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Abstract— Harvesting energy in the human environment has
been identified as an effective way to charge the body sensor
nodes in wireless body area networks (WBANSs). In such
networks, the capability of the nodes to detect events is of
vital importance and complements the stringent quality of
service (QoS) demands in terms of delay, throughput, and
packet loss. However, the scarce energy collected by human
motions, along with the strict requirements of vital health
signals in terms of QoS, raises important challenges for WBANs
and stresses the need for new integrated QoS-aware energy
management schemes. In this paper, we propose a joint power-
QoS (PEH-QoS) control scheme, composed of three modules that
interact in order to make optimal use of energy and achieve
the best possible QoS. The proposed scheme ensures that a
sensor node is able to detect the medical events and transmit
the respective data packets efficiently. Extensive simulations,
conducted for different human activities (i.e., relaxing, walking,
running, and cycling), have shown that the application of
PEH-QoS in a medical node increases the detection efficiency,
the throughput, and the energy efficiency of the system.

Index Terms— WBAN, quality of service, energy harvesting,
wireless sensor networks, e-health.

I. INTRODUCTION
A. Motivation

IRELESS Body Area Networks (WBANSs) face several
Wchallenges that should be overcome before their fnal
implementation in telemedicine systems. The medical devices
that form the network, called Body Nodes (BNs), are generally
heterogeneous, performing distinct tasks and having different
power supply and Quality of Service (QoS) requirements.
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More specificall , the QoS can be define in terms of delay,
throughput and packet loss, while the vital functions performed
by the BNs make the detection of medical events extremely
crucial for the human/patient monitoring.

In addition, these networks usually face space constraints
in order to adapt seamlessly to the human body, limiting
the number and the size of the nodes in the network. The
BN dimensions are strongly related to the battery’s weight and
size, which is proportional to the battery capacity. Since the
battery is a fnite source of energy, as the battery level drops,
the BN operation becomes compromised and eventually stops.
To resume operation, it is necessary to replace or recharge the
battery as soon as possible. However, battery replacement is
not always feasible, since it might damage the BN and even
jeopardize the patient’s health. This problem is exacerbated in
the case of implantable nodes, where BN replacement would
require surgical procedures [1]. Increasing the battery capacity
could prolong the BN lifetime, however, this solution is not
viable in WBANSs [2], since it would lead to an increase in
the BN dimensions and weight.

Harvesting energy from other available sources [3] could
permanently supply the node with the required power,
providing the most promising solution to the power supply
problem. Using special hardware devices, known as energy
harvesters, BNs can convert various types of energy (e.g.,
heat, motion, etc.) [4] into electrical energy. The use of Energy
Harvesting (EH) combined with a rechargeable storage device
(e.g., a battery or a supercapacitor) can provide autonomous
BN operation. However, EH introduces an additional vari-
able to the network, which is related to the availability and
quantity of the collected energy. Energy harvesters in the
human environment provide a smaller and time-dependent
amount of energy with respect to the batteries. Hence, the
successful exploitation of the collected energy is a key factor
for the smooth BN operation. In this context, Kansal et al. [5]
introduced the concept of Energy Neutral Operation (ENO)
to achieve infi ite lifetime and perpetual operation, as long
as there are no hardware failures. More specif cally, a node
powered by energy harvesting is declared to be in ENO state
if it consumes less or equal amount of energy compared to the
energy harvested from the environment [5].

In the context of WBANS, it is also possible to harvest
energy from sources related to the human body, including
mechanic, kinetic, thermal and biochemical sources [6], [7],
a concept referred to as Human Energy Harvesting (HEH).
However, in such scenarios, the problem of energy shortage
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is further exacerbated due to the low energy collection by the
human motion. A promising solution is based on the piezoelec-
tric harvester that converts the vibrations caused by the body
movements into electrical energy [6]. Through appropriate
power management circuits, such harvesters can continuously
accumulate small amounts of energy for a long period and
provide higher output power in a very short time [8], [9],
taking full advantage of the human movements. Piezoelec-
tric harvesters can also be combined with other types of
EH sources (electromagnetic, solar, etc.), in order to increase
the collected amount of energy [10].

Apparently, the scarce energy collected by human motions,
along with the strict requirements of vital health signals
in terms of QoS, raise important challenges for WBANS.
Although many works on sensor networks study the QoS
aspects of the communication [11], [12], significan research
effort ([13]-[16]) has been recently devoted to the design of
schemes that focus on the communication, taking also into
account the energy harvesting conditions in the network. How-
ever, despite their novelty, the aforementioned works focus
on specifi parameters and metrics (e.g., packet loss, event
detection, etc.), neglecting the need for holistic approaches
that respect all the applications requirements in WBANSs.

B. Contribution

In this paper, we introduce a Power-QoS control
scheme (PEH-QoS), designed for BNs operated by HEH.
PEH-QoS is an ENO inspired algorithm, developed for provid-
ing the best possible QoS under energy harvesting conditions.
More specif cally, the proposed scheme:

o Promotes the detection ability of medical events
(either normal or critical) through an ENO-based power
management.

o Prevents the data queue saturation and maintains the
clinical validity of the stored information.

o Improves the energy usage through a sophisticated
module that enables the optimum packet aggregation in
energy harvesting conditions.

To assess the performance of the proposed scheme in realistic
HEH conditions, we have performed extensive simulations
considering four different activities (i.e., relaxing, walking,
running, cycling), corresponding to different rates of EH.

The remainder of this paper is organized as follows.
In Section II, we briefy review the background on the
human energy harvesting and the related to our topic work.
In Section III, we describe the BN architecture and the
network topology and we provide details with regard to
the EH model. Section IV introduces the PEH-QoS con-
trol scheme. In Section V, we evaluate the performance
of PEH-QoS by extensive simulations. Finally, Section VI
concludes the paper.

II. RELATED WORK

The wide explosion of WBANs along with the
proliferation of energy harvesting techniques have
motivated several researchers to study the communication
performance of WBANs in energy harvesting conditions.
Seyedi and Sikdar [13] have conducted a modeling and
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analysis of BN powered by energy harvesting in WBANS,
by providing a discrete time model based on a two-state
Markov chain, which integrates models for energy harvesting
and traff c generation. The aforementioned study is focused
on fi ding the average probability that an event is not detected
or transmitted (i.e., lost event), due to the lack of suff cient
energy in the BN. In [14], the same authors have proposed a
set of adaptive transmission policies, formulated as a Markov
decision process, aiming to maximize the probability of event
detection and transmission. The proposed schemes exploit
information on the current BN energy level, the battery
recharging state, as well as the event generation process.

Ventura and Chowdhury [15] have extended the research
carried out in [13] and [14] by proposing a multiple board
Markov model for energy harvesting sensors (MAKERS) that
allows for the estimation of important performance metrics in
HEH-WBANS. He et al. [16] have extended the above research
by proposing analytical solutions for the optimal resource
allocation to provide QoS guarantee to data delivery for the
HEH-WBANSs. The main goal of the proposed optimization
schemes is to provide a sustainable QoS that guarantees low
delay and low packet loss to subscribers.

All these works study particular aspects of the problem.
Moreover, they show the operation degradation at the nodes
due to EH, not only in packet transmission but also in the event
detection. The time required to store the amount of energy
needed to detect or report (transmit) an event depends on the
amount of the collected energy in a given period of time. Based
on the above, the main challenge in HEH-based WBANS is
to ensure the correct event detection by the BN and guarantee
the QoS in terms of delay, throughput and packet loss, which
will be the key focus of our work.

ITI. SYSTEM MODEL
A. BN’s Architecture and WBAN Topology

We consider the WBAN topology depicted in Fig. 1.
We adopt a Harvest-Store-Use architecture (i.e., the energy
is stored in a supercapacitor before use) [17], and the
WBAN is conf gured in a star topology with direct connection
to the Body Node Coordinator (BNC).! In addition, we

IPlease note that, in our study, we assume a single BN in order to focus on
the benef'ts of the proposed scheme in ideal conditions (i.e., no contention in
the channel access).
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employ a 1.9 nJ/b 2.4GHz Multi-standard (Bluetooth Low
Energy/Zigbee/IEEE 802.15.6) transceiver for Personal/Body
Area Networks [18], while the sensor and the reader are
modeled based on a 30 4W analog signal processor integrated
circuit for biomedical signal monitoring [19].

In our model, the BNC is the network sink, responsible for
setting up the WBAN and collecting all information transmit-
ted by the BN. The data communication between the BNC and
the BN takes place via a contention-free scheme, where the
BNC polls the BN every predefned time intervals according
to the IEEE 802.15.6 polling access mode [20]. We assume
that the BNC is a smartphone with high processing capabilities
and an external power supply (i.e., unlimited power). On the
other hand, the BN has an energy harvester able to collect
the energy available in the human body. The BN’s power con-
sumption is divided into two main parts: i the detection power
consumption (Pge), which includes the power consumption
related to the correct BN’s operation (i.e., microcontroller
unit (MCU), analog-to-digital converter (ADC), sensor and
read-out), and /i the transmission power consumption (Py),
which includes the power consumption related to the duty
cycle of the transceiver (i.e., data communication process).

B. Energy Harvesting Model

The availability of the harvesting source and the exploita-
tion of the harvested energy constitute the two key factors
that determine the ENO of a given system. In our case,
we consider that the BN is equipped with a piezoelectric
harvester, converting the vibrations caused by the body move-
ments into electrical energy [6]. In our system model, time
is divided into slots of duration ty,;. In each time slot, the
harvester captures different amounts of power in the range of
Prrmin and PEfmay, denoting the minimum and the maxi-
mum amounts of power that can be harvested, respectively,
according to the intensity of the movement. These power
limits also vary for different activities (e.g., walking, relaxing,
cycling, etc.). The frequency of movement disturbance is
another important factor that should be taken into account.
To model this physical phenomenon, we use a simple discrete-
time Markov chain with two states: the active state (ON) and
the inactive state (OFF), as shown in Fig. 2.

In the ON state, human movements may occur, while in
the OFF state, there is no significan movement that produces
disturbances in the harvester (i.e., no energy is generated).
Moreover, we defi e porr—on as the transition probability
from state OFF to state ON, whereas pon—oFr is define as
the transition probability from state ON to state OFF. There-
fore, the probabilities of remaining at the states ON and OFF
are given by 1 — poy—orF and 1 — porFr—_on, respectively.
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As a result, the steady state probabilities of the system are
given by?:
POFF-ON

PON—-OFF + POFF—ON
PON—OFF

PON—-OFF + POFF—ON

Having formulated the body movement with the above
Markov process, we can estimate the amount of harvested
energy Eppy(t) in one time slot as:

M
2

HON =

MHOFF

Epa(t) = PEr(®) - tsior, (€))

where Prp(t) is the power harvested in f,,. More specif-
ically, in active time slots (i.e., where motion is detected),
Pry(t) € [Pggmin, PEHmax], Whereas in inactive slots, no
energy is collected (i.e., Pry(¢) = 0).

IV. POWER-Qo0S AWARE MANAGEMENT
CONTROL SCHEME (PEH-QoS)

The proposed scheme, PEH-QoS, is executed at each BN,
aiming to adapt the node’s performance to its particular
features, power supply and QoS requirements. To that end,
PEH-QoS combines three interconnected modules, illustrated
in Fig. 3: i) the Power-EH Aware Management (PHAM),
which calculates and manages the harvested energy, aiming
to control the overall energy consumption of the system and
keep the node in ENO state, ii) the Data Queue Aware
Control (DQAC), which manages the packet queue and
ensures that only useful data are transmitted, by discarding
any packets that have lost their clinical validity according
to the delay and reliability requirements of the respective
medical application, and iii) the Packet Aggregator/Scheduling
System (PASS), which uses the amount of power available
for transmission (information from the PHAM module) and
the amount of data stored in the queue (information from the
DQAC module) to determine the maximum number of packets
that can be transmitted in each data communication process.
In the following sections, we describe the operation of each
module in detail.

2We are particularly interested in the probability 1 x, which represents
the portion of time that energy is collected by the harvester.
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Algorithm 1 Power-EH Aware Management

Algorithm 2 Data Queue Aware Control

if (Estored > Eger + Etx) then
Set detector module to ON state
if (Ng = N;y) then
Set transceiver module to ON state
Proceed to transmission of N, packets
else
Set transceiver module to SLEEP state
end if
else if (Esiored < Eger + Eiyx) then
if (Estored = Edet) then
Set detector module to ON state
Set transceiver module to OFF state
else
Set detector module to OFF state
Set transceiver module to OFF state
end if
end if

A. PHAM: Power-EH Aware Management

The PHAM module is responsible for the management of
the harvested energy at the BN, which plays a critical role
to the system’s performance. PHAM uses the BN’s power
consumption information to distribute the harvested energy
among the two key tasks of the node, namely, event detection
and packet transmission. Typically, the energy consumed by
the radio module of the BN is much higher compared to the
energy required by the detector, i.e., E;x > Ej.. Never-
theless, in WBANS, the detection capability of the BN can
sometimes be more important than the transmission function,
especially in the case of critical events.

Hence, the purpose of PHAM module is to effciently
manage the available energy in order to maximize the num-
ber of detected events and maintain the node operation in
ENO state. To guarantee a high rate of detected events, the
PHAM module must ensure that the detector is provided
with suff cient energy (i.e., at least E /). On the other hand,
in order to achieve the ENO, the consumed energy should
not exceed the total available energy of the BN. The level
of energy stored in the energy buffer (Egoreq) at a given
time ¢ depends on the energy harvested from the human
environment (E g (¢)), based on the following equation:

Estored(f) = Estored(f - 1) + EEH(t)' (4)

The PHAM module is described in Algorithm 1.
The algorithm is applied at the BN to control the power
consumption based on the stored energy level. Its frst
priority is to ensure the proper operation of the detector
(i.e., Estored = Eger), as the transmissions take place only
when the energy level reaches Egsoreqd > Eger + Eix (ie., the
available energy is suff cient for both transmission and detec-
tion). The amount of packets to be transmitted in each com-
munication process, define as Ny, and the energy required
for their transmission E;, are calculated by the PASS module.
Finally, it should be mentioned that if the number of packets
stored in the data queue (Ng) is less that the optimum number
of packets to be transmitted (N, ), the transceiver enters into

if (Ng > 0) then
for  =0: Np) do
if (Do(i) > Domax) then
Delete data packet i
end if
end for
end if
if Event is detected then
if (Ng < SCpiax) then
Store data packet in the queue
else if (Ng == SCy,4x) then
Delete oldest data packet
Store new data packet in the queue
end if
end if

sleep mode, until suffcient packets are accumulated in the
queue.

B. DQAC: Data Queue Aware Control

Since the amount of harvested energy depends on the
availability of the EH source, data packets may remain stored
for a long time before their transmission. This raises two major
issues. The fi st is related to the saturation of the data queue,
since the node has a fnite storage capacity. Once the buffer
reaches its maximum capacity, it will not be able to store
subsequent detected events and, consequently, these packets
will be lost. The second problem is related to the loss of
clinical validity of the stored data due to the queuing delay
(e.g., in monitoring of vital signals, old data may lose their
value in the presence of most recent events). DQAC is a
module designed to control and manage the data queue by:
i) preventing the saturation (overf ow) of the queue, by remov-
ing packets that lost their validity, and i) allowing all detected
events to be stored.

The DQAC module is described in Algorithm 2. DQAC
proceeds to discard outdated packets and update the data queue
using the information of the maximum allowed end-to-end
delay (Dy4x), which is determined by the medical application
requirements, and the maximum storage capacity (SCpqx),
which is a physical restriction of the BN’s hardware. DQAC
constantly monitors the waiting time of each data packet in the
queue (Dg) and the number of stored packets (Np). Given the
time 7T;y that is required for the data communication process
(calculated by the PASS module), the maximum waiting time
of a packet in the queue (Dgmax) in order to satisfy the
Dpayx QoS requirement is calculated as Dgmax = Dpax — Ttx.
Accordingly, all packets whose waiting time D¢ has exceeded
Domax are deleted to release space in the queue.

C. PASS: Packet Aggregator/Scheduling System

The PASS module (described in Algorithm 3) has been
designed to optimize the data transmission in EH conditions.
Its main objective is to determine the optimum number of
data packets (M) in each transmission, which depends on
the available energy (Essoreq) and the status of the data



Algorithm 3 Packet Aggregator/Scheduling System
Calculate E;, for single packet transmission
Check Egoreq and data queue status
if (N9 =1) and (Esrored > Eder + Erx) then

Make Ng =1
Initiate data communication process
else if (Ng > 1) then
if (Estored > Eger + Etx) then
Determine N;y
Calculate E;y to send Ny
if (Ng > N;y) then
Make aggregated packet of size Ny
Initiate data communication process
else if (Np < N;x) then
Recalculate Ny
Calculate E;y to send Ny
Make aggregated packet of size Ny
Initiate data communication process
end if
end if
end if

queue (Np). Therefore, the value of Ny, is indirectly adapted
to the EH rate Kgpy and the packet arrival time at the BN.
PASS also employs information of the IEEE 802.15.6 MAC
protocol for the calculation of E;y, which is also passed to the
PHAM module. It should be emphasized that the selection of
Ny 1s very critical, since a high N, value would result to an
increase of required transmission energy E;,, whereas a low
value would lead to inefficien performance.

V. PERFORMANCE EVALUATION
A. Simulation Consideration and Setup

We have developed an event-driven MATLAB simulator
that implements our algorithm in a HEH-WBAN formed by
a BNC and one BN.? For our experiments, we have chosen
the electrocardiograph (ECG) sensor node, which is a critical
medical sensor that monitors the electrical activity of the heart.
Events detected by the ECG are converted into packets and
stored in a data buffer before their transmission. The QoS
requirements [21] and the characteristics [18], [19] of the ECG
are summarized in Table I, while the network parameters,
which have been selected according to the IEEE 802.15.6
PHY-MAC specif cations [20], are summarized in Table I1.*

We assume that the BNC has an external power supply (i.e.,
no energy shortage problems), while the BN is connected to a
piezoelectric energy harvester that provides energy at a random
rate Ky, according to the body movements, and this energy
is stored in a rechargeable supercapacitor. In addition, we
consider four different human activities (i.e., relaxing, walk-
ing, running and cycling) with different Pgp,,,, and Pgp,,,,
values, as well as different steady state probabilities (i.e.,
ton and uorr) [13]. In active slots, the harvested power

3Please note that our scheme is designed to improve the individual perfor-
mance of each BN, regardless of the total number of BNs in the WBAN.

4In Table I, PLCP and FCS stand for Physical Layer Convergence
Procedure and Frame Check Sequence, respectively.
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TABLE I
ECG BN CHARACTERISTICS
Data and Packet arrival time 2 ms
Data queue size 200 packets
Traffic Features Packet size 12 bits
Sensor READ-OUT and ADC 30 pW
MCU 19.25 pW
Power Reception 3.85 mW
Consumption Transceiver Transmission 4.6 mW
Distribution Idle 0.712 mW
Sleep 4 pW
. Delay Constraint < 250 ms
QoS Requirements Packet Loss Constraint < 10%
TABLE 1T
SIMULATION PARAMETERS
Parameter Value Parameter Value
Simulation Time 60 s MAC Header 56 bits
PSIFS 0.05 ms FCS 16 bits
posmA slot 0.125 ms PLCP Preamble 90 bits
PLCP Tx rate 91.9 kb/s PLCP Header 31 bits
Data Tx rate 485.7 kb/s ACK 72 bits
Control Tx rate 121.4 kb/s TpoLL 88 bits
TABLE III
EH SOURCE PARAMETERS
ACtiVity PEHmin PEHmaw HrON
RELAXING 1 W 4.8 uWw 0.9
WALKING 128.6 uW 186 uW 0.1
RUNNING 724.2 uW 910 pW 0.1-0.2
CYCLING 37.4 uyW 72.3 pW 0.9

is randomly selected in the range [Prw,,, . PEH,, ]- The
parameters that characterize the energy harvesting source in
each activity are summarized in Table III. As we can see, the
probability of harvesting energy in relaxing and cycling modes
is higher than the energy harvested during other activities,
such as walking and running, as the specifi activities are
continuous and not intermittent. However, the amount of
energy that is harvested varies significantl , as the energy
produced in relaxing mode due to the mild body movements
is considerably low, unlike the energy produced during other
activities (especially during running) which is relatively high
due to their intensity. The aforementioned tradeoffs (i.e.,
between the probability of harvesting energy and the amount
of harvested energy) make the study particularly interesting.
To evaluate our approach, we study the performance of an
ECG with and without PEH-QoS, with respect to the following
metrics: i) detection eff ciency, defned as the number of
detected events over the total number of occurred events;
ii) data storage eff ciency, defned as the number of stored
events over the total number of detected events; iii) normalized
throughput, defi ed as the number of successfully transmitted
bits over the total number of generated bits, within the same
period of time; iv) packet loss, defned as the percentage of
data packets that have not been received by the BNC (i.e.,
events that could not be detected due to the lack of energy,
packets that could not be stored due to the saturation of the
data queue, and stored packets that were not transmitted due to
time restrictions); v) average packet end-to-end delay, def ned
as the total time between the packet generation and the packet
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reception by the BNC; and vi) energy eff ciency, defned as
the total transmitted bits over the total energy consumption.

B. Simulation Results

Figure 4 presents the simulation results for the detection
eff ciency of ECG with and without PEH-QoS. In the case of
the relaxing activity, we can see that the PEH-QoS improves
the detection eff ciency of the ECG by 10.6%. More specif -
cally, although movements occur during 90% of the total time
(i.e., uon = 0.9), the ECG without the PEH-QoS can hardly
detect any events, mainly due to the very small amount of
energy that is collected (i.e., luW < Kgpg < 4.8uW). As the
ECG without PEH-QoS is not aware of the available energy, it
persistently tries to detect events when there is not suff cient
energy to complete this process. As a result, events are not
detected successfully, whereas the collected energy is wasted.
On the contrary, our system makes better use of the available
energy, since the BN waits until there is sufficien accumulated
energy to guarantee a successful detection. In the same f gure,
we can also observe another interesting behavior related to the
walking activity. Let us recall that, in this activity, the power
values captured by the node are much higher compared to the
relaxing mode (i.e., 128.6uW < Kppg < 186uW), but the
availability of the source is only 10%. However, under these
conditions, the node can obtain suff cient amount of energy
to detect events, as the baseline approach reaches 51%, while
our system achieves 64% of detection eff ciency, by enhancing
the use of the harvested energy. With regard to running and
cycling activities, the generated energy is high enough to
permit almost 100% detection eff ciency either with or without
PEH-QoS. In the case of cycling, even though the captured
power range (37.4uW < Kppg < 72.3uW) is much lower
with respect to running (724.2uW < Kpg < 910uW), the
availability of the source is significa tly high (90%), allowing
the node to gain suff cient energy levels to perform proper
detection. In the case of running, the harvested power level
is so high that 100% detection is achieved even though the
source is available only 10% of the time.

Figure 5 shows the behavior of the data queue during
the execution of the running activity. At the beginning of
the experiment (i.e., ¢ = 0 ms), the battery of the node is
empty and, therefore, packets are accumulated at the node’s
buffer until the harvested energy reaches the required level to
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perform data transmissions. Under these conditions, the queue
of the baseline scheme saturates and any new packets are
dropped due to lack of storage space. However, by applying
the PEH-QoS algorithm, the queue is stabilized thanks to the
eff cient management of the available energy and the effective
elimination of the useless data packets. More specificall , the
queue is stabilized at 124 data packets, where 100% of the
stored information is valid. Accordingly, it can be concluded
that the optimal aggregation factor in this case is N;, = 124.

Figure 6 demonstrates the storage effciency of the two
schemes (PEH-QoS and baseline) for the four different activ-
ities. As we can see, in case of the baseline scenario, most of
the detected events cannot be stored, as the queue saturates
since there is not enough energy for the data packet transmis-
sion. For better performance, a higher EH rate Kggy would
be required, which is not feasible with current technologies.
On the other hand, PEH-QoS maintains the storage eff ciency
at 100% thanks to the eff cient data queue management.

Figure 7 shows the normalized throughput in our scheme
for different aggregation size (V;, ) values during the execution
of the running activity for two different availability cases (i.e.,
uoy = 0.1 and poy = 0.2). In the frst case (Figure 7),
it can be seen that N;, = 124 achieves the highest normalized
throughput (59%), thus confrming that this is the optimum
value for data packets transmission in these conditions. In the
second case (Figure 7), as expected, the increase of the
availability of the source increases the normalized throughput,
reaching 100% for N;, = 75, 100 and 124. Consequently,
these values can be considered as optimal in the aggregation
system.
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For the same conditions, Figures 8 and 9 show the
relationship between N;, and the restrictions of reliability and
delay, respectively. As it can be seen in Figure 8, none of the
Nix values meets the reliability constraint, as the harvested
energy level is too low, causing a percentage of lost packets
that exceeds the permitted levels. On the other hand,
when poy = 0.2 (Figure 8), the optimal N, values
(i.e., 75, 100, and 124) fulfil the reliability constraint, keeping
the packet loss in acceptable levels. Regarding the packet
delay, as it can be observed in Figure 9, the delay constraint
is met in both cases (i.., uony = 0.1 and uoy = 0.2).

In Figure 10, we study the energy eff ciency of the node in
the running mode, assuming two different availability proba-
bilities and two different values for the packet aggregation.
In this figure we can observe that the energy eff ciency
increases, as the number of aggregated packet grows. In partic-
ular, PEH-QoS achieves up to 56 and 51 times higher energy
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Fig. 10. Energy efficien y for the running activity.

efficien y from the baseline scenario in case of upoy = 0.1
and uony = 0.2, respectively. This fact can be rationally
explained by considering that, in case of the ECG with
PEH-QoS (N, = 124), the node spends only E;y = 24.3 uJ
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for the transmission of 124 data packets of 12 bits. On the
other hand, in the case of simple nodes, where no aggregation
is applied (i.e., Ny = 1), the amount of E,;, = 10.3 xJ
is required for the transmission of a single data packet
of 12 bits.

Finally, in Figure 11, we study the packet loss in the same
scenario, where our scheme fulfill the reliability required
by the application (i.e., maximum packet loss 10%) only in
case of uony = 0.2, while the baseline system exceeds this
threshold in both energy harvesting conditions (uony = 0.1
and upoy = 0.2). In particular, for upy = 0.2, our
system achieves 0.38% packet loss, while the baseline reaches
97.4% packet loss.

VI. CONCLUDING REMARKS

In this paper, we introduced PEH-QoS, a novel and highly
eff cient control scheme for EH-powered BNs. The proposed
QoS-aware control scheme has a modular architecture that
enables the optimal use of the energy collected in the human
environment. Extensive simulations have shown that the appli-
cation of PEH-QoS signif cantly improves both the trans-
mission and the detection of the medical events, increasing
the normalized throughput and the energy eff ciency, while
reducing the packet loss and the average packet end-to-end
delay. In our future work, we plan to analytically evaluate the
performance of the proposed framework.
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