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Abstract

:

Continuous monitoring of breathing activity plays a major role in detecting and classifying a breathing abnormality. This work aims to facilitate detection of abnormal breathing syndromes, including tachypnea, bradypnea, central apnea, and irregular breathing by tracking of thorax movement resulting from respiratory rhythms based on ultrasonic radar detection. This paper proposes a non-contact, non-invasive, low cost, low power consumption, portable, and precise system for simultaneous monitoring of normal and abnormal breathing activity in real-time using an ultrasonic PING sensor and microcontroller PIC18F452. Moreover, the obtained abnormal breathing syndrome is reported to the concerned physician’s mobile telephone through a global system for mobile communication (GSM) modem to handle the case depending on the patient’s emergency condition. In addition, the power consumption of the proposed monitoring system is reduced via a duty cycle using an energy-efficient sleep/wake scheme. Experiments were conducted on 12 participants without any physical contact at different distances of 0.5, 1, 2, and 3 m and the breathing rates measured with the proposed system were then compared with those measured by a piezo respiratory belt transducer. The experimental results illustrate the feasibility of the proposed system to extract breathing rate and detect the related abnormal breathing syndromes with a high degree of agreement, strong correlation coefficient, and low error ratio. The results also showed that the total current consumption of the proposed monitoring system based on the sleep/wake scheme was 6.936 mA compared to 321.75 mA when the traditional operation was used instead. Consequently, this led to a 97.8% of power savings and extended the battery life time from 8 h to approximately 370 h. The proposed monitoring system could be used in both clinical and home settings.
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1. Introduction


Abnormal breathing syndromes are disorders and alterations in the breathing system that interfere with normal breathing processes and may be fatal if not diagnosed correctly, such as tachypnea, bradypnea, and central apnea. These syndromes of breathing are frequently caused by underlying damage to the respiratory system itself, respiratory muscle weakness [1], chronic fatigue [2], metabolic disorders, intensive use of narcotic medications [1], and some aspects of anxiety and depression [3]. Abnormal breathing syndromes can also be linked with some chronic diseases, such as chronic obstructive pulmonary disease (COPD) [4,5] and chronic heart failure (CHF) [6].



The gold standard instrument for assessment of breathing activity and abnormality is polysomnography (PSG) and transthoracic impedance (TTI) [7,8,9]. The main problems with these techniques are the constraint and annoyance suffered by the subject because the sensors are adhered in direct contact to the skin, as well as being uncomfortable to use [9,10,11]. As such, the direct contact techniques are inappropriate for specific and significant groups of patients, such as children and patients with burns [12]. In addition, the high cost of consumables, estimated to be $300 to $400 US per month [13] and the limited availability of the equipment in developing countries renders these techniques unsuitable under many circumstances.



There have been several attempts to devise direct and indirect techniques to monitor breathing activity while minimizing discomfort. These techniques include direct contact such as magnetic induction [14,15,16,17], microphone [18,19], and capacitive [20,21,22,23], and indirect contact (contactless) such as electromagnetic radar detection [24,25,26,27,28,29], laser radar detection [30,31,32,33], ultrasonic radar detection [10,34,35,36,37], thermographic imaging [38,39,40,41,42,43], and video camera imaging [44,45,46,47,48,49,50]. Each of these techniques, however, requires different process monitoring and has benefits and drawbacks that may make it more or less appealing to use under different circumstances as discussed in reference [51]. More details about the relevant techniques can be found in references [52,53]. Among the promising techniques for monitoring breathing activity, an ultrasonic radar detection method offers an accuracy, remote sensing and cheap in price. The ultrasonic radar detection method was developed to extract breathing activity and abnormality without any physical contact. For example, Min et al. [34] proposed a contactless breathing monitoring system for sleep apnea syndrome by emitting a 40 kHz ultrasound beam on the thorax region at a short distance of less than 0.5 m. However, their system was prone to degradation due to subject motion artefacts and noise at distances larger than 0.5 m, which was caused by the increased free space loss as well as the use of only one partly disrobed subject, while the potential noise artefacts from the subject’s clothing were not discussed. Another study by Min et al. [35] used a 240 kHz ultrasonic proximity sensor to detect abdominal wall displacements during inhalation and exhalation at a distance of 1 m. Their study relied on measuring the time of flight between the transmitted sound signal from the ultrasonic sensor and received signal from the abdominal region. However, their study had some limitations at a distance greater than 1 m and when the subject was clothed, which could yield false results. In another study, Arlotto et al. [37] used a 40 KHz ultrasonic sensor as a contactless device to quantify breathing activity by measuring the frequency shift produced by the difference in the velocity between the exhaled air flow and the ambient environment at the face (nasal region). The ultrasonic sensor was located approximately 0.5 m away from the face. The limitations include that the system was somewhat limited to an unclear region of interest in the case of the presence of a cannula or breathing mask and the low signal to noise ratio when the distance to the subject increased. Respiratory and non-respiratory movement was also detected wirelessly using an ultrasonic sensor by Heldt et al. [36]. The sensor head was placed at a distance of 0.15–0.5 m above the subject (infant) and was focused on the sound signal from the thoracic region. The sensitivity of the sensor used in this study would reduce at distances larger than 0.5 m. A recent study by Sinharay et al. [10] designed an affordable, accurate, and portable device for extracting and analyzing breathing activity and breathing patterns. Their proposed system used a 40 kHz air-coupled ultrasonic sensor and a radio frequency (RF) transceiver to continuously monitor directional tidal breathing airflow. This method, however, needs direct contact with the subject’s mouth and it cannot be used to detect abnormal breathing syndromes since it follows human interference commands. Another recent study [54] proposed a non-contact system to evaluate changes in the thoracoabdominal region and the modifications associated with simulated breathing disease. The system was also limited to a short distance (approximately <1 m). Unfortunately, the majority previous studies that used the ultrasonic radar only detected normal breathing activity (eupnea) rather than breathing abnormalities (tachypnea, bradypnea, central apnea, and irregular breathing), and were limited to short distances (less than 1 m) and some clothing scenarios. In addition, the communication with care providers was not established for most of the studies and no power consumption model was included. Table 1 shows the novelty and advantages of the current study over the existing literature that used the ultrasonic radar detection.



The contributions of this paper are as follows: (i) The paper presents an accurate and portable system to monitor normal and abnormal breathing activity in real-time using an ultrasonic PING sensor and microcontroller PIC18F452 at different distances of 0.5, 1, 2, and 3 m, while the subjects are naked, semi-clothed, or fully-clothed; (ii) the proposed monitoring system also contributes to assisting the medical staff monitoring the patient’s case by reporting the obtained emergency breathing syndrome detection event to the relevant physician’s cell phone through a GSM modem; (ii) the power consumption of the proposed monitoring system is significantly enhanced and reduced using an energy-efficient sleep/wake scheme and outperforms the other previous related studies in terms of the current consumption and battery life.



The rest of this paper is arranged as follows: Section 2 introduces the anatomy of the respiratory system and abnormality. Section 3 describes the materials and methods, including the hardware and software implementation. Section 4 presents details of the experimental results and discusses the measured results. The comparison with previous studies in terms of power consumption will also be discussed in this section. Finally, concluding remarks and future research directions are provided in Section 5.




2. Anatomy of the Respiratory System and Abnormality


The main function of the respiratory system is to exchange gases between the blood and air through the respiratory process (inhalation and exhalation). The anatomical structure of the respiratory system includes airways, lungs, and the respiratory muscles that are all located in the thoracic region. The main muscle that causes the inhalation and exhalation movement, is called the diaphragm. As a result of movement of the diaphragm muscle, the thorax moves from 4 mm to 12 mm with a different frequency band between 0.1 Hz and 0.3 Hz [51]. The rate of this movement can be noted by observing the rhythms of breathing. The number of breaths per minute is called the breathing rate (BR). The range of the BR varies with age, weight, exercise tolerance, and body conditions, but the normal range at rest is between 12–20 breaths/min for adults [1]. During normal breathing, the BR is sometimes called eupnea while breathing abnormality occurs when BR falls outside the normal range and it can be classified into several events; tachypnea (a medical condition that occurs when BR exceeds the normal range), bradypnea (a medical condition occurs when BR is lower than the normal range), and central apnea (a medical condition occurs when there is no breathing for more than 10 s) [51,55].




3. Materials and Methods


3.1. Subjects and Experimental Setup


Investigation of the validity of the proposed system for monitoring breathing activity and abnormality was performed on 12 healthy subjects (10 males and 2 females) between the ages of 20 and 40. Meanwhile, a commercial Piezo respiratory belt transducer (MLT1132) was applied to the subject’s thorax to measure BR for validation purposes. The study adhered to the Declaration of Helsinki ethical principles (Finland 1964). The protocol was approved by local ethics committees (protocol number: 0000034901), and a written informed consent form for all subjects was obtained after a full explanation of the research procedures before commencing the experiment. The ultrasonic PING sensor (40 KHz) was placed in front of the subject’s thorax at different distances (0.5, 1, 2, and 3 m). The experiment was for approximately 60–120 s for each subject at a room temperature of 15 °C and repeated at different times of the day with different clothing to obtain sufficient signals. One subject was asked to simulate abnormal breathing syndromes by following a defined protocol consisting of 10 s normal breathing, 13 s of high rate breathing, 13 s breath holding, 38 s of low rate breathing, 20 s breath holding, and 18 s of irregular breathing followed by normal breathing. The experimental setup and the annotated photograph of the proposed system are presented in Figure 1.




3.2. Measurement System


The schematic diagram of the proposed monitoring system is depicted in Figure 2. It can be divided into three main parts: The ultrasonic PING sensor, microcontroller PIC18F452, and smart G100 GSM modem.



3.2.1. Ultrasonic PING Sensor


The ultrasonic PING sensor is a low-cost range sensor unit developed by Parallax Inc. (Rocklin, CA, USA) [56]. This sensor detects the reflection, or echo signal from an obstacle (subject’s thorax) and evaluates the propagation delay and amplitude of the return signal. This sensor provides accurate and remote distance measurements from 2 cm to 3 m with spatial resolution of 0.3 mm [56]. The physical shape of the ultrasonic PING sensor is shown in Figure 3.



The sensor was connected to a PIC18F452 microcontroller, which was programmed to send a pulse, then to start an internal timer (16 bits) to measure the time interval in μs before the echoes were received. The echo pulses were then used by the PIC18F452 to calculate the difference in thorax displacement.



The ultrasound-based distance detection principle was used to accurately detect thorax displacement. Mathematically, if the acoustic propagation velocity (νm) in m/s in a medium is known and Δt is the time change taken by the ultrasound signal to travel a distance between the Tx and Rx, then the distance between the sensor and the subject, D, can be calculated as follows:


D=12 vm Δt



(1)







For a given acoustic propagation velocity (νm) in m.s−1 in a medium, the change in distance between the transmitted pulse and the received echo pulse in a proportionate time change due to inhalation and exhalation rhythms. Hence, the change in the distance (Δd) can be related to the breathing cycle Bc as,


Δd=Bc=I+E+P



(2)




where I is inhalation time in s, E is exhalation time in s, P is pause period. At the reception of an echo by the peripheral interface controller (PIC), Equation (2) was converted into a logical vector to deal with 0 and 1, where 0 represents no breathing and 1 represents the active breathing, and to calculate BR based on the distance between ones (breath to breath) in the logical vector.




3.2.2. Microcontroller PIC18F452


The PIC Microcontroller is a single chip embedded device manufactured by Microchip technology Inc. (Chandler, AZ, USA) to perform a specific function depending on the code integrated inside it. PIC18F452 is one of most commonly used microcontrollers for sensor integration and rapid prototyping, having five I/O ports (34 pins), 32 Kbyte of flash program memory, 256 bytes of electrically erasable programmable read only memory (EEPROM) data memory, 1536 bytes of SRAM data memory, four timers (one 8-bit and three 16-bit), built-in eight channel 10-bit analog-to-digital converter (ADC), built-in universal synchronous asynchronous receiver transmitter (USART) hardware and operates at up 40 MHz clock frequency. The variant of the microcontroller, PIC18F452, was used in this study because of its high-speed performance, low-cost, powerful interrupt structure, low energy consumption, programming flexibility, and suitability for many digital applications [57].




3.2.3. Smart G100 GSM


The smart G100 GSM is a full-featured development board manufactured by MikroElektronika Inc. (Belgrade, Serbia) [58] to provide GSM functionality. This board features an on-board voltage regulator, antenna holder, SIM card socket, DIP switches, audio amplifier, and an audio interface with microphone and speaker. This GSM modem can easily be connected to the communication lines of the microcontroller UART using the “Attention (AT) Commands” protocol. The AT commands are a special set of line prefixes that were standardized by the European Telecommunications Standards Institute (ETSI) and they can be recognized by many GSM modems on the market [59]. Using AT commands, including AT+CMGF (set text mode), AT+CPBW (write phone number), and AT+CMGS (write SMS). The GSM modem was adopted in this study due to limitations from the local mobile network in the country where the experiment was conducted, where the third generation (3G) is currently used in Iraq.





3.3. Power Consumption Model


This section presents a derived mathematical formula for computing the average current drain of the proposed monitoring system based on the sleep/wake scheme. The derived model streamlines the computation of the average current drain of each component in the proposed system. The average current drain Cavg employing the sleep/wake scheme of each component can be illustrated as in Equation (3) [60]


Cavg= TactiveTtotal Cactive+1−TactiveTtotal  Csleep



(3)




where Cactive and Csleep are the current drain of the proposed monitoring system in active and sleep modes, respectively. Tactive and Ttotal are the transmission time and total time, respectively. The (TactiveTtotal) is the duty cycle of the sleep/wake of the proposed monitoring system and depends on both times.



If the system is used to diagnose abnormal breathing syndromes of 12 patients every day as adopted in the current experiment of this work, the whole time of using the proposed system will become 24 min on the bases of 2 min for each test. The total time expressed in minutes 1440 min (24 h × 60). Thus, the duty cycle is 0.01667 (24/1440).  Tactive is a key parameter that can limit the power consumption of the proposed monitoring system, where it decreases the power consumption and vice versa. For this duty cycle value, the proposed monitoring system is expected to considerably develop power drain, which is critical in medical devices.



The power drain of the proposed monitoring system is based on the current drain by the four components, which are an ultrasonic PING sensor, LCD, microcontroller PIC18F452, and smart G100 GSM modem. The active and average current drains of the proposed monitoring system can be computed using Equations (4) and (5) based on the sleep/wake scheme and traditional operation, respectively.


CAvg=CAvg_LCD+CAvg_PIC18F452+CAvg_PING))) Ultrasonic Sensor+CAvg_Smart G100 GSM



(4)






Ctotal=CLCD+CPIC18F452+CPING))) Ultrasonic Sensor+CSmart G100 GSM



(5)




where the average current drain of each component in Equation (4) can be calculated based on Equation (3).



Equations (4) and (5) were used to estimate the total and average current drain by the proposed monitoring system. Consequently, the proposed system lifetime (LT) could be determined based on Equation (6) [61].


LT=CBTCavg



(6)




where cBT is the adopted battery capacity (i.e., 7.2 V/2600 mAh) used in the proposed system.




3.4. Software


MikroBasic PRO for PIC compiler powered by Mikroelectronika Inc. (Belgrade, Serbia) [58] was used to write the code in the basic programming language. It provides an intelligent control, syntax error detection, and supporting tools for testing and debugging with helpful software libraries. On completion, the machine code file (hex file) generated from the MikroBasic PRO for the PIC compiler was loaded into the PIC18F452 microcontroller memory using EasyPIC PRO v7 (Mikroelectronika Inc. Belgrade, Serbia) (a full-featured development board for 8-bit PIC microcontrollers). After completing the programming, the PIC becomes ready to connect to the hardware circuit. The PIC programming flowchart of the proposed monitoring system is depicted in Figure 4.



The configuration and operation steps of the proposed monitoring system can be described as follows:




	-

	
The I/O port pins of the PIC18F452 were connected to the ultrasonic PING sensor, smart G100 GSM, buzzer alarm circuit and 16 × 2 liquid crystal display (LCD) as shown in Figure 2. The ultrasonic sensor was connected to the PIC microcontroller through the pin (RC0), where the PIC triggers the sensor with 100 μs pulse-width and then measures the amount of time elapsing until the arrival of the reflected signal measured by the same pin. The audible alarm circuit was connected to the output pin of the PIC (RC3) with a light emitting diode (LED) and a sound buzzer. The LCD display unit was connected to the output port of the PIC (PORT B) to display the subject’s name and their breathing state. The RXD/TXD (receive/transmit data) DIP pins of the smart G100 GSM modem was interfaced with the PIC via a serial protocol UART (RC6) as transmitting pin (Tx) and RC7 as receiving pin (Rx).




	-

	
The microcontroller initializes PING, LCD, and UART and creates a 32-bits floating point variable.




	-

	
The ultrasonic PING sensor senses the motion in the thorax and detects the propagation delay and amplitude of the return signal.




	-

	
The microcontroller reads the return signal and calcalutes the distance and breathing cycle using Equations (1) and (2). The microcontroller sends a text message alert to physician’s phone number when the BR falls outside the normal range (tachypnea for BR greater than 20 breaths/min and bradypnea for BR less than 12 breaths/min) [49] or when no breathing exists for more than 10 s.




	-

	
A sleep/wake scheme has been implemented inside the microcontroller code based on a duty cycle. All components are in sleep mode until the microcontroller wakes up, which based on an internal timer interrupt.











4. Results and Discussion


4.1. Results for Abnormal Breathing Syndromes


One healthy subject (37 years) was firstly instructed to perform a defined protocol simulating normal and abnormal breathing syndromes for a period of two minutes. The subject was seated in front of the ultrasonic PING sensor at a distance of approximately 1 m and he was first asked to breathe normally for 10 s and then breathe quickly for 13 s and hold his breath for 13 s followed by slow breathing for 38 s and hold his breath again for 20 s followed by irregular breathing for 18 s and back to normal breathing. The breathing signal was recorded using PowerLab data acquisition software provided with Piezo respiratory belt transducer (MLT1132; ADInstruments Pty Ltd。, Australia) at a sampling rate of 1000 Hz and compared with the breathing signal obtained by the proposed monitoring system as shown in Figure 5.



It is obvious from Figure 5 that our proposed monitoring system could successfully and effectively detect the normal and abnormal breathing events, including eupnea, tachypnea, bradypnea, central apnea, and irregular breathing and could send an alarm message when the breathing signal fell outside the normal range or when breathing stopped or became irregular.



Secondly, the degree of agreement, correlation coefficient (Spearman’s rank correlation coefficient SRCC), and error ratio (root mean square error RMSE) for BR measurements from 12 subjects with normally clothed, measured by the proposed monitoring system described above and those extracted by a reference system (PowerLab data acquisition software), was determined by Bland-Altman analysis [62]. Based on Bland-Altman analysis, the degree of agreement can be observed by calculating the standard deviation (SD) of the differences between measurements obtained by the reference system and proposed monitoring system and determining a confidence interval (±1.96 SD) within 95% of the differences between measurements, which is estimated by the mean difference. The differences between measurements obtained by the reference system and the proposed monitoring system were plotted against the averages of both systems at different distances (0.5, 1, 2, and 3 m) as shown in Figure 6.



The Bland–Altman plot for the BR measurements from 12 subjects seated 0.5 m away from the ultrasonic sensor (Figure 6a) showed a mean difference of −0.008 breaths/min with a 95% confidence interval of −0.89 to +0.88 breaths/min and a correlation coefficient and error ratio of 0.9772 and 0.4466 breaths/min for the SRCC and RMSE, respectively. At a distance of 1 m, the mean difference for BR was 0.33 breaths/min with a lower limit of −1.1 breaths/min and an upper limit of +1.7 breaths/min with an SRCC of 0.9561 and a RMSE of 0.7798 breaths/min as shown in Figure 6b. At a distance of 2 m, the mean difference for BR was 0.26 breaths/min with a lower limit of −2.2 breaths/min and an upper limit of +2.8 breaths/min with an SRCC of 0.8436 and a RMSE of 1.2887 breaths/min as shown in Figure 6c. At a distance of 3 m, the Bland–Altman plot (Figure 6d) led to 0.61 breaths/min of mean difference, −4 to +5.1 breaths/min of 95% confidence interval, 0.6483 of SRCC and 2.3356 breaths/min of RMSE.



To test the effect of clothing on the measurements at different distances, the measurements were carried out for one subject under different clothing scenarios. The first scenario was when the thorax region was nude. The second scenario was for a subject wearing only a shirt. The third scenario was for a subject wearing a shirt, sweater and jacket. The relationship between the RMSE values and the distances for different clothing insulation is shown in Figure 7. It can be seen that the RMSE values between the BR measurements obtained by the reference system and proposed monitoring system for the first and second scenarios were approximately the same and slightly increased when the third scenario applied. In addition, it can be seen from Figure 7 that as the distance increases, the RMSE values for all scenarios are increased due to free space loss.



For showing the advantages of the current study over the existing literature, we have compared the correlation coefficient of the proposed system with the most relevant literature [27,35,36] when the subjects were fully-clothed. At a distance of 0.5–1 m, the proposed system had a correlation coefficient of 0.96 in comparison with 0.93 [35], 0.93 [36], and 0.9063 [27].



Although the results obtained in this study have verified the effectiveness and accuracy of the ultrasonic radar detection to extract the abnormal breathing syndromes at different distances up to 3 m, it also has some limitations. The first limitation is that the measuring range between the subject and the ultrasonic PING sensor is limited to 3 m because of noise caused by increased free space loss, which affects the accuracy of the measurement. The second limitation is that when the subject moves during the measurements, and the region of interest might change to an area that is not clear, this yields false results when analysing the echo signal. The proposed monitoring system is also limited to work only in front of subjects and may lead to false results when it is placed behind the person. Another limitation is the influence of ambient environmental temperature. This is because the acoustic propagation velocity in air can be approximated in terms of temperature as:


vm =331.3+kT



(7)




where k is the rate at which the speed variations regarding to temperature, which is approximately 0.607 m.s−1 for every change of 1 °C in temperature and T is the ambient temperature in °C.




4.2. Results for Power Consumption


The time and current drain for each component of the proposed monitoring system were measured based on a digital ampere meter for sleep and active modes, as demonstrated in Table 2. This table illustrates the time and current profile for every component in the proposed monitoring system with and without the sleep/wake scheme. The power savings can be utilized to evaluate the performance of the proposed monitoring system as follows [63]


Power savings (%)       =(1−Proposed system based onsleepwake schemeProposed system based on traditional operation)×100%



(8)







The current consumption profile from Table 2 clearly showed that the total current consumption of the proposed monitoring system based on the sleep/wake scheme was 6.936 mA, whereas the current consumption with the traditional operation (without sleep/wake scheme) was 321.75 mA. As a result, the power savings of 97.8% was achieved by applying Equation (8).



The improvement of current drain in the LCD, microcontroller PIC18F452, ultrasonic sensor, and smart G100 GSM modem based on the sleep/wake scheme is shown in Figure 8.



Figure 8 illustrated the current consumption of each component in the traditional operation. The smart G100 GSM modem comes in the first order in energy consumption, then the ultrasonic sensor in the second order. However, the GSM modem consumes more current than the other components of the proposed monitoring system with and without the sleep/wake scheme.



The estimated battery lifespan for various battery capacities for the sleep/wake scheme and traditional operation is shown in Figure 9. This figure reveals a considerable development of battery lifespan of the proposed monitoring system when the sleep/wake scheme was used instead of the traditional operation. The battery life time of the proposed monitoring system using Equation (6) could be extended to 374.855 h instead of 8 h when the traditional operation was used instead.



We also compared the power consumption of the proposed monitoring system based on the sleep/wake scheme to the sixteen existing studies that employed different non-contact technologies such as GSM modem, ZigBee, and Bluetooth to communicate the vital signs of the patients [64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79]. The power consumption of different medical applications dissimilar to the breathing syndromes was considered for comparison because there are no previous studies similar to the current work focused on energy consumption. Our proposed monitoring system based on the sleep/wake scheme outperformed these studies and it had the lowest current consumption of 6.936 mA as demonstrated in Figure 10.





5. Conclusions


Continuous monitoring of breathing activity could facilitate a more thorough and adequate assessment for early recognition of abnormal breathing syndromes. In this study, we have developed a real-time, non-contact, non-invasive, low cost, low power consumption, portable, and precise monitoring system for detecting the normal and abnormal breathing activity at a distance of up to 3 m for fully-clothed subjects using the ultrasonic PING sensor, PIC18F452 microcontroller, and smart G100 GSM modem. The proposed monitoring system was also supported with the energy-efficient sleep/wake scheme to reduce the power consumption of the internal components (i.e., ultrasonic sensor, LCD, microcontroller, and GSM). Through experimental analysis, it was confirmed that the proposed monitoring system has promising performance for detecting breathing activity compared to reference measurements from clinical instruments with acceptable quantitative agreement (average of confidence interval of −2.05 to +2.62 breaths/min(, reasonable correlation (average SRCC of 86%) and low error rate (average RMSE of 1.21 breaths/min). Results also show that the proposed monitoring system achieved 97.8% of power savings and extended the battery lifespan to 374.855 h instead of 8 h when the traditional operation was used instead without the sleep/wake scheme. Further research, experiments, advances in signal processing techniques for noise removal, sensor design, and system size should improve the distance, increase the reliability of the results, and reduce power consumption, which could yield a more comfortable, easy to use, cost-effective, and long-term breathing monitoring system for health care applications.
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Figure 1. Materials and methods (a) the experimental setup; (b) the annotated photograph of the proposed monitoring system. 
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Figure 2. Schematic diagram of the proposed monitoring system. 
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Figure 3. Physical shape of ultrasonic PING sensor. 
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Figure 4. Flowchart of the proposed monitoring system. 
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Figure 5. The breathing signal obtained by the reference system (upper trace) and the breathing signal obtained by the proposed monitoring system (lower trace). 
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Figure 6. Bland-Altman plots comparing the readings obtained by the proposed monitoring system to readings resulting from the reference system for distances (a) 0.5 m, (b) 1 m, (c) 2 m, and (d) 3 m. 
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Figure 7. The effect of clothing on the breathing rate (BR) measurements at different distances. 
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Figure 8. Current drain improvement for each component after applying the sleep/wake scheme. 
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Figure 9. Estimated battery lifespan with respect to the battery capacity in the proposed monitoring system. 
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Figure 10. Comparison of current drain of the proposed monitoring system based on the sleep/wake scheme with the other existing studies. 
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Table 1. Comparison with relevant literature.
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	Methods
	Region of Interest
	No. of Subjects
	Measurements
	Abnormalities
	Distance (m)
	Clothing Scenarios
	Communication with Care Providers
	Power Consumption





	Min et al. [34]
	Thorax
	1
	Normal breathing
	Apnea
	0.1–0.2
	Subject was naked
	None
	None



	Min et al. [35]
	Abdomen
	10
	Normal breathing
	None
	1
	Naked and semi-clothed
	None
	None



	Arlotto et al. [37]
	Head (nose)
	1
	Normal breathing
	Apnea
	0.5
	None
	None
	None



	Heldt et al. [36]
	Torso
	11
	Normal breathing
	None
	0.15–0.5
	Fully-clothed
	None
	None



	Sinharay et al. [10]
	Head (mouth)
	20
	Normal breathing
	None
	None
	None
	None
	None



	Costa et al. [54]
	Thorax
	12
	Normal breathing
	Modifications associated with simulated breathing disease
	~1
	Semi-clothed
	None
	None



	The current study
	Thorax
	12
	Normal breathing
	Tachypnea, bradypnea, central apnea and irregular breathing
	3
	Naked, semi-clothes and fully-clothed
	Included
	Included
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Table 2. Current consumption profile for each component of the proposed monitoring system.
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Parameter

	
Ultrasonic PING Sensor

	
LCD

	
PIC18F452

	
Smart G100 GSM






	
Active current (Cactive)/mA

	
20

	
0.15

	
1.6 @ 4 MHz

	
300




	
Sleep current or standby state (Csleep)/mA

	
0

	
0

	
0.2 µA (standby)

	
1.6




	
Active time (Tactive)/min

	
24

	
24

	
24

	
24




	
Sleep time (Tsleep or tstandby)/min

	
1416 (1440−24)

	
1416

	
1416

	
1416




	
Total period (Ttotal)/min

	
1440

	
1440

	
1440

	
1440




	
Subtotal average current drain




	
CAvg/mA, for each component

	
0.3334

	
0.0025

	
0.0268

	
6.574




	
CAvg/mA, based on sleep/wake scheme

	
6.936




	
Cactive/mA, based on traditional operation

	
321.75












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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