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Abstract

:

One of the best ways to monitor the health of the heart is to regularly record its electrical activity by using an electrocardiogram (ECG). Abnormal ECG signals may indicate conditions such as heart attack, arrhythmia, or heart defects. There are many ECG devices available which can detect and amplify this differential biological signal from the heart, allowing a lot of information to be collected quickly. The ECG is often small and easy to use, but its power is supplied from regular batteries, which need to be replaced after a certain period of use. This causes discomfort for elderly users. To overcome this limitation, in this paper, we aim to develop a solar-powered, portable Bluetooth device for ECG measurements. The device can be interfaced with smartphones or other wireless devices via Bluetooth by a distance up to 100 m. The ECG device was designed to use solar energy, which is also the main power source. Following the solar energy harvesting circuit is a solar panel with an output voltage of 2.4 V and a power out of 0.25 W. We optimized the design to have a very low power consumption and in sleep mode the current consumption is only around 40 µA. The device was designed with 24-bit resolution and a sampling frequency of up to 2133 Hz, which can allow high accuracy ECG measurements. The device is not only used for heart rate monitoring, but it can also assist doctors in analyzing ECG signals with a high accuracy via embedded operating software.
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1. Introduction


According to worldwide statistics in 2018, the average life expectancy of men is 70 and for women it is 74 years. There is a big difference in life expectancy between regions and countries around the world. Diet, healthcare, and public health service are important factors affecting the quality of life. According to reports from the American Heart Association, stroke and other cardiovascular diseases listed as the cause of death account for nearly 836,546 deaths in the United States. One ofthree cases of heart disease in the United States leads to death. Every day approximately 2300 Americans die from cardiovascular disease and there is a death every 38 s. The number of adult Americans living with certain types of cardiovascular disease or the consequences of stroke is about 92.1 million. Every year, the estimated cost is about 329.7 billion USD for cardiovascular and stroke treatment, including medical costs and loss of productivity [1].



The electrocardiogram (ECG) is one of the most important non-invasive tools for monitoring and diagnosing heart-related diseases [2,3]. An ECG provides an insight into the electrical activity generated in the heart muscle [4,5]. ECG devices allow for easy and quick monitoring of ECG for patients who have symptoms of heart problems [3,6].



There are many different ECG devices classified based on the features and intended use, but in general, the ECG device can be divided into two types. The first one, used in hospitals, is quite big with a high accuracy to detect problems such as congenital cardiovascular problems. The second type is smaller and can be used for individual patient monitoring. This type is suitable for the elderly and those involved in sports activities [7]. Selecting the device with the right working mode, good signal quality, and the right equipment cost are still the main obstacles for these devices. To achieve efficient and operable features, individual patient monitoring devices must adhere to several specific requirements: size reduction, mobility, wearable, minimal energy consumption, real-time data monitoring, and processing [8,9].



Wearable ECG devices usually run on batteries. Due to the small size requirement, the batteries used for ECG equipment often have a limited capacity, and so, must be periodically replaced. This often leads to problems in emergencies, especially for elderly patients [10].



To deal with this issue, we developed a portable ECG device that uses solar energy as the main energy source so that there is no need to replace the battery. The device can connect to a smartphone or a computer to display the results and monitor the user’s rhythm [2,10,11]. We optimized the design to have a very low power consumption and the current consumption of the sleep mode is only around 40 µA. The device was designed with 24-bit resolution and a sampling frequency up to 2133 Hz that could allow high accuracy ECG measurements.



To store electricity from solar cells, it is necessary to have rechargeable batteries or supercapacitors [12]. A battery has more energy storage capacity than a supercapacitor, but the discharge cycle is limited. On the other hand, supercapacitors have millions of charging cycles but a lower energy storage capacity compared to batteries [13]. Therefore, for low energy consumption of the ECG, we used a supercapacitor to store the solar energy [14,15,16].



The energy optimization issue is of special interest to us. We achieved energy optimization for the ECG device by designing multiple power modules suitable for the characteristics of each main component. For example, we designed two power supply modules of 1.9 V and 4.2 V for ADS1293 [17] and provided a 1.9 V power supply for both PIC16LF19186 [18] and Bluetooth modules [19] in the sleep mode for the main components.



Additionally, we developed an application for tracking ECGs on mobile devices with Windows, Android, and iOS operating systems. For Android and iOS operating systems, the sampling frequency of the ECG device is lower than 400 Hz [2,20], the recorded data is processed in real-time, and the results are displayed on the device. For higher frequencies, the data is synchronized on the server and processed by MATLAB (Academic Version R2017b, Mathworks, Inc., Natick, MA, USA) software. For Windows-based software, the operating system is mainly used to collect data with a high sampling frequency, from 100 Hz to 2133 Hz. The data are processed by MATLAB with more complex algorithms for accurate results [2,21,22].



The remainder of the paper is designed as follows. In Section 2, we describe the hardware and software designs of our ECG prototype in detail. In Section 3, we present the experimental evaluation to test the power consumption of the ECG prototype and test the accuracy of the recorded ECG signals. The conclusions and discussions are presented in Section 4 and Section 5, respectively.




2. Design of the Solar-Powered ECG Device


The ECG monitoring device is illustrated in Figure 1. In this design, up to five electrodes are used to collect three-channel ECG signals from the human body [17]. Five electrodes are attached to the patient’s chest and abdomen. The simple paste method is used to attach the electrodes to the patient. The ECG was designed with four main modules. The first one is the solar energy harvesting module, including a solar panel, solar energy harvester BQ25570, and a supercapacitor to store energy from the solar panel. The second module is an analog front-end module with the use of low power integrated analog front-end ADS1293. The third module is Bluetooth with a Bluetooth low energy (BLE) module RN4020. The final module is MCU with the use of an extreme low power (XLP) device (PIC16LF19186) for optimal power consumption.



As schematized in Figure 1, the recorded signals from ECG devices are transmitted to a smartphone or personal computer (PC) via Bluetooth [6,10,20]. Application software is developed based on smartphones to observe patients’ ECG signals in real-time. The patient’s ECG signals can also be collected by PC and then data analysis software is used to find abnormalities in the heart rate with a high accuracy. Doctors can use these results for further diagnosis.



2.1. Hardware Design


2.1.1. Solar Energy Harvesting


According to the manufacturer’s datasheet, we synthesize operating voltages and current consumption of the three main components, which are PIC16LF19168 [18], ADS1293 [17], and RN4020 [19] in Table 1.



Following Table 1, the main components in the design can operate from 1.8 V but to ensure the stability of the design, the operating voltage of the main parts is 1.9 V. The block diagram is described in Figure 2. The power supply module for the entire design includes BQ25570 [23] energy harvesting integrated circuit, solar cell (2.4 V, 250 mW), and 0.47 F - 5.5 V supercapacitor. The BQ25570 [23] is configured with an output voltage of 1.9 V to be compatible with all other modules in this system and to optimize the lowest power consumption level. The voltage used to charge is 4.2 V with this voltage supercapacitor, and it can store more power than the configuration at 1.9 V voltage and is easily compatible with some rechargeable batteries operating at voltage 3.0 V in cases where you want to use rechargeable batteries for supercapacitors to create design flexibility.



In this design, we used supercapacitors to store energy from solar cells. Under normal working conditions, solar cells provide power to the device and charge the supercapacitor. When there is not enough solar energy to supply the main circuit, the energy will be discharged from the supercapacitor to supply the system. The charging time for supercapacitors is tested and shown in Table 2 with different electrical values and voltage applied to the main circuit board [23].



Calculation of the energy stored in a capacitor is as follows:


E=12CV2



(1)




where E is energy stored in capacitor (J), V signifies capacitor voltage (V), and C is capacitance of capacitor (F). In this design, when V = 4.2 V and C = 0.47 F, E = 4.1454 (J) = 1.25 (mWh).




2.1.2. Design of Low Power Analog Front-End and Bluetooth Module


The structure of the ECG monitoring device is shown in Figure 3. It mainly consists of four analog modules that collect ECG signals from the human body and the processor interfaces with Bluetooth 4.1 through an enhanced universal synchronous asynchronous receiver transmitter (EUART) [18]. The serial peripheral interface (SPI) module is used for communication with an ADS1293 chip with the frequency of the SPI module (2 MHz is used in this design) [17,18]. The interrupt-on-changed module is used to detect the time of data in the ADS1293 chip that is ready to read. The timer’s module is designed with a resolution of 16-bit. For the ECG analog front-end module, we used an ADS1293 chip, which has an operating voltage from 1.65 V–3.6 V with a digital module and 2.7 V–5.5 V [17] with the analog module, and was specially designed for ECG applications with similar three channels with 24-bit integration to measure biological potential [17,24]. Each channel can be set for a specific sampling rate and bandwidth, with the AC/DC detection electrode dropping out. In this design, we configure the sampling frequency of the chip from 100 Hz to 2133 Hz depending on the data accuracy and data processing capability [17].



The Bluetooth module uses the RN4020 chip, which is a microchip product with an operating voltage from 1.8 V to 3.6 V and a maximum data transfer rate of up to 1 Mbps. Additionally, the module also supports microchip low energy data profile (MLDP) [19] mode, which has been exclusively developed by microchip for its Bluetooth modules, with transfer speeds of up to 115,200 bps. To ensure data transfer speeds with the Bluetooth module and the speed of communication with ADS1293, the MCU is configured to operate at 32 MHz crystal. We used an external crystal of 8 MHz with the PLL mode (×4) because this will consume less current than using the internal crystal [18]. Table 3 describes the voltage supply for all components. The real ECG prototype is shown in Figure 4 and the hardware solar cell and electrode are shown in Figure 5.




2.1.3. Optimization Power Consumption


As we presented in the previous section, the voltage applied to the main components was reduced to very low levels to allow the smallest current to be consumed. However, as PIC16LF18196 and RN4020 Bluetooth modules are the two major energy consuming components in this design, they need to be configured to operate in energy-saving modes to optimize power usage. The Bluetooth module is configured with the smallest transmission power (TX Power −19.1 dBm).



Figure 6 presents the operation of the main components in the firmware of our ECG device [18,19]. In the normal operation mode, MCU operates in energy-saving mode. When the data is ready and there is a signal from ADS1293, these parts go into operation mode and read data and buffer the Bluetooth module data into the active mode to transfer data. Then, the module goes into energy-saving mode.



Figure 7 describes the signal type when MCU reads 9 bytes of data from ADS1293 and the communication frequency of the SPI module is 2 MHz. The time PIC16LF19186 receives the data ready signal to read is 0.25 ms. During this time, PIC16LF19186 operates at a maximum frequency of 32 MHz and the current consumption is 1.5 mA.



The total number of analog channels of the ECG device is 3 but due to the data transfer speed limit between the MCU and Bluetooth module (max speed 115,200 bps) [18], with the high sampling frequency, the device cannot transmit all data through all three channels. The details of the relationship between the sampling frequency and the number of channels are described in Table 4.





2.2. Software Design


The ECG signal obtained after passing the analog to digital converter is usually a collection of many signals, including ECG and noise signals [24]. There are many noisesources, but mainly from power line noise (50 Hz or 60 Hz) [25], roaming the base, creating motion, and contact noise hiding a lot of necessary information. For ECG devices with a low sampling frequency, <400 Hz, we have not seen the effect of these disturbances, but when sampling is at a higher frequency, the effect of this noise on ECG signals is quite obvious. In our design, ECG devices can operate at the sampling frequency 2133 Hz, and so, eliminating this noise effect is particularly important. The most important goal is to separate the ECG signal from noises. The high sampling frequency makes the ECG signal more accurate and gives the information needed to detect various cardiovascular diseases. Therefore, before processing the noise-canceling ECG signal, it is important to obtain important features of the ECG signal.



Using the FFT transformation method, we determined the noise of the ECG signal obtained within the frequency range from 0 Hz to 10 Hz. Therefore, we designed a filter in this range to remove noise from the ECG signal. Noise signals from 60 Hz power lines also affect large ECG signals. In order to eliminate these two types of noise in two different frequency bands, we had to design two filters, a low pass filter at 60 Hz frequency and a high pass filter with a frequency of 0 Hz to 10 Hz [21,26].



2.2.1. Designing the FIR Low Pass Filter


FIR filters are widely used due to the powerful design algorithms available for them, their inherent stability when implemented in non-recursive form, the ease with which one can attain linear phase, their simple extensibility to multirate cases, and the ample hardware support available, among other reasons. In this design, we chose to design the FIR filter to eliminate noise signals at 60 Hz. Compared to IIR filters, FIR filters have more linear phase rocks, they are more dominant in quantized designs, and are often deployed in FPGA designs or ASIC [21,27].




2.2.2. Designing the High Pass Filter


Low-frequency components in ECG signals are often generated by motion, respiratory changes, and base wandering. The high pass filter does not reduce signal amplitude like the low pass filter but it does deflect the signal phase. However, similar high pass filters have a 5 to 10 harmonic effect on the signal. This means that a high pass filter of 0.05 Hz, a lower frequency than the heart muscle, can still affect frequencies up to 5 Hz [22].





2.3. Mobile Phone Software


We designed the ECG monitoring system based on the smartphone using low power Bluetooth to communicate with the ECG device. We designed a data package and a data transfer protocol for transmission. Each package contains 800 bytes with one or two analog channels and 810 bytes with three analog channels. The smartphone parses the received data by using the data transfer protocol. With an application on a smartphone, we can reconfigure the sample rate on the device from 100 Hz to 2133 Hz depending on the number of the input channel. From a data package, with 800 bytes per two channels that is mean, corresponding to 400 data points per channel and 810 bytes per three channel, we have 270 bytes per channel. The data transmitted from the collector were received and processed, and ECG signals are separated and extracted [20].



The flowchart of the application on the smartphone is shown in Figure 8. By setting up the service, the application starts preparing (turning on Bluetooth) to scan the BLE and establishing a connection GATT via address. After the connection is made, the smartphone sends the start command to the processor, PIC16F19186. After receiving the command, the processor starts to wake up the ADS1293 chip and collect the data into the buffer; when the buffer is full, they send the entire data from the buffer to the smartphone. Then, the application performs real-time filtering (eliminating baseline drift and high-frequency interference). When the service receives all the data, these data are transferred into the calculation flow and are then displayed. Details of the application modules and the standalone data transfer protocol are described in Table 5, Table 6 and Table 7.



The main user interface of the app is shown in Figure 9. The “ECG monitoring” is used for displaying, in real-time, ECG waveforms and heart rates.





3. Experimental Evaluation


3.1. Testing Power Consumption


In this section, we conducted a measurement of the current consumption of the design at different operating modes in the main components. As shown in Section 2.1.1, operating voltages for PIC16LF19168, RN4020, ADS1293 (digital module) is 1.9 V and ADS1293 (analog module) is 4.2 V. We used Agilent U3606A power supply to create 1.9 V and RIGOL DP832 power devices to generate another voltage supply of 4.2 V. Both devices have an internal built-in current measuring device. The ECG device board has one button which can change the operation mode of the main components. The details of the current consumption of the devices in operation are tested as described in Table 8.



When the buffer in MCU is 810 bytes, MCU will transmit this data via the Bluetooth module at the rate of 115,200 bps, to transfer 810 bytes about 60 ms. During this time, MCU and Bluetooth modules consume a current of 1.5 mA and 3.4 mA, respectively [18,19], while the ECG device operating at 3.3 V current consumption of Bluetooth module will be much higher at about 14 mA.



According to the test results, we can see that the ECG device operating at the voltage of 1.9 V, current consumption without the data transmission process via Bluetooth module is 2.1 mA lower than the device operating at 3.3 V at about 8.2 mA, which is mainly consumed by PIC16LF19186 (operating voltage at 3.3 V and operating frequency at 32 MHz) and Bluetooth module RN4020. Normally, the device operates in Mode 4 to save energy. When the device is preparing to connect to another Bluetooth device for data transfer, it will operate in Mode 3, and after connecting to the Bluetooth device, it works in Mode 2, and while reading data from ADS1293, it works in Mode 1.



For the evaluation of the energy consumption, we conducted ECG testing with many different energy sources. Table 9 describes the operating time of the ECG device with different energy storage devices with a sampling frequency of 100 Hz. This design only supports low power mode at sampling frequency Fs = 100 Hz. Higher sampling frequencies require an external power supply.




3.2. Testing ECG Signal


As shown in Table 9, when there is no light, the device operates stably for a short time only 2 s, so to make the device more stable, it is necessary to have a source of solar cells capable of creating large capacity or stable light source. In this design, we use a solar panel with a small size (Figure 5a). In the tests, we performed in an environment with almost no natural light and we used an artificial light source with a total capacity machining of 27 W for solar panels.



Before using the ECG device in this test with volunteers, we had tested the device’s accuracy with standard devices. The standard device used here is the function generator model Tektronix AFG3252 signaling with a descriptive form close to the human heart rate signal and oscilloscope MSOX2024A to observe and compare signal accuracy. Figure 10 shows the testing signal recorded by the ECG device and the standard device.



Table 10 compares the amplitude and frequency of the testing signal generated by the function generator as recorded by the ECG and oscilloscope. The presented results show that our ECG bit device is highly accurate with small signals such as heart rate signals with a signal amplitude of only several millivoltages.



After experimenting with the device generator above with good results, we continued to test the ECG device with a volunteer. Before conducting ECG signal measurements, we set up the system. Volunteers were sitting in a chair and leaning back in a comfortable state. We pasted 4 electrodes on the volunteer and these electrodes are connected to the ECG device as described in Figure 11. During the experiment, the volunteers were quite comfortable and did not have strong movements before conducting the experiment.



The test with high sampling frequency Fs = 2133 Hz waveform of the ECG signal is described in Figure 11. With the data in this test, we applied the high pass filter with cutoff frequency of 0.04 Hz and low pass filter with the parameters in Table 11. From this wave, we can see that the ECG signal consists of many noise signals, especially the 60 Hz power line noise signal. After applying filters, we obtained relatively clear and accurate ECG signals. From this signal, we can understand the situations of some features in the human body, such as rhythm or muscle contraction rhythm.



Additionally, we also tested the device with low sampling frequency Fs = 100 Hz. The test results are shown in Figure 12. In this test, we applied the high pass filter with a cutoff frequency of 0.04 Hz and a low pass filter with the parameters in Table 12. Here we can see that the ECG sampled the signal, and thus, we can determine the volunteer’s heart rate as well as the QRS parameters. However, due to the low sampling frequency, no interference with ECG signals was shown.





4. Discussion


According to the test results in Part 3, solar harvesting modules use supercapacitors (0.47 F - 5.5 V) to store energy when the light is turned off and the ECG device only runs for a short time. The supercapacitor has a large discharge time, so it does not affect the age of the device. To increase usage time, we need to increase the capacity of the supercapacitor or replace the supercapacitor with rechargeable batteries with a larger capacity but that also requires solar cells with higher power and performance. We also find that high-capacity batteries such as the battery NCR18650B direct charger solution or the wireless charger are more feasible than solar cell solutions.



In this design, the main components supply only 1.9 V, reducing power consumption significantly. At voltage 1.9 V, the consumed current is only about 1/4 of the voltage 3.3 V, which extends the use time and is suitable for a low power energy source as a solar cell. However, this also reduces the data transmission distance of the Bluetooth module.



The ECG device presented in this article can operate with the sampling frequency from 100 Hz to 2133 Hz, which creates the flexibility to select the device to receive the signal (with some smartphones with a low processing level). With low-speed equipment, we can choose a low sampling frequency. Meanwhile, the PC data processing speed is high, and many other supporting software can choose higher sampling frequencies for a higher accuracy of the ECG signal. However, this leads to the need for designing filters with many different coefficients to be suitable for many specific sampling frequencies. In addition, the design uses 8-bit MCU with relatively low data processing and transmission speeds (UART module speed), so it is impossible to transmit large data. Thus, the highest sampling frequency is 2133 Hz and the ADS1293 chip supports sampling frequencies up to 6400 Hz. That can be solved by changing the new MCU with a higher processing speed to be able to process real-time data with a high sampling frequency, which, after being processed, is transmitted to a high-performance smartphone. PC is a device that displays results.



The ECG signal improved after using the FIR filter shown in Section 3. Low pass filters filter noise from the power frequency noise, partially reducing ECG signals. However, the shape and characteristics of ECG signals were still guaranteed. The high pass filter eliminated the high-frequency signal and eliminates baseline deviation. The application of both filters led to the elimination of power line noise (60 Hz) and low-frequency noise while ensuring the accuracy of the signal type. However, compared to the original signal, the amplitude of the signal was still partially degraded, so other methods should be considered to achieve a better signal quality.




5. Conclusions


In this paper, we designed a mobile personal ECG monitoring system to save energy using renewable energy sources like solar energy. The ECG device uses solar energy as the main energy source so it does not require any other energy source. However, the usage time when there is no light is relatively short; therefore the device should be placed where the light is suitable. In addition, the device can be used with other battery sources without changing the hardware design details of the usage time we describe in Table 9. The device is highly accurate to give better measurement results to assist doctors in diagnosing the patient’s cardiovascular problems. There is a big difference in the signal before and after using the filter, which is depicted in Figure 12 with a sampling frequency of 2133 Hz. Figure 13 with 100 Hz sampling frequency does not have much difference between the previous and the filtered ones. This also affects the accuracy of the signal to be measured. ECG operates at a low sampling frequency, transmitting data directly into smartphones via Bluetooth. With higher sampling frequency, data is transmitted into the PC via another Bluetooth module and this data is processed and displayed on the PC. The ECG monitoring system presented in this paper can detect and transmit the basic elements of ECG waveform with high quality and efficiency. The current system has advantages such as convenience, low cost, and low power consumption. For high efficiency in energy-saving, the sleep mode is set for the PIC, Bluetooth module, and ECG ADS1293 chip. Application software running on smartphones is also developed to receive and draw ECG signals. Software functionality can also be enhanced by adding a number of diagnostic algorithms, which helps check for abnormalities in ECG waveforms, and thus, supports medical devices.
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Figure 1. The electrocardiogram (ECG) monitoring system. 
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Figure 2. Solar energy harvesting and power module. 






Figure 2. Solar energy harvesting and power module.



[image: Applsci 09 02129 g002]







[image: Applsci 09 02129 g003 550]





Figure 3. The interface between MCU, ADS1293, and RN4020. 
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Figure 4. The hardware of the ECG monitoring system. 
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Figure 5. A solar cell (a) and electrode (b). 
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Figure 6. Mode of main components MCU, ADS1293, and RN4020. 
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Figure 7. Timing read data from ADS1293. 
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Figure 8. Flowchart of application software based on smartphone. 
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Figure 9. Smartphone ECG application (a) startup monitor and (b) main monitor. 
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Figure 10. Testing the ECG signal: (a) signal recorded by the ECG device, (b) signal recorded by an oscilloscope. 
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Figure 11. Setup system measurement ECG signal. 
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Figure 12. ECG signal before and after filter with sampling frequency 2133 Hz: (a,b) left arm to right arm signal, (c,d) left leg to right arm signal, and (e,f) left leg to left arm signal. 






Figure 12. ECG signal before and after filter with sampling frequency 2133 Hz: (a,b) left arm to right arm signal, (c,d) left leg to right arm signal, and (e,f) left leg to left arm signal.



[image: Applsci 09 02129 g012a][image: Applsci 09 02129 g012b]







[image: Applsci 09 02129 g013a 550][image: Applsci 09 02129 g013b 550][image: Applsci 09 02129 g013c 550]





Figure 13. ECG signal before and after being filtered with a sampling frequency of 100 Hz: (a,b) left arm to right arm signal, (c,d) left leg to right arm signal, and (e,f) left leg to left arm signal. 
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Table 1. Voltage and current consumption of three devices PIC16LF19186, ADS1293, and RN4020.
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Components

	
Operating Voltage (V)

	
Operating Current (µA)






	
PIC16LF19168

	
1.8–3.6

	
Sleep Mode 50 Na @ 1.8 V




	
Active Mode 8 µA/32 kHz @ 1.8 V




	
Active Mode 32 µA/MHz @ 1.8 V




	
Second OSC 500 nA @ 32 kHz




	
RN4020

	
1.8–3.6

	
Dormant < 900 nA @ 3 V




	
Deep Sleep < 5.0 µA @ 3 V




	
Idle < 1.5 mA @ 3 V




	
TX/ RX Active 16 mA @ 3 V




	
TX Power (dBm) - 19.1 with 14.0 mA @ 3.3 V




	
ADS1293

	
1.65–3.6 (Digital Module)

	
Duty-Cycle mode: 120 µA




	
2.7–5.5 (Analog Module)

	
Normal mode: 415 µA
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Table 2. The time of solar energy harvesting module to fully charge 0.47 F-5.5 V the supercapacitor with different input voltages.
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	Vin (V)
	Vsuper Cap (V)
	Charging Time (s)





	0.7
	4.2
	405



	1.2
	4.2
	137



	2.4
	4.2
	32
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Table 3. Voltage supply for main components.
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Components

	
Operating Voltage (V)

	
Current Consumption (µA)






	
PIC16LF19186

	
1.9

	
32 µA/MHz @ 1.8 V




	
RN4020

	
1.9

	
Deep Sleep < 5.0 µA @ 3 V




	
Idle < 1.5 mA @ 3 V




	
ADS1293

	
1.9 (Digital Module)

	
Duty-Cycle mode: 120 µA




	
4.2 (Analog Module)
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Table 4. Relationship between sampling frequency and the number of channels.
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	Number
	Sampling Frequency (Hz)
	Number of Channels





	1
	2133
	1



	2
	1280
	2



	3
	≤853
	3
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Table 5. The modules in the application software.
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	Number
	Module
	Functional Description





	1
	Check Bluetooth module start mode
	Check the status of the Bluetooth module inside the smartphone



	2
	Scan and display available Bluetooth devices
	Scan and display available Bluetooth devices near the smartphone



	3
	Establish GATT connection
	Connected with Bluetooth module RN4020



	4
	Send data to ECG device
	Send request command or re-config data frame to ECG device



	5
	Process data from the buffer
	Process available data from the buffer



	6
	Apply filter to data
	Apply low-pass and high-pass filter to data



	7
	Display data
	Display results
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Table 6. The frame of data received from Bluetooth.
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	Number
	Frame
	Functional Description





	1
	{00}
	Configuration ECG device with 1 analog channel input



	2
	{10}
	Configuration ECG device with 2 analog channel input



	3
	{20}
	Configuration ECG device with 3 analog channel input



	4
	{03}
	Configuration ECG device with sample rate 100 Hz



	5
	{04}
	Configuration ECG device with sample rate 200 Hz



	6
	{05}
	Configuration ECG device with sample rate 400 Hz



	7
	{06}
	Configuration ECG device with sample rate 853 Hz



	8
	{07}
	Configuration ECG device with sample rate 1280 Hz



	9
	{09}
	Configuration ECG device with sample rate 2133 Hz
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Table 7. The frame of data transfer to Bluetooth.
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	Number
	Frame
	Functional Description





	1
	{3 byte of channel1}
	Send 800 bytes of analog channel 1 through Bluetooth



	2
	{3 bytes of channel 1, 3 bytes of channel 2}
	Send 800 bytes of analog channel 1 and channel 2 through Bluetooth



	3
	{3 bytes of channel 1, 3 bytes of channel 2, 3 bytes of channel 2}
	Send 810 bytes of analog channel 1, channel 2 and channel 3 through Bluetooth
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Table 8. Consumption current in working modes.
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	Mode
	Status
	Current Consumption (µA)





	1
	Active (PIC, RN4020, ADS1293)
	2100



	2
	Active (PIC, RN4020), Sleep (ADS1293)
	1900



	3
	Active (RN4020), Sleep (PIC, ADS1293)
	500



	4
	Sleep (PIC, RN4020, ADS1293)
	40
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Table 9. Used time of ECG device with differences sources.






Table 9. Used time of ECG device with differences sources.





	Number
	Power Source
	Used Time (s)





	1
	Supercapacitor 0.47 F - 5.5 V (1.25 mWh)
	2.1



	2
	CR2030: 3 V - 220 mAh (660 mWh)
	1112



	3
	NCR18650B: 3.7 V - 3400 mAh (12,580 mWh)
	26,484
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Table 10. The amplitude and frequency of the testing signal generated by a function generator, recorded by ECG and oscilloscope.
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	AFG3252
	MSOX2024A
	ECG Device





	Amplitude: 100 mV
	Amplitude: 65.5 mV
	Amplitude: 65 mV



	Frequency: 0.8 Hz
	Frequency: 0.799 Hz
	Frequency: 0.8 Hz
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Table 11. Low pass filter parameters at sampling frequency 2133 Hz.
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	Low Pass Filter
	FIR





	Design method
	Window



	Type of window
	Chebyshev



	Filter order
	500



	Cut-off frequency
	40 Hz
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Table 12. Low pass filter parameters at a sampling frequency of 100 Hz.






Table 12. Low pass filter parameters at a sampling frequency of 100 Hz.





	Low Pass Filter
	FIR





	Design method
	Window



	Type of window
	Chebyshev



	Filter order
	5



	Cut-off frequency
	40 Hz
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