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Abstract: Elderly fall detection systems based on wireless body area sensor networks (WBSNs) have
increased significantly in medical contexts. The power consumption of such systems is a critical issue
influencing the overall practicality of the WBSN. Reducing the power consumption of these networks
while maintaining acceptable performance poses a challenge. Several power reduction techniques
can be employed to tackle this issue. A human vital signs monitoring system (HVSMS) has been
proposed here to measure vital parameters of the elderly, including heart rate and fall detection based
on heartbeat and accelerometer sensors, respectively. In addition, the location of elderly people can
be determined based on Global Positioning System (GPS) and transmitted with their vital parameters
to emergency medical centers (EMCs) via the Global System for Mobile Communications (GSM)
network. In this paper, the power consumption of the proposed HVSMS was minimized by merging a
data-event (DE) algorithm and an energy-harvesting-technique-based wireless power transfer (WPT).
The DE algorithm improved HVSMS power consumption, utilizing the duty cycle of the sleep/wake
mode. The WPT successfully charged the HVSMS battery. The results demonstrated that the proposed
DE algorithm reduced the current consumption of the HVSMS to 9.35 mA compared to traditional
operation at 85.85 mA. Thus, an 89% power saving was achieved based on the DE algorithm and the
battery life was extended to 30 days instead of 3 days (traditional operation). In addition, the WPT
was able to charge the HVSMS batteries once every 30 days for 10 h, thus eliminating existing
restrictions involving the use of wire charging methods. The results indicate that the HVSMS current
consumption outperformed existing solutions from previous studies.

Keywords: accelerometer; battery life; data-event algorithm; fall detection; heartbeat; power saving;
GPS; GSM; WPT

1. Introduction

Falls of elderly people are common in houses, hospitals, and health care centers, with 30 percent
of falls leading to harm or injury. Nineteen percent of falls happen during movement from one location
to another, and 84 percent occur in hospital rooms. Furthermore, the areas near beds and chairs are the
locations of the majority of falls [1]. Most elderly people who fall during daily activities require special
care, which limits their movement. The falls generally occur during elderly movement. Monitoring
the vital signs of patients or elderly people, such as fall detection during daily activities using wireless
body area sensor networks (WBSNs) after they are discharged from hospital, is important for achieving
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positive patient outcomes. This approach assists doctors in terms of monitoring a patient’s health
status and providing first aid to them in critical situations [2]. Previous works have considered several
proposed systems or wearable devices for monitoring patients’ vital parameters, such as heart rate [3],
acceleration [4], SpO, [5], and ECG [6]. Some of the related works adopted a GPS module to send the
geographical location of the patient or elderly person to a central station monitored by the doctor [7].
In addition, these studies used various types of wireless technology such as WiFi [8], Bluetooth [9],
ZigBee [10], and GSM [11] for transmitting patient parameters to the doctor for monitoring purposes
and alerting them when critical situations occur.

One of the most significant challenges associated with designing wearable health monitoring
devices is the power consumed by the components of these devices. When these components consume
high amounts of power, battery lifetime decreases and the system becomes inefficient. Some past
studies [12-16] did not consider approaches for solving this power consumption problem when
designing patient monitoring systems or devices. In addition, these devices exhausted a considerable
amount of current (~100-500 mA) because they continually monitored patients’ vital signs during daily
activities. However, other research works have adopted power reduction techniques such as sleep/wake
methods [17-21], data-driven algorithms [10], transmission power control (TPC) algorithms [22],
modification of transmitted data [23], sampling and transmission rates [24], low-power idle mode [25],
adaptive TPC [26], data rate control [27], routing protocol [28], and duty cycle [29] to reduce the power
consumption of WBSNs for different applications such as fall detection, human activity monitoring,
motion detection, vital signs monitoring, and localization.

In WBSN's, most of the power consumption has been found to be dissipated during the transmission
and reception process [30-34], specifically GSM. In recent works, radio components [35] such as GSM
and GPS modules and microcontrollers have been considered power-hungry modules relative to the
heart rate and accelerometer sensors, which consume a small amount of power. Reducing the power
consumption of these components while collecting accurate measurements, obtaining geolocation
information, and transmitting data to a remote location poses challenges. In this work, a human vital
sign monitoring system (HVSMS) was proposed and prototyped for measuring vital parameters of the
elderly, such as heart rate and acceleration, using two bio-sensors: an accelerometer and a heartbeat
monitor. In addition, the upper arm was used as the location for attaching the HVSMS because the
outer skin of the body in this location is very smooth and has high conductivity for the green LED of
the photoplethysmography (PPG) sensor. The proposed system consisted of an accelerometer and a
heartbeat sensor, a microcontroller based on the ATmega328p, a GPS module, a GSM module, and
a 3.7 V/8400 mAh Li-ion rechargeable battery. Moreover, wireless power transfer (WPT) based on
magnetic resonator coupling (MRC) was adopted for recharging the batteries of the proposed system
to dispense with the need for charging by an electrical connection. In addition, a power reduction
algorithm (i.e., data-event algorithm) was proposed to significantly limit the power consumed and
increase the battery life of the HVSMS. The main operation of the proposed power reduction algorithm
mainly depends on the active and sleep modes of the main components of the HVSMS (i.e., GSM
and GPS).

The DE algorithm was written inside the microcontroller. It leads to the GPS and GSM modules
being turned off (i.e., zero power consumption) when the HVSMS in the patient monitoring system
indicates that this switch is appropriate. In contrast, the DE algorithm places the GPS and GSM module
in active mode and the biosensors in sleep mode when a patient fall occurs and the heart rate is normal
or abnormal. Accordingly, in the last case, an alert message is sent from the HVSMS to the doctor
in the emergency medical center (EMC) based on the GSM network. The microcontroller also sends
three text messages to the EMC via GSM, and includes patient heart rate status and the geographical
location of the patient fall (determined by GPS). Falls among elderly persons aged 65 years and older
have gradually increased in recent years, according to the American Center for Disease Control and
Prevention (CDC). More than 1 million elderly people fall and are treated in emergency departments
due to a fall that causes a head injury or hip fracture each year in the USA. The measurement accuracy
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of elderly fall detection was experimentally tested for different ages (23 to 66 years), as presented in
our previous work [36].
The contributions of the current work can be summarized as follows:

1. A new prototype HVSMS was designed and implemented to monitor heart rate and detect falls
of a patient or an elderly person, with a long communication range using the GSM network.

2. HVSMS power consumption was significantly improved based on the DE algorithm, which utilizes
the duty cycle of sleep/wake modes.

3.  The HVSMS was successfully charged based on an energy harvesting technique using WPT.

4.  HVSMS power consumption and battery life were enhanced by merging the DE algorithm
and WPT.

5. HVSMS power consumption was compared with relevant literature in terms of current
consumption to validate its performance.

2. Related Works

A substantial challenge when designing wearable health monitoring devices is the current
consumed by the components of these devices. The proposed vital signs monitoring system (VSMS)
consumed a high current that led to a decrease in the life of the battery and decreased monitoring
time. It was shown in References [13-15] that the authors did not consider any methods for decreasing
current consumption when designing the devices. As a result of not including energy efficiency in the
scope of these studies, these devices consumed high amounts of current (approximately 100-550 mA).
Other works have, however, adopted algorithms for reducing power consumption, for example by
including a sleep and wake scheme, a sampling strategy, a standby mode, and duty cycle control.
These studies have had success in decreasing the consumed current and increasing battery lifetime.
Authors in related works [17,19-21,24,37] have proposed wearable systems for health monitoring
based on wireless body sensor networks (WBSNSs). These studies adopted a sleep and wake algorithm
to decrease current consumption and enhance battery lifetime. Wearable systems consist of a biosensor,
microcontroller, wireless technology, and a battery for DC supply. The sleep and wake algorithms
adopted in previous works used biosensors (e.g., fall detection (FD), heart rate (HR), and temperature)
and a microcontroller in wake mode and wireless technology in sleep mode for a period of time
during the monitoring of the patient. When the duty cycle ended or any critical health case occurred,
the wireless technology woke from sleep mode to transmit patients’ measured data to the EMC.

Some studies [38—42] have proposed a power-saving algorithm for VSMS based on a variable rate
sampling strategy. This proposed algorithm focused on controlling the hardware component sampling
frequency, allowing a reduction in the proposed devices” power consumption. Other scholars [16,18]
have proposed a technique to decrease the power consumption of the VSMS based on standby and
duty-cycle algorithms. Lopez et al. [16] designed a sophisticated health monitoring information
system. They monitored various physiological signals, such as the electrocardiogram (ECG), HR,
temperature, and tracked patients’ location inside the hospital. The system consisted of a location
subsystem, health monitoring subsystem, a wireless sensor network is based on IEEE 802.15.4, and
control subsystem. The physiological data were measured by adopting a wearable smart-shirt based
on an e-textile. The proposed system was found to have high efficiency with a low transmission rate for
data on biometric parameters such as ECG, HR, angle of inclination, activity index, temperature, and
battery. The wireless transmission board (WTB) consumed 30, 37, and 20 mA in transmitting, receiving,
and standby modes, respectively, while the wearable data-acquisition device (WDAD) consumed
about 75 mA, including ECG, HR, accelerometer, and thermometer sensors, A/D convertor, and
microprocessor. Thus, the total current consumption of the proposed system (i.e., WIB and WDAD) is
about 160 mA. Therefore, the battery life is 3.75 h in traditional operation when a 600 mA/h battery
capacity is assumed. However, the adopted power reduction method (i.e., standby mode) decreased
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the average current consumption to 66.66 and 25 mA for the WDAD and WTB, respectively. Thus,
the battery life was prolonged to 9 h for WDAD and 2 days for WTB using the same battery capacity.

Benocci et al. [18] presented an FD system used for monitoring patients based on ZigBee,
with supported alarms to maximize system battery life. The system could determine many fall types by
using an accelerometer (ACC) sensor attached to the patient’s waist. The authors adopted a duty-cycle
algorithm to reduce the current consumed by the proposed device. The suggested system included
a wireless protocol based on ZigBee, FD algorithm, an alarm date package transmission using a PC
or Smartphone, data collection, alarm, and dispatches for sending a message via SMS or email to an
assistant. Experimental results showed that the adopted system had high sensitivity and specificity for
detection of falls. The adopted duty cycle algorithm reduced the current consumption to 27.85 mA.

Previous studies have introduced a limitation related to power consumption, where the presented
solutions of the above studies still faced a challenge in terms of reducing current consumption and
prolonging system battery life. Therefore, our current work differed from these previous works by
merging power reduction (i.e., DE algorithm) and energy harvesting techniques based on WPT to
charge the proposed HVSMS wirelessly without a wired connection. We subsequently designed and
implemented a prototype HVSMS with low power consumption and long battery life that can be
employed to monitor the FD and HR of a patient or elderly person.

3. System Design

The main purpose of this study was to minimize the power consumption of the proposed HVSMS.
Selecting low-power components [43] can contribute to limiting the power consumption of the HVSMS
along with the DE algorithm and wireless power transfer (WPT). The HVSMS prototype (Figure 1a)
was comprised of six main parts: accelerometer (ACC) for sensing bodily accelerations, heartbeat
(HB) sensor for measurement of the heart rate (HR) of the patient, GPS module to determine the
geolocations of the patient when falling, the GSM module that was used to send an SMS alert to
the telephone number of a doctor or automated system in the EMC, a microcontroller based on the
Arduino Pro Mini, and WPT. The GSM model transmits the geolocation information to the EMC via
the GSM network. The HVSMS was practically implemented and attached to the upper arm of an
elderly patient (Figure 1b). The HVSMS was supplied with a 3.7 V/8400 mAh Li-ion rechargeable
battery, which could be charged using WPT (based on an XKT-412 module). In addition, to reduce the
HVSMS power consumption, additional components (i.e., three transistors and resistors) were added
to control the HVSMS component functions. A transistor (TRAN) based on NPN silicon 2N2222 was
used to switch the HVSMS components on (Figure 1c) and off (Figure 1d). The 2N2222 transistor acted
as a switching transistor to connect/disconnect the ground pin of the ACC and HR sensors, GPS, and
GSM from the ground pin of the DC source.

In general, the ACC sensor communicated via the SPI protocol to the microcontroller, whereas
the GSM and GPS modules used serial communications to connect with a microcontroller (Figure 1a).
The Arduino Pro Mini was determined to be the most suitable microcontroller board for the proposed
system because of its small size, low power consumption, and 20 pins including 14 digital and 6 analog
pins, enabling connection to all components; further, it has the capability to support different protocols
(I2C, SPI, and serial communications) on a single board based on ATmega328P [44]. The microcontroller
represented the core of the HVSMS, and it could be used to acquire sensor and GPS data and process
them, subsequently sending the information to the GSM module. In addition, the microcontroller can
control the components of the system to reduce the total power consumption based on the DE algorithm.

The ADXL345 (triple axis accelerometer) and heart rate (pulse rate) sensors (Sparkfun, Colorado,
United States) were adopted as ACC and HB sensors, respectively. The ADXL345 sensor is small,
thin, and ultra-low power (approximately 40 pA in measurement mode). It supports acceleration
in three axes (i.e., x-, y-, and z-axes) with high resolution (13 bit) measurements up to +16 g [45].
In addition, static acceleration of gravity in the tilt-sensing application was measured as well as
dynamic acceleration resulting from shock or motion. The ACC sensor was supplied with 3.3 V DC
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voltage by the Arduino Pro Mini. The ACC consumed 0.15 mA of current (based on real measurement).
In this paper, the HB sensor was an open-source heart rate monitor that uses a PPG method to observe
the heart rate non-invasively. PPG sensors are generally used and worn on the thumb because this
method achieves high signal amplification compared to other heart rate measurement methods such
as electrocardiography (ECG). In addition, PPG sensors are cost-effective and need less maintenance
compared to ECG devices [6]. In the HB sensor, the physical PPG is converted into electrical signals.
It basically merges an optical HB sensor with amplification and noise rejection circuitry, making it easy
and fast to obtain robust pulse measurements. The HB sensor consists of a transmitter light based
on a green LED, a reflective sensor based on a photodetector, an optical filter, and a power supply.
The HB sensor has two sides; the first side has a heart shape and is attached to the thumb, while the
other side contains most of the components. The HB sensor has three pins; a VCC pin connected to the
Arduino +3.3 V, a GND pin connected to the GND pin of the Arduino, and the outputting pin wired to
the analog pin (A0) of the Arduino for heart rate measurements. The HB sensor can recognize heart
rate by measuring changes in the intensity of the light passing through capillary blood vessels based
on the light absorption. The HB sensor measures the heart rate in real time, and beats per minute is
computed based on specific algorithm implemented in Arduino Pro mini.
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Figure 1. Human vital signs monitoring system (HVSMS) with (a) schematic diagram and (b) attached

to upper arm of elderly patient, (c) switching transistor at on state, and (d) switching transistor at
off state.
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The GSM and GPS modules were chosen to be compatible with the Arduino board. Regarding the
GSM module, a SIM800L board was adopted in this work, requiring 3-5 V DC supply voltage and
consuming 350 mA of current during transmission of data. It has 88 pin pads of Land Grid Array (LGA)
packaging, and all hardware interfaces are provided [46]. Concerning the GPS module, a NEO-M8N
board was used. It has high positional accuracy, providing high sensitivity and a short acquisition
time while maintaining a low-power system with a maximum current of 70 mA, and outputs the
NMEA protocol [47]. Power consumption is a critical issue because health monitoring devices such as
the proposed HVSMS are required to operate all day [48]. Figure 2 illustrates all components of the
HVSMS with WPT.

Arduino Pro Mini GPS module

l vl i

GSM module

HVSMS
Accelerometer
sensor
DC-DC 4—:— Battery
converter — _
171
|
|
|
| WPT
|
|
Heartbeat Receiver coil  Transmitter Switch
sensor of WPT coil of WPT on/off

Figure 2. Hardware of entire HVSMS setup.
4. Data-Event Algorithm

One of the most-used methods used for increasing power savings in WBSN applications has been
sleep and wake algorithms [49]. Previous works adopting these algorithms have successfully decreased
the power consumption of the proposed devices used in health monitoring systems [17-21]. However,
in this study, a different approach relative to previous works was practically implemented by proposing
an ON/OFF scheme-based event, termed a data-event (DE) algorithm running on a microcontroller
such as an Arduino Pro Mini. This algorithm aimed to reduce HVSMS power consumption. Generally,
the DE algorithm brings the main power-hungry components of the HVSMS (i.e., GPS and GSM) into
a deep sleep (OFF state) until a patient fall event occurs. When a fall happens, the DE algorithm wakes
these two components (turn on) to send an alert message within a short time to the EMC, and then
returns them to deep sleep until another event occurs. As a result, the power consumption is reduced
significantly. The operation of the DE algorithm is described in detail in the following steps:

1.  The proposed DE algorithm begins working when the HVSMS is turned on. The initial
microcontroller setup is all input/output, turning off the four components: GPS module,
GSM module, ACC, and HB sensor, and placing them in sleep mode.

2. The microcontroller sends a control signal via TRANT1 to switch the two biosensors (ACC and
HB) from sleep mode to wake mode.

3.  In this case, the accelerometer signal (for patient fall detection) and heart rate normal/abnormal
can be measured.

4. When a patient fall occurs, the microcontroller checks whether the fall detection threshold (FDT)
and fall event time (FET) exceeded the setting values (see Table 1). If the microcontroller measures
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the acceleration magnitude (AM) during the fall, which can be obtained from Equation (1) [50],
as being less than or equal to 0.5 g with a fall event time of more than 45 ms, the microcontroller
issues a decision that the patient is falling regardless of the orientation of the fall. The values
of FDT and FET for the ACC sensor were selected to be within the range of standard values
as presented in Reference [51], and based on several experiments to ensure high fall detection

accuracy, as shown in Table 1.
AM = JA2 1 A2 4 2 M

where Ay, Ay, and A; represent the acceleration values in the direction of the x-, y-, and z-axes.

5. The microcontroller then sends two control signals; the first control signal brings the ACC and
HB sensor into a sleep mode (OFF state) via TRAN1, and the second control signal awakes the
GPS (via TRAN2) and GSM (via TRAN3) modules. The ACC and HB sensors work (awake) most
of the time and enter sleep for a fraction of the time (as shown in Figure 3a), on the basis that
the patient falls one time per day [10]. In this case, we assume that the fall time (sleep time of
ACC and HB sensors) is 2 min and the patient’s monitoring time (awake time of ACC and HB
sensors) is 1438 min (1440 — 2). The proposed HVSMS can be used for monitoring patients who
have a type of irregular HR called atrial fibrillation, which causes elderly falling. Therefore, it is
necessary to measure the HR of the elderly along with fall detection, as presented previously in
step 3. These measurements (i.e., fall detection and heart rate) are stored in a specific variable in
the microcontroller to be sent to the EMC via the GSM network.

6.  Next, the microcontroller achieves two tasks; the first task that the microcontroller energizes the
GPS to acquire the geolocation (latitude and longitude) of the elderly fall location based on one or
several attempts until the geolocation is acquired. The GPS consumed 80 s to turn on, obtain the
geolocation of the patient, and turn off. The second task sends four types of information to the
GSM module, including (i) patient name and ID, (ii) accelerometer measurement (i.e., patient fall
detection), (iii) status of the heart rate of the patient (normally 60-100 bpm, abnormal if it is out
of this range), and (iv) geolocation of the patient. The GSM in turn transmits this information to
the EMC through the GSM network by sending an SMS message. However, to ensure that the
SMS is delivered to the EMC, the GSM transmits the SMS to the EMC three times, with a delay
time of 10 s between each message.

7. When all information has been transmitted, the microcontroller brings the GPS and GSM into a
deep sleep (OFF state). The process from steps 5 through 7 consumes 120 s (80 s is required to
initiate and establish connections with satellites to acquire the geolocation information and turn
off the GPS, whereas 40 s is necessary for turning on the GSM and sending information, then
turning off the GSM). Therefore, we assumed that the active time for GPS and GSM to obtain
geolocation and information transmission was 2 min (Figure 3b). The active time (i.e., 2 min)
represented the maximum time required to obtain the geolocation of an elderly fall using GPS
and send it to the EMC through the GSM module. In cases where the GPS signal is not available,
the microcontroller sends a control signal to the GPS until the geolocation is acquired, as shown
in Figure 4. However, in the current work, the geographic information of the adopted GPS
module was experimentally tested and validated for 17 locations in three different cities of Iraq
(i.e., Baghdad, Mosul, and Erbil) to investigate the geolocation error of the HVSMS, as presented
in our previous paper [47]. The results in Reference [47] showed that the geolocation of the GPS
based on NEO-M8N was more reliable and accurate, with a mean absolute error of 1.08 x 107°°
and 2.01 x 107>° for latitude and longitude, respectively [47]. During the 17 experiments, we
noted that the latitude and longitude locations were obtained safely and no signal losses were
recorded in these locations. In addition, in this paper, the proposed fall detection system was
designed to work in outdoor environments. The GPS is efficient in outdoor environments and
not useful indoors, due to the lack of line-of-sight between the GPS and satellite. Therefore,
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there is no concern about receiving the signal in outdoor environments based on the adopted fall
detection application.

8.  Finally, if the microcontroller finds the patient in the normal case (i.e., no fall is happening),
the sequence is repeated from step 3. A flow chart of the DE algorithm is presented in Figure 4.

Table 1. Standard and adopted threshold values of the ACC sensor.

Parameters Standard Values [51] Selected ACC Threshold
FDT 0.313-0.563 g 05¢g
FET 20-70 ms 45 ms

AR > ! !
i i i Tiotaiz = 1440 minutes i
! ! (o >
Toen =1438 minutes (wake time) E<_ _ Teer = 1438 minutes (sleep time)
_________________________ ! Fall
! time
€=~ oo
DC1 = Tarall/ Tiotalt Tasr = 2 Minutes DC2 = Taai/Tiotal? Tass = 2 minutes
(sleep time) (wake time)
(a) (b)
Figure 3. Timing diagram of (a) ACC and HB sensors (monitoring time) and (b) GPS and GSM modules
(fall time).
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Figure 4. Flow chart of data-event (DE) algorithm.
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5. Power Consumption Model

The lifespan of electronic components such as bio-sensors and wireless technology includes the
time elapsed from first transmission until these components lose their working capability. The lifespan
of these components relies on the current consumed by each part of the proposed HVSMS. The power
consumption of the sensor nodes depends on the number of components. In this paper, the HVSMS
consisted of four main components: ACC sensor, HB sensor, GPS module, and GSM module. In addition,
the Arduino Pro Mini based on ATmega328P was adopted for data processing and controlling all of
these parts to improve the power consumption of the HVSMS. Among these parts, the GPS and GSM
modules consumed the highest current [52].

The power consumption modeling of the components of the HVSMS can be divided into two
parts. Each part includes three power consumers. The first part includes the microcontroller, ACC,
and HB sensors, and the second part comprises the power-hungry components such as the GPS and
GSM as well as the microcontroller, and thus consume the highest amount of power in this part.
The mathematical power consumption models can be explained as follows.

5.1. Power Consumption Model of Sensors

As explained above, the power consumption in this part represents the microcontroller, ACC, and
HB sensors in traditional operation, as in Equation (2).

Lsensing = lacc + In + Luc (2)

where Isepsing represents the current consumed by ACC and HB sensors and the microcontroller of the
HVSMS in traditional operation. I;,c represents the current consumption of the microcontroller based
on ATmega328P during measurement. I4cc and Iyp are the current consumed by the ACC and HB
sensors, respectively.

When the DE algorithm is applied, the ACC and HB sensors are in active mode, and they measure
the fall detection and heart rate of the patient. However, when the patient falls, both sensors go into
deep sleep (OFF state). In this case, the average current consumption of these sensors as well as the
microcontroller based on the DE algorithm can be expressed as in Equation (3).

; Tgfan ; N Tafan ; N Tgfan ; N Tafan
sensing_DE_Avg — ACC_Bfall ACC_Afall HB_Bfall
g g Ttotall f Ttotall f Ttotall f

Iyg afan +1Iic )
tall
where Isensing DE_Avg T€presents the average current consumption based on the DE algorithm. I4cc, yoe
lacc, falt? Iug, e and, Iyp, fa AT€ the current consumption of the ACC and HB sensors in the ON state
(before patient fall) and OFF state (after patient fall), respectively. Tggpy and Tagy, are the time in
ON and OFF states, respectively, and the Ty, is the time elapsed for the next patient or elderly
fall. The duty cycle (DC;) of the patient fall can provide an effective approach for achieving energy
efficiency. DCy can contribute to saving more energy when it has a small value and vice versa, and it
can be computed by dividing on-time by the total time (Tpg/Totai1)-

Given that Tagi = Tiotann — Thann, when substituting DC; in Equation (3), Equation (4) is yielded.

Lsensing DE_Avg = DC1 Lacc_pfan + (1 = DC1) Lacc_afan + DC1 Inp_gfan + (1= DC1) Inp_agan + Iuc (4)

In the ON state, the ACC and HB sensors consume a specific amount of power, whereas both
sensors go into a deep sleep in the OFF state when the patient is falling. In this case, Iacc,,, and
Iy, ,, consume zero power. Consequently, Equation (4) can be shortened to Equation (5).

Lsensing DE_Avg = DC1 Iacc_fan + DC1 Iyg_pfan + Iuc ®)
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5.2. Power Consumption of Wireless Technology

The power consumption in this part represents the microcontroller and GPS and GSM modules in
traditional operation, as in Equation (6).

Lyireless = Igsm + Igps (6)

where [irless is the current consumed by the GSM, GPS, and microcontroller of the HVSMS in
traditional operation. I,c represents the current consumption of the microcontroller based on the
ATmega328 during data reception from the GPS and data transmission to the GSM. Igps and Igsy are
the current consumed by GPS and GSM modules, respectively.

When the DE algorithm is considered, the GSM and GPS modules are in a deep sleep mode in a
normal patient case. In contrast, when the patient falls, the GSM and GPS wake up to handle their
data. The GPS sends the geolocation to the microcontroller, and the GSM sends information that
includes patient name and ID, patient fall detection, geolocation of fall incident, and the patient’s heart
rate status to the EMC. Accordingly, GSM and GPS consume a significant amount of power. In this
case, the average current consumption of these components and the microcontroller based on the DE
algorithm can be expressed as in Equation (7).

: Tg fan . N Tafan . N Tgfan ; N Tafan
wireless_DE_Avg — GPS_Bfall GPS_Afall GSM_Bfall
-8 Thotar2 -Bf Thotar2 Af Thotar2 -Bf T;

Iesm_afan  (7)
otal2
where Lyireless_DE_avg 1S the average current consumption based on the DE algorithm. Igpg, fail? Igps, falt?
IGsmy fail? and Igsp, far AT€ the current consumption of the GPS and GSM in the OFF state (before patient
fall) and ON state (after patient fall), respectively. Tpgy and Tagy are the time in the OFF state and ON
state, respectively, and the T}y, is the time elapsed for the next patient or elderly fall. In a similar
manner as presented above, DC; can be computed by dividing ON time by the total time (T aa1y/Ttotai1)-
Given that Tgpi = Tiotair —Tafan, when substituting DC, into Equation (7), Equation (8) is obtained.

Lyireless_DE_Avg = (1= DCa2) Igps_gfan + DCa Igps_afan + (1= DC2) Iy _pfan + DCo Iyp_afan (8)

In the ON state (patient fall), the GPS and GSM modules consume a significant amount of power,
whereas both modules enter a deep sleep in the OFF state when the patient is in a normal situation.
In this case, Igps, fal and Igspm, fay CONSUME ZETO POWeT. Consequently, Equation (8) can be reduced to
Equation (9).

Iwireless_DE_Avg =DCy IGPS_Afﬂll +DC; IHB_Afall 9)

The total current consumption of the HVSMS in traditional operation can be computed by adding
Equations (2)—(6). However, Equations (5) and (9) can be combined to produce the average current
consumption of the HVSMS based on the DE algorithm. Equations (10)—(13) are the total current
consumption of the HVSMS in traditional operation and using the DE algorithm.

Itotnltmdit,vmal = Isensing + Iwireless (10)
Lotal,ypiisiona = 1AcC + IHB + Igsm + Igps + Iuc (11)
Itotal?DE _Avg = lsensing_DE_Avg + IwirelesstE?Avg (12)

Liotal DE _Avg = DC1 lacc_gfan + DCi1 Iup_gfan + DC2 Igps_afan + DC2 Iup_afan + Iuc (13)

The average current consumptions presented in Equations (11) and (13) can be used to determine
the power saving of the HVSMS in traditional and DE algorithm operation, respectively, as in
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Equation (14). In addition, the battery lifetime (Batteryrr) of the HVSMS can be calculated based on
Equation (15) [53].

Liotal_DE_A
Power saving (%) = (1 - u) %X 100 (14)
Itotaljmditional
Cbattery .
Batteryrr = X (1 —discharge safety) (15)

total

where Cipery is the initial battery capacity, which used as a DC power supply, where two Li-ion
batteries (3.7 V/8400 mAh) were adopted in this work. Iy, is the total current consumption of the
HVSMS and represents the total current in Equations (11) and (13) for traditional operation and total
average current consumption based on the DE algorithm, respectively. Discharge safety is the percentage
of the considered battery capacity that is never employed, e.g., if a Li-ion battery is employed to run
the HVSMS, we must never discharge it below 20% or it may be damaged. Therefore, in this work,
the estimated battery life adopted a discharge safety of 20%.

5.3. WPT Charging Model

Wireless power transfer (WPT) has recently become common for charging portable devices [54,55].
In the current study, this approach was considered for charging the batteries of the HVSMS. The WPT
technology can be used to charge the batteries of the HVSMS wirelessly. In this study, an XKT-412
module [56] was adopted for WPT, as shown in the schematic diagram in Figure 5. This module consists
of transmitter and receiver circuits. The transmitter circuit contains a voltage regulator and oscillator
circuit and includes a transmitter coil (Tx) and parallel capacitor (C). The transmitter circuit generates
approximately 200 kHz frequency on the basis of the resonance frequency in Equation (16). The receiver
circuit comprises a receiver coil (Rx) and parallel capacitor (C;), AC/DC converter diode, and a voltage
regulator with input and output capacitors C3 and Cy, respectively, as shown in Figure 5, to filter the
DC signal from unwanted noise. The adopted WPT module shown in Figure 6 is characterized by
a stable power supply, magnetic resonator coupling (MRC) technique, insulation coils, 90% power
transfer efficiency, and compact design.

1
- 2L Gy

where f, is the resonant operating frequency, Lty is the transmitter coil, and C; is the parallel capacitor
of the resonant circuit.

In this paper, two Li-ion batteries were used to supply the HVSMS with a voltage in the range
of 3.7 to 4.2 V. The DC output voltage and current of XKT-412 were 5 V/1 A—this voltage value is
higher than the voltage of the HVSMS battery. Therefore, a DC-to-DC step-down voltage converter
was used to convert the voltage down to be consistent with the charging voltage of the HVSMS battery,
as shown in the hardware diagram of the WPT, presented in Figure 6. The TP4056 board was used as a
DC-DC converter [57] to convert the output voltage of the WPT (XKT-412) to 4 V. A simple experiment
was conducted to measure the output voltage of the WPT module at different distances. The distance
between transmitter and receiver coils was tested from 0 to 5.5 cm, with a distance step of 0.5 cm,
until 5.5 cm was reached. The results of this experiment are highlighted in Section 6.

fo (16)
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Figure 5. Schematic diagram of XKT-412 module wireless power transfer.
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Figure 6. Wireless power transfer with (a) transmitter circuit and (b) receiver circuit with an FC-75 board.

6. Results and Discussions

The results of the HVSMS power consumption are presented and discussed in the following subsection.

6.1. Current Consumption Measurements

The HVSMS was practically implemented to measure and detect the heart rate and the fall of the
patient. The current consumption of each component in the HVSMS was measured using a digital
multimeter device (UNI-T/UT33D), as shown in the testbed in Figure 7. The current consumption
of each component of the HVSMS was measured before and after a patient fall, as well as time
consumption, as shown in Table 2. In addition, the average current based on the DE algorithm was
calculated for HB and ACC sensors in the sensing and processing phase (Equation (5)), and for GPS
and GSM for information transmission phase (Equation (9)). Moreover, the total and average current
consumption of the HVSMS were estimated before (i.e., traditional operation without any power
reduction technique) and after applying the DE algorithm based on Equations (11) and (13), respectively.
Consequently, power savings and battery life were estimated. The measurement results presented in
Table 2 indicate that a significant improvement in power consumption was achieved.

However, the table discloses that the GPS and GSM modules consumed a high amount of power
(25.1 and 51.5 mA, respectively) relative to other components in the HVSMS. It is worth mentioning
that in this paper, the components of the HVSMS, which include the ACC, HB, GSM, and GPS modules,
can go into sleep mode to save energy. However, the microcontroller cannot go into sleep mode and
always stays working, as shown in Table 2, because it continuously monitors the heart rate and detects
falls of the patient, acquires the geolocation from the GPS, and sends information to the GSM, as well as
controlling the ON/OFF state of the GSM and GPS modules and the ACC and HB sensors. To evaluate
the performance of the HVSMS in terms of power consumption, the power savings and battery life
span are discussed in Section 5.2.
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Digital
Multimeter

Li-ion batteries +

Figure 7. Current consumption measurements of the HVSMS when patient falls.

Table 2. Measurement of current consumption and time profile of HVSMS before and after applying

the DE algorithm.
Parameter HB Sensor ACC Sensor Arduino Pro Mini GPS GSM
I (mA) 22% 0.15% 6.9 +& 25.1% 51.5 %
IpE_Avg 2.195 0.149 6.9 0.034 0.071
Tggan (minutes) 1438 1438 always on 1438 1438
T pfan (minutes) 2 2 always on 2 2

DCq 0.998 (1438/1440) 1 —

DC, — 1 0.00138 (2/1440)
Lsensing_DE_Avg = 9-2453 mA Equation (5)
Lvireless_DE_Avg = 0.1057 mA Equation (9)

Liotal_traditional = 85.85 mA Equation (11)

ItomLDEfAvg =9.35mA Equation (13)

Power savings = 89% Equation (14)

Batteryyr in traditional operation= 97 h (4 days) Equation (15)
Batteryyr based on DE algorithm = 718.7 h (30 days) Equation (15)

$ practically measured at 3.3 V, & practically measured at 3.7 V, * without power LED.

6.2. Current Consumption Based on DE Algorithm

Once the DE algorithm was applied to the HVSMS, the power consumption was significantly
reduced. Figure 8 illustrates the measurements of current consumption of each HVSMS component
before (i.e., traditional operation) and after applying the DE algorithm. Based on the DE algorithm,
the average current consumption for each component was developed to 0.149, 2.195, 0.034, and
0.071 mA. Consequently, the overall average current consumption was reduced to 9.35 mA relative to
traditional operation (i.e., 85.85 mA). Figure 8 reveals that the GSM and GPS came in first and second,
respectively, for consuming power in traditional operation. However, when the DE algorithm was
applied, the power consumption was considerably reduced. This reduction in power consumption can
be attributed to the GPS and GSM being in the OFF state most of time (before patient fall) and in the
ON state for only a fraction of time (after patient fall occurs to transmit their information). On the
other hand, there was a slight difference in power consumption in ON and OFF states of the HB and
ACC sensor because they were in the ON state (before patient fall to measure and monitor the heart
rate and fall) most of the time and in the OFF state (after patient fall) for only a fraction of time.
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Figure 8. Power consumption of each component in HVSMS before and after applying the DE algorithm.
6.3. Battery Lifetime Estimation and Power Saving based on DE Algorithm

The application of the DE algorithm verified that this approach can reduce the current consumption
of the proposed HVSMS to 9.35 mA. Consequently, battery life can be extended to 30 days (estimated
based on Equation (15)) until charging is needed again based on WPT. In this study, two 3.7 V/4200 mAh
Li-ion batteries were connected in parallel to obtain a battery capacity of 3.7 V/8400 mAh to increase
the HVSMS lifespan, where the battery life of the proposed system was four days under traditional
operating conditions. Table 3 supports the results presented in Figure 8, where the battery life of the
HVSMS can be seen to have been prolonged. Accordingly, a power saving of 89% in the HVSMS was
achieved (estimated based on Equation (14)). Table 3 shows that the proposed DE algorithm significantly
improved the power consumption of the HVSMS relative to traditional operation. However, when
the battery capacity increased, the lifetime of the HVSMS also increased and vice versa. Clearly,
the proposed algorithm succeeded in terms of decreasing HVSMS current consumption. The results
show that the proposed HVSMS worked with substantially lower power consumption using power
saving measures.

Table 3. Battery life and power savings of HVSMS based on the DE algorithm and traditional operation
at 8400 mAh battery capacity.

Parameter DE Algorithm Traditional Operation
Current consumption (mA) 9.35 85.85
Battery life time (h) 718.7 (30 days) 97 (4 days)
Power savings (%) 89 —_—

7. Performance Evaluation of Wireless Power Transfer

The WPT technology adopted in this work was used to charge the 3.7 V/8400 mA Li-ion battery of
the HVSMS. This battery requires at least 4 V to be charged. WPT based on the XKT-412 module was
able to supply 5 V/1 A. Therefore, a DC-to-DC voltage down converter was used to adapt the output
voltage of the module (i.e., 5 V) to 4 V. To evaluate the performance of the adopted WPT, the output
voltage was investigated with different distances (0-5.5 cm) to explore the best charging distance,
as shown in Figure 9. The figure illustrates the results of the output DC voltage of the WPT with
different distances between transmitter and receiver coils. The DC output voltage decreased with
increasing distance between the transmitter and receiver coils and vice versa. The results show that the
WPT technology was able to charge the HVSMS battery up to a distance of 1.5 cm between transmitter
and receiver coils, which can supply 4 V with 1 A. Based on these results of output current and voltage,
the HVSMS battery can be safely charged within 10 h. The combination of the DE algorithm and
WPT allows the HVSMS to be charged once for 10 h (charge time) every 30 days, whereas, for the
same charge time, the WPT charges the battery of HVSMS once every 4 days without applying the DE
algorithm (i.e., traditional operation). Charging the battery of the HVSMS based on the WPT technique
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presents some gains, such as dispensing with the physical connection for battery charging, and the
patient can move freely without the restrictions of electrical wires. In contrast, wired charging methods
present some shortcomings; for example, there are electrical losses during plug-out and plug-in with
charging devices, and the environmental conditions (i.e., humidity and temperature) can reduce the
efficiency and reliability of charging devices.

6

Charging voltage
4V@1.5cm

()]

SN

y =-0.8713x + 5.1885
R?=0.9992

—o— DC output voltage (V)
----- Linear (DC output voltage (V))

DC output voltage (V)
w

0 05 1 15 2 25 3 35 4 45 5 55 6
Distance (cm)

Figure 9. Relationship between distance and DC output voltage of the WPT.
8. Power Consumption Comparison with Related Works

The power consumption of the proposed HVSMS using a DE algorithm was compared with
the current drain of other systems outlined in existing studies [16-21,24,37—-42] on patient vital signs
monitoring systems (Figure 10) to confirm the proposed HVSMS. The performance of the current work
in terms of current drain was accomplished by relying on the designed system in Section 3 and was
confirmed by the implementation prototype (Section 3) and proposed DE algorithm in Section 4, and
current consumption modeling (Section 5) and current measurements (Section 6.1). The proposed
DE algorithm was compared with the existing related articles on the basis of the values documented
during measurements in the previous studies. The performance of the previous techniques is presented
in Section 2 in terms of current consumption.

The current consumption of the proposed HVSMS was minimized based on the DE algorithm to
9.35 mA using DC1 (for HB and ACC sensors) and low DC2 (for GPS and GSM modules) relative to
traditional operation (85.85 mA). The results revealed that the current study method outperformed
other approaches in related works in terms of current consumption, as shown in Figure 10.
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g |
e 0 25 265 07 |
O 20 | g35 104 1315 1° ﬂ ‘ ' ’ ]
, oo O |
S FFF T T F S
I S &y I S
‘b\% 66 K QS"R & R Q o S & & &
¢ & F 5 & & & ¢ ¢ ¢
NN S A SN »F F LS
SO NI R AR
& bﬁz\” < Y b‘\\” SV b‘Q\”
$ < AR A <

Figure 10. Current consumption comparison of HVSMS with previous works.
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9. Conclusions

A health monitoring system was practically designed and implemented in this paper, namely an
HVSMS. The proposed system was used for monitoring the acceleration and HR measurement of a
patient, and then used to send a text message to the EMC to alert them when a patient fall or any other
event has occurred. The HVSMS consists of a microcontroller, GPS module, GSM module, ACC sensor,
and HB sensor; these components are assembled in the power electronic board and connect to two
Li-ion batteries (3.7 V/8400 mAh). The upper arm of the subject’s body was selected as a location
to attach the proposed system. Merging between the DE algorithm and WPT was achieved in this
paper. Power consumption of the HVSMS was reduced based on the DE algorithm. The DE algorithm
is uncomplicated and does not require significant time for data computation and processing and
making a decision. However, the DE algorithm considerably improved the power consumption of
the HVSMS. Consequently, the battery life was extended and power savings was developed for the
HVSMS. The main principle of the DE algorithm was to ensure that most components consumed low
current in sleep mode until any events occurred. Wireless technology such as GSM and GPS modules
consumed most of the current, and therefore these parts were designed in this work to function only
when the patient falls, and to return to sleep mode and to turn off when the mission is complete.

The method outlined in this study decreased the current consumption of the HVSMS from
85.85 mA during traditional operation to 9.35 mA by using the DE algorithm, which improved the
battery life of the proposed system by allowing the device to work for 30 days without charging the
battery, whereas it only worked for 4 days during traditional continuous operation. In addition, the
proposed algorithm was successful because it was able to reduce by 89% the power consumed by the
HVSMS, and the WPT technology was adopted to charge the HVSMS battery wirelessly once every
30 days for 10 h. The power consumption could be further reduced in future work by (i) adopting a
standalone microcontroller, which would reduce the power consumption of the microcontroller in
active mode from 6.9 to 0.5 mA at working frequency of 1 MHz [58], thereby significantly improving
current consumption and minimizing the size of the system; (ii) assuming that the elderly person falls
once every two days or more; (iii) reducing the current consumption of the HB and ACC sensors before
a fall by adopting an additional duty cycle in this period, leading to the current consumption being
further reduced to half or less; and (iv) adopting a specific intelligent technique or machine learning
method. In addition, in the future the size of the HVSMS can be further reduced by using small surface
mount technology (SMT) chips instead of the modules and by assembling the device on one printed
circuit board (PCB) in order to make it marketable and affordable.
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