunction with 5th Int. Summer Sch. Symp. Med. Devices Biosensors, ISSS-MDBS 2008. (2008) 
183–185. https://doi.org/10.1109/ISSMDBS.2008.4575048.  

[83] A. Alzaidi, L. Zhang, H. Bajwa, Smart textiles based wireless ECG system, 2012 IEEE Long Isl. Syst. Appl. Technol. Conf. LISAT 

2012. (2012) 1–5. https://doi.org/10.1109/LISAT.2012.6223206.  

[84] M. Li, W. Xiong, Y. Li, Wearable measurement of ECG signals based on smart clothing, Int. J. Telemed. Appl. 2020 (2020). 

https://doi.org/10.1155/2020/6329360.  

[85] S. Peng, K. Xu, W. Chen, Comparison of active electrode materials for non-contact ECG measurement, Sensors (Switzerland). 19 

(2019). https://doi.org/10.3390/s19163585.  

[86] J. Liu, Y. Chen, Y. Zhou, Q. Wu, T. Qiao, B. Sun, Survey of Wearable EEG and ECG Acquisition Technologies for Body Area 

Network, IECON 2018 - 44th Annu. Conf. IEEE Ind. Electron. Soc. 1 (2018) 5911–5915. 

[87] H. Zhang, W. Pei, Y. Chen, X. Guo, X. Wu, X. Yang, H. Chen, A Motion Interference-Insensitive Flexible Dry Electrode, IEEE 

Trans. Biomed. Eng. 63 (2016) 1136–1144. https://doi.org/10.1109/TBME.2015.2485269.  

[88] F. Chen, H. Wu, P.L. Hsu, B. Stronger, R. Sheridan, H. Ma, SmartPad: A wireless, adhesive-electrode-free, autonomous ECG 

acquisition system, Proc. 30th Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. EMBS’08 - "Personalized Healthc. through Technol. 

(2008) 2345–2348. https://doi.org/10.1109/iembs.2008.4649669.  

[89] J. Wang, T. Fujiwara, T. Kato, D. Anzai, Wearable ECG Based on Impulse-Radio-Type Human Body Communication, IEEE Trans. 

Biomed. Eng. 63 (2016) 1887–1894. https://doi.org/10.1109/TBME.2015.2504998.  

[90] M. Poliks, J. Turner, K. Ghose, Z. Jin, M. Garg, Q. Gui, A. Arias, Y. Kahn, M. Schadt, F. Egitto, A Wearable Flexible Hybrid 

Electronics ECG Monitor, in: Proc. - Electron. Components Technol. Conf., Institute of Electrical and Electronics Engineers Inc., 

2016: pp. 1623–1631. https://doi.org/10.1109/ECTC.2016.395.  

[91] S. Krachunov, C. Beach, A.J. Casson, J. Pope, X. Fafoutis, R.J. Piechocki, I. Craddock, Energy efficient heart rate sensing using a 

painted electrode ECG wearable, in: GIoTS 2017 - Glob. Internet Things Summit, Proc., Institute of Electrical and Electronics 

Engineers Inc., 2017. https://doi.org/10.1109/GIOTS.2017.8016260.  

[92] P. Tallgren, S. Vanhatalo, K. Kaila, J. Voipio, Evaluation of commercially available electrodes and gels for recording of slow EEG 

potentials, Clin. Neurophysiol. 116 (2005) 799–806. https://doi.org/10.1016/j.clinph.2004.10.001.  

[93] E. Spinelli, F. Guerrero, P. García, M. Haberman, A simple and reproducible capacitive electrode, Med. Eng. Phys. 38 (2016) 286– 

289. https://doi.org/10.1016/j.medengphy.2015.12.006.  

[94] Bor-Shyh Lin, W. Chou, Hsing-Yu Wang, Yan-Jun Huang, Jeng-Shyang Pan, Development of Novel Non-Contact Electrodes for 

Mobile Electrocardiogram Monitoring System, IEEE J. Transl. Eng. Heal. Med. 1 (2013) 1–8. 

https://doi.org/10.1109/jtehm.2013.2253598.  

[95] A.B. Jani, R. Bagree, A.K. Roy, Design of a low-power, low-cost ECG & EMG sensor for wearable biometric and medical 

application, in: Proc. IEEE Sensors, Institute of Electrical and Electronics Engineers Inc., 2017: pp. 1–3. 

https://doi.org/10.1109/ICSENS.2017.8234427.  

[96] C. Chen, L. Chen, X. Wang, F. Zhang, A 66-dB SNDR, 8-μW analog front-end for ECG/EEG recording application, in: 2018 IEEE 

Int. Symp. Circuits Syst., 2018: pp. 1–4. https://doi.org/10.1109/ISCAS.2018.8351783.  

[97] M. Pavani, K.K. Kumar, Design of low cost portable 12 lead wireless ECG device using TI ADS 1198, in: 2017 8th IEEE Annu. Inf. 

Technol. Electron. Mob. Commun. Conf., 2017: pp. 170–174. https://doi.org/10.1109/IEMCON.2017.8117182.  

[98] C.J. Lukas, F.B. Yahya, J. Breiholz, A. Roy, X. Chen, H.N. Patel, N. Liu, A. Kosari, S. Li, D. Akella Kamakshi, O. Ayorinde, D.D. 
Wentzloff, B.H. Calhoun, A 1.02 μW Battery-Less, Continuous Sensing and Post-Processing SiP for Wearable Applications, IEEE 

Trans. Biomed. Circuits Syst. 13 (2019) 271–281. https://doi.org/10.1109/TBCAS.2019.2894775.  

[99] J. Richards, M. Lim, G. Li, E. Araya, Y. Jia, Continuous ECG Monitoring with Low-Power Electronics and Energy Harvesting, in: 

2020 IEEE 63rd Int. Midwest Symp. Circuits Syst., 2020: pp. 643–646. https://doi.org/10.1109/MWSCAS48704.2020.9184610.  

[100] A Low-cost, Low-energy Wearable ECG System with Cloud-Based Arrhythmia Detection, in: 2020 IEEE Reg. 10 Symp., 2020: pp. 

1840–1843. https://doi.org/10.1109/TENSYMP50017.2020.9230619.  

[101] R.B.M. Saleem, R.R. Manza, A. Jain, Y.H. Shaikh, Analog Front-End Design and Construction for ECG Monitoring System, in: 

Adv. Intell. Syst. Comput., Springer Science and Business Media Deutschland GmbH, 2021: pp. 695–703. 

https://doi.org/10.1007/978-981-15-6014-9_85.  

[102] S. Zanoli, T. Teijeiro, F. Montagna, D. Atienza, An Event-Based System for Low-Power ECG QRS Complex Detection, in: 2020 

Des. Autom. Test Eur. Conf. Exhib., 2020: pp. 258–263. https://doi.org/10.23919/DATE48585.2020.9116498.  

[103] G. Iadarola, P. Daponte, F. Picariello, L. De Vito, A Dynamic Approach for Compressed Sensing of Multi–lead ECG Signals, in: 

2020 IEEE Int. Symp. Med. Meas. Appl., 2020: pp. 1–6. https://doi.org/10.1109/MeMeA49120.2020.9137307.  

[104] E. Balestrieri, L. De Vito, F. Picariello, I. Tudosa, A Novel Method for Compressed Sensing based Sampling of ECG Signals in 

Medical-IoT era, in: 2019 IEEE Int. Symp. Med. Meas. Appl., 2019: pp. 1–6. https://doi.org/10.1109/MeMeA.2019.8802184.  

[105] J. Zhang, Z.L. Yu, Z. Gu, Y. Li, Z. Lin, Multichannel Electrocardiogram Reconstruction in Wireless Body Sensor Networks Through 

Weighted $\ell_{1,2}$ Minimization, IEEE Trans. Instrum. Meas. 67 (2018) 2024–2034.  

https://doi.org/10.1109/TIM.2018.2811438.  

[106] D. Da He, C.G. Sodini, A 58 nW ECG ASIC with motion-tolerant heartbeat timing extraction for wearable cardiovascular monitoring, 

IEEE Trans. Biomed. Circuits Syst. 9 (2015) 370–376. https://doi.org/10.1109/TBCAS.2014.2346761.  

[107] Y. Zhang, F. Zhang, Y. Shakhsheer, J.D. Silver, A. Klinefelter, M. Nagaraju, J. Boley, J. Pandey, A. Shrivastava, E.J. Carlson, A. 

Wood, B.H. Calhoun, B.P. Otis, A batteryless 19 μw MICS/ISM-band energy harvesting body sensor node SoC for ExG applications, 

IEEE J. Solid-State Circuits. 48 (2013) 199–213. https://doi.org/10.1109/JSSC.2012.2221217.  

[108] G. Cosoli, L. Casacanditella, F. Pietroni, A. Calvaresi, G.M. Revel, L. Scalise, A novel approach for features extraction in 
physiological signals, in: 2015 IEEE Int. Symp. Med. Meas. Appl. MeMeA 2015 - Proc., 2015. 

https://doi.org/10.1109/MeMeA.2015.7145232.  

2 0  

https://doi.org/10.1109/ISSMDBS.2008.4575048.
https://doi.org/10.1109/LISAT.2012.6223206.
https://doi.org/10.1155/2020/6329360.
https://doi.org/10.3390/s19163585.
https://doi.org/10.1109/TBME.2015.2485269.
https://doi.org/10.1109/iembs.2008.4649669.
https://doi.org/10.1109/TBME.2015.2504998.
https://doi.org/10.1109/ECTC.2016.395.
https://doi.org/10.1109/GIOTS.2017.8016260.
https://doi.org/10.1016/j.clinph.2004.10.001.
https://doi.org/10.1016/j.medengphy.2015.12.006.
https://doi.org/10.1109/jtehm.2013.2253598.
https://doi.org/10.1109/ICSENS.2017.8234427.
https://doi.org/10.1109/ISCAS.2018.8351783.
https://doi.org/10.1109/IEMCON.2017.8117182.
https://doi.org/10.1109/TBCAS.2019.2894775.
https://doi.org/10.1109/MWSCAS48704.2020.9184610.
https://doi.org/10.1109/TENSYMP50017.2020.9230619.
https://doi.org/10.1007/978-981-15-6014-9_85.
https://doi.org/10.23919/DATE48585.2020.9116498.
https://doi.org/10.1109/MeMeA49120.2020.9137307.
https://doi.org/10.1109/MeMeA.2019.8802184.
https://doi.org/10.1109/TIM.2018.2811438.
https://doi.org/10.1109/TBCAS.2014.2346761.
https://doi.org/10.1109/JSSC.2012.2221217.
https://doi.org/10.1109/MeMeA.2015.7145232.


 

 

[109] M. Akhbari, M.B. Shamsollahi, C. Jutten, A.A. Armoudas, O. Sayadi, ECG Denoising and Fiducial Point Extraction Using an Extended 
Kalman Filtering Framework With Linear and Nonlinear Phase Observations, Physiol. Meas. 37 (2016) 203–226. 
https://doi.org/10.1088/0967-3334/37/2/203.  

[110] M. Garcia, M. Martinez-Iniesta, J. Rodenas, J.J. Rieta, R. Alcaraz, A novel wavelet-based filtering strategy to remove powerline 

interference from electrocardiograms with atrial fibrillation, Physiol. Meas. 39 (2018). https://doi.org/10.1088/1361-6579/aae8b1.  

[111] M.A. Kabir, C. Shahnaz, Denoising of ECG signals based on noise reduction algorithms in EMD and wavelet domains, Biomed. Signal 

Process. Control. 7 (2012) 481–489. https://doi.org/10.1016/j.bspc.2011.11.003.  

[112] O.C. Pin, A.B. Jambek, S. Yaacob, Circuit architectures reviews for portable ECG signal analyzer, 2014 2nd Int. Conf. Electron. Des. 

ICED 2014. (2014) 261–264. https://doi.org/10.1109/ICED.2014.7015810.  

[113] E. Fotiadou, T. Konopczynski, J. Hesser, R. Vullings, End-to-end trained encoder–decoder convolutional neural network for fetal 

electrocardiogram signal denoising, Physiol. Meas. 41 (2020). https://doi.org/10.1088/1361-6579/ab69b9.  
[114] T. Teijeiro, C.A. Garcia, D. Castro, P. Félix, Abductive reasoning as a basis to reproduce expert criteria in ECG atrial fibrillation 

identification, Physiol. Meas. 39 (2018). https://doi.org/10.1088/1361-6579/aad7e4.  

[115] F. Crenner, F. Angel, Infrared telemetry for simultaneous recordings of electromyograms, in: Proc. Annu. Int. Conf. IEEE Eng. Med. 

Biol. Soc. EMBS, Institute of Electrical and Electronics Engineers Inc., 1992: pp. 1242–1243. 

https://doi.org/10.1109/IEMBS.1992.5761765.  

[116] K. Kang, K.J. Park, J.J. Song, C.H. Yoon, L. Sha, A medical-grade wireless architecture for remote electrocardiography, IEEE Trans. 

Inf. Technol. Biomed. 15 (2011) 260–267. https://doi.org/10.1109/TITB.2011.2104365.  

[117] S.S. Sylvester, E.L.M. Su, C.F. Yeong, F.K. Che Harun, Miniaturized and Wearable Electrocardiogram (ECG) Device with Wireless 

Transmission, J. Telecommun. Electron. Comput. Eng. 9 (2017) 15–19. https://www.semanticscholar.org/paper/Miniaturized-and-

Wearable-Electrocardiogram-(ECG)-Sylvester-Su/118a7ab1dbc6756d4c156701df0f43b410e60003 (accessed June 12, 2020). 

[118] H. Kwon, S. Oh, P.S. Kumar, V.K. Varadan, E-Bra system for women ECG measurement with GPRS communication, Nanosensor, and 
motion artifact remove algorithm, in: S.H. Choi, J.-H. Choy, U. Lee, V.K. Varadan (Eds.), Nanosyst. Eng. Med., SPIE, 2012: p. 

85482N. https://doi.org/10.1117/12.946121.  

[119] Y. Cho, H. Shin, K. Kang, Scalable Coding and Prioritized Transmission of ECG for Low-Latency Cardiac Monitoring Over Cellular 

M2M Networks, IEEE Access. 6 (2018) 8189–8200. https://doi.org/10.1109/ACCESS.2018.2795028.  

[120] L.L. Ruiz, M. Ridder, D. Fan, J. Gong, B.M. Li, A. Myers, E. Cobarrubias, J. Strohmaier, J. Jur, J. Lach, Self-Powered Cardiac 

Monitoring: Maintaining Vigilance with Multi-Modal Harvesting and E-Textiles, IEEE Sens. J. (2020) 1. 
https://doi.org/10.1109/JSEN.2020.3017706.  

[121] IEEE 11073-00101-2008 - IEEE Health informatics--PoC medical device communication Part 00101: Guide--Guidelines for the use of 

RF wireless technology, (n.d.). https://standards.ieee.org/standard/11073-00101-2008.html.  

[122] W. Lv, J. Guo, Real-time ECG signal acquisition and monitoring for sports competition process oriented to the Internet of Things, 

Measurement. 169 (2021) 108359. https://doi.org/https://doi.org/10.1016/j.measurement.2020.108359.  

[123] I.S.M. Isa, T.E.H. El-Gorashi, M.O.I. Musa, J.M.H. Elmirghani, Energy efficient fog based healthcare monitoring infrastructure, ArXiv. 

(2020). https://doi.org/10.1109/access.2020.3033555.  

[124] D.D. Sánchez-Gallegos, A. Galaviz-Mosqueda, J.L. Gonzalez-Compean, S. Villarreal-Reyes, A.E. Perez-Ramos, D. Carrizales-

Espinoza, J. Carretero, On the Continuous Processing of Health Data in Edge-Fog-Cloud Computing by Using Micro/Nanoservice 

Composition, IEEE Access. 8 (2020) 120255–120281. https://doi.org/10.1109/ACCESS.2020.3006037.  

[125] H. Xia, I. Asif, X. Zhao, Cloud-ECG for real time ECG monitoring and analysis, Comput. Methods Programs Biomed. 110 (2013) 253–

259. https://doi.org/10.1016/j.cmpb.2012.11.008.  

[126] E.M. Fong, W.Y. Chung, Mobile cloud-computing-based healthcare service by Noncontact ECG monitoring, Sensors (Switzerland). 
13 (2013) 16451–16473. https://doi.org/10.3390/s131216451.  

[127] Z. Yang, Q. Zhou, L. Lei, K. Zheng, W. Xiang, An IoT-cloud Based Wearable ECG Monitoring System for Smart Healthcare, J. Med. 

Syst. 40 (2016) 1–11. https://doi.org/10.1007/s10916-016-0644-9.  

[128] C. De Capua, A. Meduri, R. Morello, A smart ECG measurement system based on web-service-oriented architecture for telemedicine 

applications, IEEE Trans. Instrum. Meas. 59 (2010) 2530–2538. https://doi.org/10.1109/TIM.2010.2057652.  

[129] A. Alesanco, J. García, Clinical assessment of wireless ECG transmission in real-time cardiac telemonitoring., IEEE Trans. Inf. Technol. 

Biomed. a Publ. IEEE Eng. Med. Biol. Soc. 14 (2010) 1144–1152. https://doi.org/10.1109/TITB.2010.2047650.  

[130] Y. Wang, S. Doleschel, R. Wunderlich, S. Heinen, A Wearable Wireless ECG Monitoring System With Dynamic Transmission Power 
Control for Long-Term Homecare, J. Med. Syst. 39 (2015) 1–10. https://doi.org/10.1007/s10916-015-0223-5.  

[131] F. Picariello, G. Iadarola, E. Balestrieri, I. Tudosa, L. De Vito, A novel compressive sampling method for ECG wearable measurement 

systems, Meas. J. Int. Meas. Confed. (2021). https://doi.org/10.1016/j.measurement.2020.108259.  

[132] C.T. Lin, K.C. Chang, C.L. Lin, C.C. Chiang, S.W. Lu, S.S. Chang, B.S. Lin, H.Y. Liang, R.J. Chen, Y.T. Lee, L.W. Ko, An intelligent 

telecardiology system using a wearable and wireless ecg to detect atrial fibrillation, IEEE Trans. Inf. Technol. Biomed. 

14 (2010) 726–733. https://doi.org/10.1109/TITB.2010.2047401.  

[133] X. Yong, T. Bi, C. Bian, Q. Shen, Q. Ma, Design of the athlete’s electrocardiogram monitoring and evaluation system based on wireless 

sensor network, Proc. - 2011 1st Int. Work. Complex. Data Mining, IWCDM 2011. (2011) 60–63. 
https://doi.org/10.1109/IWCDM.2011.22.  

[134] U. Deshpande, V. Kulkarni, Wireless ECG monitoring system with remote data logging using PSoC and CyFi, Ijareeie.Com. 2 (2013) 

2770–2778. http://www.ijareeie.com/upload/june/87_Wireless.pdf.  

[135] Q. Wu, P. Tang, M. Yang, Data processing platform design and algorithm research of wearable sports physiological parameters detection 

based on medical internet of things, Meas. J. Int. Meas. Confed. (2020). https://doi.org/10.1016/j.measurement.2020.108172.  

[136] L. Pollonini, N.O. Rajan, S. Xu, S. Madala, C.C. Dacso, A novel handheld device for use in remote patient monitoring of  heart 

2 1  

https://doi.org/10.1088/0967-3334/37/2/203.
https://doi.org/10.1088/1361-6579/aae8b1.
https://doi.org/10.1016/j.bspc.2011.11.003.
https://doi.org/10.1109/ICED.2014.7015810.
https://doi.org/10.1088/1361-6579/ab69b9.
https://doi.org/10.1088/1361-6579/aad7e4.
https://doi.org/10.1109/IEMBS.1992.5761765.
https://doi.org/10.1109/TITB.2011.2104365.
https://www.semanticscholar.org/paper/Miniaturized-and-Wearable-Electrocardiogram-(ECG)-Sylvester-Su/118a7ab1dbc6756d4c156701df0f43b410e60003
https://www.semanticscholar.org/paper/Miniaturized-and-Wearable-Electrocardiogram-(ECG)-Sylvester-Su/118a7ab1dbc6756d4c156701df0f43b410e60003
https://doi.org/10.1117/12.946121.
https://doi.org/10.1109/ACCESS.2018.2795028.
https://doi.org/10.1109/JSEN.2020.3017706.
https://standards.ieee.org/standard/11073-00101-2008.html.
https://doi.org/https:/doi.org/10.1016/j.measurement.2020.108359.
https://doi.org/10.1109/access.2020.3033555.
https://doi.org/10.1109/ACCESS.2020.3006037.
https://doi.org/10.1016/j.cmpb.2012.11.008.
https://doi.org/10.3390/s131216451.
https://doi.org/10.1007/s10916-016-0644-9.
https://doi.org/10.1109/TIM.2010.2057652.
https://doi.org/10.1109/TITB.2010.2047650.
https://doi.org/10.1007/s10916-015-0223-5.
https://doi.org/10.1016/j.measurement.2020.108259.
https://doi.org/10.1109/TITB.2010.2047401.
https://doi.org/10.1109/IWCDM.2011.22.
http://ijareeie.com/
http://www.ijareeie.com/upload/june/87_Wireless.pdf.
https://doi.org/10.1016/j.measurement.2020.108172.


 

 

failure patients-design and preliminary validation on healthy subjects, J. Med. Syst. 36 (2012) 653–659. 
https://doi.org/10.1007/s10916-010-9531-y.  

[137] A. Aboalseoud, A. Youssry, M. El-Nozahi, A. El-Rafei, A. Elbialy, H. Ragaai, A. Wahba, Wireless ECG Monitoring System for 

Telemedicine Application, Proc. - 2019 IEEE 9th Int. Conf. Intell. Comput. Inf. Syst. ICICIS 2019. (2019) 300–305. 
https://doi.org/10.1109/ICICIS46948.2019.9014845.  

[138] S. Borromeo, C. Rodriguez-Sanchez, F. Machado, J.A. Hernandez-Tamames, R. De La Prieta, A reconfigurable, wearable, wireless 

ECG system, Annu. Int. Conf. IEEE Eng. Med. Biol. - Proc. (2007) 1659–1662. https://doi.org/10.1109/IEMBS.2007.4352626.  

[139] P. Harpe, H. Gao, R. Van Dommele, E. Cantatore, A.H.M. Van Roermund, A 0.20 mm2 3 nW signal acquisition IC for miniature 

sensor nodes in 65 nm CMOS, IEEE J. Solid-State Circuits. 51 (2016) 240–248. https://doi.org/10.1109/JSSC.2015.2487270.  

[140] A. Searle, L. Kirkup, A direct comparison of wet, dry and insulating bioelectric recording electrodes., Physiol. Meas. 21 (2000) 271– 

283. https://doi.org/10.1088/0967-3334/21/2/307.  

[141] T.H. Tsai, J.H. Hong, L.H. Wang, S.Y. Lee, Low-power analog integrated circuits for wireless ECG acquisition systems, IEEE Trans. 
Inf. Technol. Biomed. 16 (2012) 907–917. https://doi.org/10.1109/TITB.2012.2188412.  

[142] F.R. Parente, M. Santonico, A. Zompanti, M. Benassai, G. Ferri, A. D’Amico, G. Pennazza, An electronic system for the contactless 

reading of ECG signals, Sensors (Switzerland). 17 (2017) 1–10. https://doi.org/10.3390/s17112474.  

[143] H. Parikh, J. Savaliya, H.N. Pandya, Designing a low-cost ambulatory ECG recorder for cardiac patients, (2019). 

[144] J. Yoo, L. Yan, S. Lee, H. Kim, B. Kim, H.J. Yoo, An attachable ECG sensor bandage with planar-fashionable circuit board, Proc. - 

Int. Symp. Wearable Comput. ISWC. (2009) 145–146. https://doi.org/10.1109/ISWC.2009.16.  

[145] H. Yang, J. Chai, The study and design of a wireless ECG monitoring system, Biomed. Instrum. Technol. 46 (2012) 395–399. 

https://doi.org/10.2345/0899-8205-46.5.395.  

[146] H. Yang, J. Chai, A portable wireless ECG monitor based on MSP430FG439, Proc. - 2011 Int. Conf. Intell. Comput. Bio-Medical 

Instrumentation, ICBMI 2011. (2011) 148–151. https://doi.org/10.1109/ICBMI.2011.38.  

[147] J. Coosemans, B. Hermans, R. Puers, Integrating wireless ECG monitoring in textiles, Sensors Actuators, A Phys. 130–131 (2006) 

48–53. https://doi.org/10.1016/j.sna.2005.10.052.  

[148] T. Le, M. Huerta, A. Moravec, H. Cao, Wireless passive monitoring of electrocardiogram in firefighters, IMBioc 2018 - 2018 

IEEE/MTT-S Int. Microw. Biomed. Conf. (2018) 121–123. https://doi.org/10.1109/IMBIOC.2018.8428884.  

[149] C.C. Hsu, B.S. Lin, K.Y. He, B.S. Lin, Design of a wearable 12-lead noncontact electrocardiogram monitoring system, Sensors 

(Switzerland). 19 (2019). https://doi.org/10.3390/s19071509.  

[150] C. Park, P.H. Chou, Y. Bai, R. Matthews, A. Hibbs, An ultra-wearable, wireless, low power ECG monitoring system, IEEE 2006 

Biomed. Circuits Syst. Conf. Healthc. Technol. BioCAS 2006. (2006) 241–244. https://doi.org/10.1109/BIOCAS.2006.4600353.  

[151] R. Matthews, N.J. Mcdonald, I. Fridman, P. Hervieux, T. Nielsen, The invisible electrode-zero prep time, ultra low capacitive sensing, 

in: Proc. 11th Int. Conf. Human-Computer Interact., 2005. 

[152] J.M. Lee, F. Pearce, C. Morrissette, A.D. Hibbs, R. Matthews, Evaluation of a Capacitively-Coupled, Non-Contact (through Clothing) 

Electrode or ECG Monitoring and Life Signs Detection for the Objective Force Warfighter, Sensors (Peterborough, NH). 22 (2005) 

17–23. 

[153] C. Park, P.H. Chou, Eco: Ultra-wearable and expandable wireless sensor platform, in: Proc. - BSN 2006 Int. Work. Wearable Implant. 

Body Sens. Networks, 2006: pp. 162–165. https://doi.org/10.1109/BSN.2006.21.  

[154] R.A. Díaz-Suárez, A.L. Pinzón-Parada, J.A. Hernández-García, J.S. Tirado-Romero, C.F. Díaz-Meza, Development an active 

electrodes system for acquisition and wireless transmission of electrocardiography signal lead II, DYNA. 85 (2018) 253–259. 

https://doi.org/10.15446/dyna.v85n207.69405.  

[155] C. Steinberg, F. Philippon, M. Sanchez, P. Fortier-Poisson, G. O’Hara, F. Molin, J.F. Sarrazin, I. Nault, L. Blier, K. Roy, B. Plourde, 

J. Champagne, A novelwearable device for continuous ambulatory ECG recording: Proof of concept and assessment of signal quality, 

Biosensors. 9 (2019) 1–13. https://doi.org/10.3390/bios9010017.  

[156] E. Valchinov, A. Antoniou, K. Rotas, N. Pallikarakis, Wearable ECG system for health and sports monitoring, Proc. 2014 4th Int. 

Conf. Wirel. Mob. Commun. Healthc. - "Transforming Healthc. Through Innov. Mob. Wirel. Technol. MOBIHEALTH 2014. (2015) 

63–66. https://doi.org/10.1109/MOBIHEALTH.2014.7015910.  

[157] R. Sigit, Mini Wireless ECG for Monitoring Athletes’ ECG Signal Based on Smartphone, IOSR J. Eng. 4 (2014) 13–18. 

https://doi.org/10.9790/3021-04611318.  

[158] G. Prats-Boluda, Y. Ye-Lin, J.M.B. Barrachina, E. Senent, R.R. de Sanabria, J. Garcia-Casado, Development of a portable wireless 

system for bipolar concentric ECG recording, Meas. Sci. Technol. 26 (2015) 1–22. 

[159] D.N. Mathias, J. Park, E. Kim, Y.H. Joung, Development of a novel noncontact ECG electrode by MEMS fabrication process, Trans. 

Electr. Electron. Mater. 17 (2016) 150–154. https://doi.org/10.4313/TEEM.2016.17.3.150.  

[160] A. Mccabe, A. Scheiner, G. Zhang, Q. Ni, D.R. Daum, Wireless ECG in implantable devices, 2005. 

[161] R. Istvan, B. Gregory, K. Solovay, D.P. Chastain, J.D. Gundlach, N.C. Hopmanm, D.L. Williams, F. Lodato, M. Salem, Wireless 

ECG system, US7403808B2, 2008. 

[162] R. Istvan, B. Gregory, K. Solovay, D.P. Chastain, J.D. Gundlach, N.C. Hopman, D.L. Williams, F. Lodato, M. Salem, Wireless ECG 

system, US8255041B2, 2012. 

[163] D. Balda, Retractable multi-use cardiac monitor, US8989850B2, 2015. http://www.freepatentsonline.com/8989850.pdf (accessed 

June 3, 2020). 

[164] A. Rashkovska, M. Depolli, I. Tomašić, V. Avbelj, R. Trobec, Medical-Grade ECG Sensor for Long-Term Monitoring, Sensors. 20 

(2020) 1695. https://doi.org/10.3390/s20061695.  

[165] Analog Devices, Low Power, Low Cost, Wireless ECG Holter Monitor, (n.d.). https://www.analog.com/en/education/education-

library/articles/low-power-low-cost-wireless-ecg-holter-monitor.html (accessed June 5, 2020). 

[166] M. V Perez, K.W. Mahaffey, H. Hedlin, J.S. Rumsfeld, A. Garcia, T. Ferris, V. Balasubramanian, A.M. Russo, A. Rajmane, L.  

2 2  

https://doi.org/10.1007/s10916-010-9531-y.
https://doi.org/10.1109/ICICIS46948.2019.9014845.
https://doi.org/10.1109/IEMBS.2007.4352626.
https://doi.org/10.1109/JSSC.2015.2487270.
https://doi.org/10.1088/0967-3334/21/2/307.
https://doi.org/10.1109/TITB.2012.2188412.
https://doi.org/10.3390/s17112474.
https://doi.org/10.1109/ISWC.2009.16.
https://doi.org/10.2345/0899-8205-46.5.395.
https://doi.org/10.1109/ICBMI.2011.38.
https://doi.org/10.1016/j.sna.2005.10.052.
https://doi.org/10.1109/IMBIOC.2018.8428884.
https://doi.org/10.3390/s19071509.
https://doi.org/10.1109/BIOCAS.2006.4600353.
https://doi.org/10.1109/BSN.2006.21.
https://doi.org/10.15446/dyna.v85n207.69405.
https://doi.org/10.3390/bios9010017.
https://doi.org/10.1109/MOBIHEALTH.2014.7015910.
https://doi.org/10.9790/3021-04611318.
https://doi.org/10.4313/TEEM.2016.17.3.150.
http://www.freepatentsonline.com/8989850.pdf
https://doi.org/10.3390/s20061695.
https://www.analog.com/en/education/education


 

Cheung, G. Hung, J. Lee, P. Kowey, N. Talati, D. Nag, S.E. Gummidipundi, A. Beatty, M.T. Hills, S. Desai, C.B. Granger, M. 

Desai, M.P. Turakhia, Large-Scale Assessment of a Smartwatch to Identify Atrial Fibrillation, N. Engl. J. Med. 381 (2019) 1909– 

1917. https://doi.org/10.1056/NEJMoa1901183.  
[167] L. Colonna, Privacy, Risk, Anonymization and Data Sharing in the Internet of Health Things, Pittsburgh J. Technol. Law Policy. 20 

(2020). https://doi.org/10.5195/tlp.2020.235.  

[168] S.K. Roy, S.U. Shah, E. Villa-Lopez, M. Murillo, N. Arenas, K. Oshima, R.K. Chang, M. Lauzon, X. Guo, P. Pillutla, Comparison 

of electrocardiogram quality and clinical interpretations using prepositioned ECG electrodes and conventional individual 

electrodes, J. Electrocardiol. 59 (2020) 126–133. https://doi.org/10.1016/j.jelectrocard.2020.02.005.  

[169] M. Choi, J. Jeong, S. Kim, S. Kim, Reduction of Motion Artifacts and Improvement of R Peak Detecting Accuracy Using Adjacent 

Non-Intrusive ECG Sensors, Sensors. 16 (2016) 715. https://doi.org/10.3390/s16050715.  

 

 

https://doi.org/10.1056/NEJMoa1901183.
https://doi.org/10.5195/tlp.2020.235.
https://doi.org/10.1016/j.jelectrocard.2020.02.005.
https://doi.org/10.3390/s16050715.

