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Wireless Body Area Networks support the operation within multiple frequency bands. Thus,
they can be integrated in several applications, one of which is on-body medical monitoring
applications, as concerned in this paper. Therefore, the purpose of this study is to present
the impact of transmission power and both of Differential Binary Phase Shift Keying and
Differential Quadrature Phase Shift Keying modulation schemes, on the performance of a
WBAN model based on the IEEE 802.15.6 2.4 GHz narrow-band, dedicated to on-body
medical applications. This involves identifying the modulation scheme(s) and transmission
power level(s) to be adopted for these applications, that can be classified into three types
depending on their data rate (low, medium and high data rate medical applications), in
order to meet Packet Loss Rate and latency requirements. The numerical study has
confirmed that the adoption of DBPSK modulation and low transmission powers provides
good performance for low data rate monitoring applications. At medium data rates, a
relatively increased transmit power was required. However, at high data rates, DOPSK
modulation with a 0 dBm transmission power seemed to be the right choice to be made in
terms of the mentioned performance indicators.

1. Introduction

retrieving biokinetic information [4-6], or adjusting body limbs
movements when damaged by car accidents, for example.

The actual improved life expectancy all over the world has led
to an increased rate of population ageing [1], which may
overburden conventional healthcare infrastructures and
consequently increase healthcare costs. In addition, each year
millions of people die due to late diagnosis of certain fatal diseases
such as cancer, cardiovascular diseases, Parkinson’s disease and
many others [1]. These losses could have been largely avoided if
those illnesses were detected in time.

The massive growth of electronic systems [2] resulted in the
appearance of small biosensors operating at the human body scale
as Wireless Body Area Networks. When used in healthcare
systems, WBANs can simplify the monitoring of simple
parameters such as body temperature, blood pressure, ECG, etc.,
or be integrated in more complicated processes like changing
programs for implantable pacemakers and defibrillators [3],
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In medical applications [7], WBANSs are considered to be the
key solution to prevent a variety of cardiovascular diseases [8—9],
such as myocardial infarction, which are often related to
intermittent rather than permanent anomalies s[10]. In addition, as
the number of diabetic people worldwide is expected to reach 380
million by 2025, WBANs can also be adopted in diabetes
monitoring [11-12]. Therefore, it will be necessary to integrate
medical monitoring systems based on WBANS in our day to day
life, in order to correctly and timely dose medicines, and thus
reduce the risk of many complications. Similarly, miniaturized
sensors can further be used to detect cancer cells, allowing the
doctor to first diagnose tumors without the need for a biopsy [10].
As for people suffering from asthma, WBANs may also ensure the
detection of allergenic agents in the environment surrounding the
patient. In [13] for example, The authors proposed an alert system
triggered by the detection of an environment the patient is allergic
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to. Moreover, they can be integrated into the rehabilitation process
to bring patients' functional capacity back to normal [5].

For all the above mentioned medical applications, data traffic
can be classified into three categories [10]: on-demand, urgent and
normal traffic. For diagnostic purposes, on-demand traffic is
initiated by the coordinator in order to obtain information about the
patient's state of health. As for urgent traffic, it is initiated by
sensor nodes when the data collected exceeds a predefined
threshold. This type of data is not time-dependent and is generated
in an unpredictable manner. As for normal traffic, it generally
concerns normal non-critical data, that include discrete and
systematic health monitoring.

In non-medical applications, WBANs take place in fitness,
performance and wellness monitoring, in cognitive biometry [14]
for a secure authentication to information systems, in serious
gaming [15] for educational purposes, and in sport.

Given this variety of applications , the actual wireless short
range technologies do not fully comply with the specific
requirements and technical challenges of WBANs [16]. For this
reason, IEEE 802.15.6 was created in November 2007 to deliver
an international standard for highly reliable, short-range, and
bodywide communications, while providing a broad range of data
rates going from 75.9 Kbps (narrowband) to 15.6 Mbps (ultra-
broadband); to cover a variety of applications. The standard
provides an advanced MAC layer that serves three physical layers:
The Narrowband (NB), the Ultra Wide Band (UWB) and the
Human Body Communication (HBC) physical layers. These are
chosen according to the intended application. We are interested in
the narrowband physical layer, which alone offers 7 different
frequency bands, one of which is the 2.4 GHz band (2400-2483.5
MHz) and is often favored over the other ones for its worldwide
availability [17]. It is also the most mature band [18] which offers
a larger bandwidth. Furthermore, it uses familiar PHY modules,
that are already extensively applied in WiFi and Bluetooth [19],
and adopts smaller antennas, which makes it ideal for the majority
of on body WBAN applications. All these features contribute to
make the 2.4 GHz ISM band of IEEE 802.15.6, the most widely
used band.

According to the specifications of the IEEE 802.15.6 standard
[20-21], The 2.4 GHz narrowband provides two modulation
schemes: DQPSK and DBPSK. In addition, the nodes in a WBAN
must be able to transmit their data using a power level ranging from
-10 dBm (0.1 mW) to 0 dBm (1 mW) [1], so as not to exceed the
specific absorption rate fixed at 1.6 W / kg in 1g of body tissue.
However, the choice of one of these two modulations and the
appropriate level of node transmission power, may be related to
the intended application and its technical requirements, such as
data rate, duty cycle, sensitivity to data loss and latency, etc.

Therefore, the aim of this paper is to study the adequacy of
DBPSK and DQPSK modulations, as well as different
transmission power levels in the 2.4 GHz narrowband, for a
realistic WBAN model based on the IEEE 802.15.6 standard, with
the requirements of normal traffic on-body medical monitoring
applications, such as electrocardiogram, pulse oximetry, body
temperature measurement etc., in terms of PLR, throughput and
latency.
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The proposed contributions of the present paper are based on
two detailed numerical studies dealing with the impact of
transmission power on one hand, and the two modulation schemes
DBPSK and DQPSK on the other, on the performances of a
WBAN model based on the IEEE 802.15.6 standard. This
evaluation is done by means of three parameters: PLR, throughput
and latency.

The remainder of this paper is presented as follows:

Section 2 gives an overview of the IEEE 802.15.6 standard,
addressing its technical requirements for the MAC layer, with a
special highlight on the beacon mode with superframe boundaries,
and for the Narrow Band physical layer. Section 3 presents the
PHY and MAC layer configuration of the studied WBAN model.
The emphasis in this section is put on the adopted on-body channel
model and the settings of MAC and radio modules. Section 4
discusses the obtained results from the performed study. and
Section 5 concludes the paper.

2. The IEEE 802.15.6 Standard
2.1. Technical requirements

To implement a WBAN compliant with the IEEE 802.15.6
standard, several requirements should be considered as listed
below [1] :

e Bit rate: Inter-sensor communications within WBANSs should
be carried out at data rates ranging from 10 kbps to 10 Mbps.

e  Packet Error Rate (PER): For the majority (~95%) of the best
performing links, the PER must be below 10% for a reference
payload of 256 bytes.

e Easy integration and removal of nodes: Adding, removing or
replacing nodes in a WBAN, should be done easily and in less
than 3 seconds approximately.

e  Maximum number of nodes: the size of a WBAN must not
exceed 256 nodes.

e Communication reliability in case of mobility: The
performance of a WBAN network must not be degraded to the
point of causing data loss if the patient is mobile. Furthermore,
WBANSs must not cause any discomfort to the patient while
moving.

e Latency and jitter: Latency and jitter are two important
metrics for evaluating the performance of a WBAN. Latency
should not be greater than 125 ms in medical applications and
250 ms in non-medical applications. For the jitter, it should be
lower than 50 ms.

e  On-body and in-body WBANS should be able of coexisting.

e Coexistence between adjacent BANs: up to 10 WBANs
should be able to coexist in a space of 6m3 approximately.

e  Transmission power: All nodes in a WBAN must be capable
of transmitting data in the range [-10 dBm, 0 dBm].

e  Specific Absorption Rate (SAR): according to the Federal
Communications Commissions (FCC) SAR is 1.6 W / kg in 1
g of body tissue.

e Cross-interference: WBANs must be able to provide
acceptable functional performances in an environment of
heterogeneous coexistence with other wireless network
technologies (wifi, IEEE 802.15.14, etc.).
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e Quality of Service (QoS) management must be able to provide
security mechanisms, and priority features for services in a
WBAN.

2.2. MAC layer of the standard

In order to control channel access in a WBAN, the IEEE
802.15.6 standard has defined a sophisticated MAC layer serving
3 physical layers that are designated according to the desired
application.

To ensure time-referenced resources allocations in its WBAN,
the coordinator (hub) must divide its transmission time axis
(channel), into a series of superframes while having the choice of
delimiting them or not with beacons (frames transmitted by the hub
to simplify network management, such as coordination in the
access to the media and power management for nodes, or to
synchronize time in a WBAN, etc). However, in some cases, the
coordinator may not need to time reference its allocations in the
WBAN, so it can operate without using a time base, therefore,
without having to transmit beacons. This means that a hub in a
WBAN is able to function in one of the three access modes:

e  The beacon mode with superframe boundaries.
e The non-beacon mode with superframe boundaries.
e  The non-beacon mode without superframe boundaries

In this paper we only focus on Beacon mode with superframe
boundaries, in which the hub sends a beacon (B) in the beginning
of every active superframe to delimit it. unlike non-bacon modes,
where the WBAN node can transmit its data to the coordinator
using CSMA/CA or poll it to receive the data. In the beacon mode
with superframe boundaries, the access phases that constitute each
superframe are:

e Exclusive access phases (EAP1 and EAP2): These are time
slots allocated by the hub to the rest of the WBAN nodes to
transmit urgent and high-priority traffic.

e Random access phases (RAP 1 and RAP2): Dedicated to
ensure random access to the medium, using CSMA/CA or
Slotted ALOHA protocols (but not both at once).

e Managed Access Phases (MAP): During these access phases,
the coordinator can guarantee different methods of access to
the medium by the nodes of the WBAN, namely: improvised
access, scheduled access and unscheduled access.

» Improvised access: where polled (uplink allocation interval,
adapted to unexpected or additional ordinary traffic service)
or posted (downlink allocation interval, adapted to
"unexpected" or "additional" traffic service on the downlink)
allocations are generally assigned outside the planned uplink
or downlink allocations.

» Scheduled access: which is based on a pre-reservation and a
validated scheduling, in such a way that nodes and the
coordinator obtain scheduled recurrent time intervals to
initiate frame transactions.

» Unscheduled access: which is a combination of scheduled

access and polling.
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e  Contention access phase (CAP): with this access phase, a
time interval is defined by the coordinator and announced via
a previous non-beacon frame (B2) for contention access.

2.3. Narrowband physical layer (NB)

As noted earlier in section I, due to the multitude of
applications supported by WBANs, The IEEE 802.15.6 standard
has defined three physical layers (NB, UWB and HBC). These are
responsible for activating/deactivating the radio transceivers of
sensor nodes, evaluating the RF channel by listening to the RF
transmissions of the different sensor nodes (this mission is known
as Clear Channel Assessment or CCA) and controlling the
transmission/reception of data on the channel. In this work we are
interested in the NarrowBand physical layer (NB), specific to
medical applications like the capture of physiological signals such
as temperature, blood pressure, ECG, EEG, etc.

2.3.1.  Physical frame structure of NB-PHY

As shown in figure 1, the Physical Protocol Data Unit (PPDU)
for the NB PHY layer includes:

o A PLCP (Physical Layer Convergence Procedure) preamble:
90-bit coded and used to help the receiver in time
synchronization and carrier offset recovery.

e A PLCP header: it is a 31-bit coded sequence that must be
inserted after the PLCP preamble to transmit information about
the PHY parameters responsible for helping the receiver to
decode the PSDU, essentially information about the data rate
and length of the MAC frame body (data without a MAC or
FCS header), and information about the following packet,
whether it will be sent in BURST mode or not. These data will
then be protected by a 4-bit header check sequence (HCS)
(CRC-4 ITU). moreover, to improve the robustness of the
PLCP header, a BCH code (31, 19, t = 2) will be applied.

e PSDU (Physical Service Data Unit): this is the last major
component of the PPDU to be transmitted, it is constructed by
combining the MAC header (7 bytes), the MAC frame body
with a size ranging from 0 to 255 bytes, and a 2-bit Frame
Check Sequence (FCS).
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Figurel: NB PHY frame structure
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2.3.2.  NB physical layer Specifications

The IEEE 802.15.6 NB physical layer supports data
transmission in a multiple frequency bands, summarized in Table
1, supporting different modulation schemes and data rates ranging
from 75.9kbps to 971.4 kbps. one of the bands mentioned in the
table is the 2.4 GHz band (2400-2483.5MHz) which is often the
most preferred for the reasons mentioned earlier. However, several
other technologies such as Wi-Fi (IEEE 802.11), Bluetooth (IEEE
802.15.1), IEEE 802.15.4 / ZigBee and others operate in this same
band, and this is a real challenge due to the interference caused by
the coexistence of these technologies with WBANSs operating at
2.4 GHz (cross interference), and the mutual interference resulting
from the coexistence of more than one WBAN in the same area
[22].

3. Description and Settings of the Studied WBAN Model

Nodes in a WBAN can be logically arranged in different
topologies, star, tree or mesh. Therefore, choosing the most
suitable topology is important because of its direct impact on
WBAN performances in terms of power consumption, ability to
handle heterogeneity and robustness against failures [10]. As a
result, most researchers assume that a one-hop star topology,
where nodes send data directly to the hub without the need for
relays, is the best solution [10].

The WBAN model chosen for this study operates in the NB
PHY layer, at 2.45 GHz more specifically. It is composed of eleven
sensor nodes, including a coordinator, which is placed at the center
of the patient's belly as shown in Figure 2 [22-24]. The eleven
sensors are distributed over the patient's body in a single-hop
(single coordinator) star topology, where communication frames
are sent directly between the coordinator and each of the other ten
sensors, with no need to additional relays. Choosing these node
positions is driven by the desire to monitor most of the vital signs
described in the on-body medical applications of WBANS, as
those proposed for IEEE 802.15.6 [25-26]. This monitoring is
carried out by means of regular and programmed sampling of a
number of physiological parameters such as temperature, blood
pressure, pulse oximetry, ECG, EEG, etc. We have classified these
applications in Table 2 into three categories: low, medium and high
data rate on-body medical applications. Their technical
requirements are covered and described in the references [3, 27].

3.1. On-body channel model

Unlike in-body communications, where signal propagation
occurs through body tissues, signals in on-body systems often
propagate over body surface. Such propagation might bring up a
mixture of surface, creeping, diffracted, scattered and free space
waves, according to the position of the antenna [10, 28].
Furthermore, placing WBAN nodes on or around the human body,
exposes them to antenna-body interaction effects, including near
field coupling, distortion of the radiation pattern, and changes in
the antenna impedance, which affects the functional performances
of the nodes [29]. This has prompted many researchers to design
on-body antennas [30-31] that take these constraints into account.
In addition, patient mobility (caused by usual gestures or
physiological processes such as breathing) as well as physical
variations in the patient's local environment, make it difficult to
model or select the appropriate on-body BAN channel, especially

WWwWw.astesj.com

since it is sensitive to temporal variations of the received signal
[29]. Thus, taking into account all these issues, a good
characterization of the propagation channel is required before
designing any WBAN solutions.

A: left hand
B: leftarm
C: left ear
D: head

E: shoulder
F: chest
G:right rib
H: left waist
I: thigh

J: ankle

@ hub

- sensor

Figure 2: The proposed WBAN model

3.1.1.  Path loss model

To approach a realistic on-body channel modeling in our
WBAN model of study, we consider that signal propagation
between nodes happens on the human body surface. This brings us
to distinguish two possible kinds of on-body channels:

e The Line Of Sight channel (LOS): characterized by the
absence obstacles between sensors and the hub.

e The Non-line Of Sight channel (NLOS) characterized by the
presence of obstacles between sensors and the hub.

Thus, for the 2.4 GHz narrow band, IEEE 802.15.6 specified
two path loss models, for propagation both with and without a line-
of-sight, referred to as CM3 A and CM3B, respectively [32]. In this
paper, the CM3B trajectory loss model is adopted, where path loss
is reduced in an exponential manner around the body
circumference when BAN nodes are out of line of sight. It becomes
flat over longer distances due to the introduction of multipath
elements from indoor conditions [32].

In this model, path loss at a distance d is defined by equation
(D:

PL(d)[dB] = —1010g10 (Poe_mod + Pl) + OpNp (1)

Where :

e PL (d) is the path loss at a distance d measured in dB

e P, represents a factor of average losses that occur close to the
transmitter, and is related to the antenna design

e P, denotes the mean attenuation in indoor conditions of the
elements irradiated from the body and reflected back to the
receiver

e mg means the exponential mean rate of decay in dB / cm of the
creeping wave diffracted around the body

e 1, is a random Gaussian variable of null unit and mean

e o, is the log-normal variance measured in dB
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Table 1: Frequency bands and modulation parameters for the NB PHY layer

Modulation scheme Code rate (k/n) Spreading factor
Frequency Information Symbol
Description Preamble & data rate rate
band (MHz PLCP PLCP
(MHz) PLCP PSDU  (kbps) header PSDU neader  PSPU  (Ksps)
header
402-405 Medical Implant Communication DBPSK DBPSK 759 19/31 51/63 2 2orl 187.5
Service (MICS): Communications
between implants DQPSK 151.8
303.6
4554
420-450 Wireless Medical Telemetry Services GMSK GMSK 759 19/31 51/63 2 2orl 187.5
(WMTS) (Japan)
151.8
187.5
863-870 WMTS (Europe) DBPSK DBPSK 101.2 19/31 51/63 2 2orl 250
902-928 DQPSK 2024
ISM (North America/ Australia/ New
404.8
950-958 Zealand) D8PSK
607.2
2360-2400 ISM worldwide DBPSK DBPSK 121.4 19/31 51/63 4 4/2/1 600
2400-2483.5 DQPSK 2429
485.7
971.4
Table 2: Targeted on-body medical applications
Duty Cycle
Application Sensor node description Data Rate (per Power latency Privacy
category device) % Consumption
per time
Low rate Measures body temperature 120 bps <1% low 250 ms  high
medical Temperature
applications sensor
Glucose sensor ~ Measures glucose level 1.6 kbps <1% low 250 ms  High
(wearable)
Blood Pressure  The pressure of circulating blood on the <10 bps <1% High 250 ms  Medium
(BP) walls of blood vessels.
Medium rate SpO2 the oxygen saturation of hemoglobin at the ~ 32 Kbps <1% Low 250 ms  High
medical blood capillaries.
applications
EEG Electroencephalogram : 12 leads: 43.2 <10% low 250 ms  high
an electrophysiological monitoring kbps
technique to record electrical activity of
the brain.
High rate ECG Electrical activity of the heart. -288 kbps <10% Low 250 ms  High
medical (ECG-12 leads)
applications
-71 kbps (ECG-
6 leads)
www.astesj.com 787
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We have measured for each node the distance separating it
from the hub, and by considering that our network is under the
same ambient conditions as a normal hospital room, we have
calculated the values of path loss for all the links of our WBAN.
We present in Table 3, the values of CM3B model parameters,
under the conditions of a hospital room [32].

3.1.2. Temporal variation

Temporal variation is also another important aspect in BAN
channel modeling due to the rapid changes that can occur in this
type of environment. In our WBAN model of study, the mobility
of body limbs is captured by a temporal variation component. To
the best of our knowledge, no unique model exists in the literature
describing temporal variation, but rather a general modeling of this
parameter is used [33]. The description of the approach used in the
majority of simulators to describe temporal variation is as follows:
it is considered that the actual propagation loss may differ from the
average propagation loss over time. Therefore, a probability
density function (pdf) is developed to cope with this issue. The pdf
is determined from the previous observed value and the time
elapsed since then. This function cannot be dynamically produced
from real models but must rather be derived from experimental
measurements.

The actual propagation loss is calculated as the sum of the pre-
calculated average propagation loss and the temporal variation.

3.2. MAC module settings

In the studied WBAN model, the beacon mode with
superframe boundaries is adopted, in which a beacon is transmitted
at the beginning of every active superframe. This mode allows the
coordinator to divide the communication channel into multiple
access phases. As a result, the MAC module configuration adopted
in this work, combines both of random access based on CSMA/CA
and scheduled access based on TDMA as presented in detail in our
previous work [23].

3.3. Radio module settings

In the 2.4 GHz narrowband, the preamble is always modulated
using ©/2-DBPSK, and the binary information is modulated with
one of the following two differential modulations: n/2-DBPSK or
/4 DQPSK. For both of these, the bitstream b(n), n=0,1,..,N-1 is
transformed into a sequence of symbols s(k), k=
0,1,..,(N/Log2(M))-1 as follows :

s(k) = s(k = 1exp (o) 2

M denotes the modulation order, and s(-1) = exp (jn/2) is the
reference for the first preamble symbol [20]. The transition values
between the ¢, symbols are shown in Tables 4 and 5. for both 7/2-
DBPSK et n/4 DQPSK.To the best of our knowledge, there is still
no radio chip available in the market that has been specifically
designed to meet IEEE 802.15.6 standard requirements.
Therefore, our work relies on a proposed radio chip by Alan Wong
et al [34], compliant with the IEEE 802.15.6 standard
recommendations for the 2.4 GHzNB PHY layer. The parameters
for both modulation schemes of the proposed radio are defined in
Table 6.
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Table 3: Values of CM3B path loss model parameters in a hospital room

Parameter Value
Frequency (GHz) 2.45
Py[dB] —25.8
m,[dB/cm] 2.0
P,[dB] -71.3
op[dB] 3.6

Table 4: Symbols transition values of 7/2-DBPSK

B(K) P
0 +n/2
1 - /2

Table 5. Symbols transition values of n/4 DQPSK

B(2K), BQK+1) O
00 /4
01 3n/4
10 Tn/4
11 Sn/4

4. Results and Discussion

4.1. Effects of transmission power and modulation schemes on
the performance of the proposed WBAN model

To assess the impact of transmission power and modulation
schemes on the studied WBAN performance, in terms of packet
loss rate, throughput, and latency, we used Castalia sensor network
simulator as a basis, which is based on OMNeT++ (4.6) platform
and includes as standard the support of the IEEE 802.15.6
specifications, which justifies its choice in our numerical study.

In our simulations, BAN nodes send their packets at different
data rates to the coordinator using a different transmission power
ranging from -10 to 3 dBm, each time, and a different modulation
scheme (DBPSK or DQPSK).

4.1.1.  Packet Loss Rate (PLR)

Packet losses in a WBAN can be due to various possible causes
such as the disconnection of a sensor from the network (no beacon
reception is detected) or simply the inability to transmit data in the
defined transmission tries. Therefore, The packet loss rate
indicates the chance that a packet produced by a node cannot be
received normally and as expected by the coordinator [35].

Nevertheless, this parameter can be impacted by different
factors [36]:

e Environmental factors such as distance between sensors,
activity and body posture.
e Technical factors such as transmission power, receiver
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sensitivity, antenna gain or coding.

In this work, we are interested in the evaluation of two
technical factors that can impact PLR in WBANSs, which are
modulation and transmission power. For this reason, we show in
Figures 3, 4, 5, and 6, the PLR for DBPSK and DQPSK
modulations as a function of different data rates when the
transmission power is set to -10, -5, 0 and 3 dBm, respectively.

As expected, the analysis of the results obtained in Figures 3,
4, 5 and 6, clearly shows that packet loss rate decreases as the
transmission power increases. In fact, CM3B channel model
introduces relatively high path losses depending on the distance
between the communicating nodes (71.3 dB for an inter-sensor
distance d greater than 30cm). Therefore, to ensure a better
received signal level at the coordinator (signal level higher than the
minimum threshold of receiver sensitivity), corresponding to a
better throughput, the transmission power of WBAN nodes must
be sufficient enough. Moreover, as shown in the four figures (3, 4,
5 and 6), for low and medium data rates (below 60 kbps), DBPSK
modulation shows a lower packet loss rate compared to that
obtained with DQPSK. This can be explained by the difference in
radio sensitivity due to the modulation scheme adopted. We can
notice in table 6, that receiver sensitivity is significantly lower in
DBPSK (-104 dBm) compared to DQPSK (-96.5 dBm). However,
at high transmission data rates (from 60 kbps onwards), the packet
reception rate appears to be better with DQPSK than with DBPSK.

We can relate the low performance of DBPSK in high data rates to
the well-known problems of buffer saturation. Furthermore,
DQPSK allows with 4 phases to encode two bits per symbol
instead of only one in the case of DBPSK. Thus, at the same
transmission data rate, DQPSK modulation allows the
transmission of twice as many symbols (i.e. a multiplication of the
data rate by a factor of 2) as DBPSK modulation. This explains
the relatively fast saturation of the coordinator buffer at high data
rate with DBPSK. This is further confirmed by the equation (3)
below [10].

Ra = (2% +2) (kbps) 3)

where Rd refers to the information dara rate, Rs means the symbol
rate, S is the spreading factor, k/n is the code rate BCH, and N is

a variable linked to the modulation order M by M=2N,
4.1.2.  Throughput

Throughput is an important metric in WBANS, it refers to the

number of packets received successfully per second (p/s).
However, this parameter can be weakened due to several causes
including low duty cycles, or the transmission of control packets.
As demonstrated in equation (4) [35], throughput (S, expressed in
bytes/s) is much higher when packet loss rate is lower.
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Table 6: Settings of the modulation schemes used

Frequency RXx sensitivity Channel Symbol Tx power Power consumption for Tx
band (Ghz) (dBm) spacing rate (dBm) mode
(MHz) (ksps)
e 5.9 mW (for DPSK -10 dBm).
-96.5(for DQPSK)
2.4 1 600 -10to 3 e 9.5mW (for DPSK 0 dBm).
-104 (for DBPSK)

e 12.3 mW (for DPSK 3 dBm)
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At constant PLR, S is proportional to the number M of nodes in
the network and to the traffic payload (P) expressed in bytes, and
is inversely proportional to the length of the beacon period Bp.

S= ’Z—:(1 — PLR) 4)

Figures 7, 8, 9 and 10 illustrate the throughput of the DBPSK
and DQPSK modulations as a function of various data rates at -10,
-5, 0 and 3dBm respectively.

These results show, once again, as in the earlier PLR study, that
the higher the transmission power the better the throughput.
Furthermore, as illustrated in the four figures, for low and medium
data rates (below 60 kbps), DBPSK guarantees a better throughput
compared to DQPSK modulation, as the receiver sensitivity in the
case of DBPSK is lower. However, at high transmission data rates
(60 kbps and more) DQPSK modulation seems to be more
efficient, for the same reasons (and the same high data rate context)
previously formulated with the results obtained for PLR.
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4.1.3. Latency

Latency is a metric defined, in the context of our work, as the
time interval between the node receiving a beacon, and the
coordinator correctly receiving the node's frame. We evaluate this
metric in our WBAN model of study, at low, medium, and high
data rates, for several transmission powers (-10dBm, -5dBm,
0dBm and 3dBm). For this purpose, we have considered the three
following simulation scenarios:
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e Transmission data rate less than 10 kbps with DBPSK
modulation: to represent the case of low data rate on-body

medical applications (according to the categorization in Table
2).
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e Maximum transmission rate of 50 kbps with DBPSK
modulation: to represent the case of medium rate on-body
medical applications.

e Maximum transmission data rate of 71 kbps with DQPSK
modulation: to represent the case of high data rate on-body
medical applications (example of ECG monitoring with 6-
electrode).
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Thus, we show in Figures 11, 12, and 13 the distribution of

received packets at different time intervals for the three cases
respectively, when the transmission power varies from -10 to

3dBm.
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Figure 11: latency for low data rate medical applications (DBPSK)
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Figure 12: latency for medium data rate applications (between 32 and 43
kbps)
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Table 7. Optimal modulation scheme and transmit power values for medical on-body applications

Medical applications

Optimal values of transmit power

Optimal modulation
scheme

Medium data rate medical
applications: EEG monitoring (12

leads) and SpO2

Low data rate medical applications:

(<10 kbps)

ECG (6 leads)

-10 dBm

-5 dBm

0 dBm

3 dBm

-10 dBm

-5 dBm

0 dBm

3 dBm

-10 dBm

-5 dBm

0 dBm

3 dBm

PLR <10 %
Throughput: 2270 p/s
Latency: 52 % of packets received before 240 ms

PLR <10 %
Throughput: 2418 p/s
Latency: 69 % of packets received before 240 ms

PLR <10 %
Throughput: 2555 p/s
Latency: 81 % of packets received before 240 ms

PLR <1 %
Throughput: 2559 p/s
Latency: 84 % of packets received before 240 ms

PLR <10 %
Throughput: up to 456p/s
Latency: 86 % of packets received before 240 ms

PLR <3 %
Throughput: up to 585 p/s
Latency: 90 % of packets received before 240 ms

PLR <2 %
Throughput: up to 593p/s
Latency: 92 % of packets received before 240 ms

PLR <1 %
Throughput: up to 594 p/s
Latency: 93 % of packets received before 240 ms

PLR =19 %
Throughput: 2850 p/s
Latency: 60 % of packets received before 240 ms

PLR=8%
Throughput: 3208 p/s
Latency: 70 % of packets received before 240 ms

PLR <10 %
Throughput: 3377 p/s
Latency: 79 % of packets received before 240 ms

PLR <10 %
Throughput: 2380 p/s
Latency: 84 % of packets received before 240 ms

DBPSK

DBPSK

DQPSK

35%
30%
25%

20%

packets

15%

percentage of received

10%

X

“|‘I‘I‘|‘|‘|““
0

[0

[30 [60 [90 [120[150[180 [210 [240 [270 [300

30) 60) 90) 120) 150) 180) 210) 240) 270) 300) inf)

m"-10 dBm"

time intervals (ms)

"-7dBm" ®"-5dBm" ="0dBm" ®"3dBm"

Figure 13: Latency for high data rate applications (72 kbps)
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4.2. Discussion and synthesis

E-health applications can be classified into real-time and near
real-time applications [37-38]. Nevertheless, the QoS
requirements of each of these applications may differ depending
on the context in which the service is invoked. This means that in
emergency cases, for example, remote medical monitoring will
require real-time data transmission, with no tolerance for data loss.
Whereas in non-emergency situations, vital signs transmission
does not require the same level of QOS (can tolerate delay). In
addition, depending on the application demands, three basic data
delivery models can be distinguished [39—40] : continuous model,
query model and event model. The continuous model is the most
basic data delivery model, which aims to periodically transmit the
data collected by sensor nodes, which can either be real-time data
such as voice or image that does not tolerate delay (but packet loss
can be tolerated within threshold limits), or non-real-time
continuous data where latency and packet loss can be permissible.
However, In the query data delivery model, the coordinator
requests the transmission of packets to sensors, this model requires
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reliable and timely data transmission. As for event-delivery model,
data transmission only takes place when an event of interest
occurs. In this case, reliable and real-time data transmission is
required. Moreover, the QOS requirements also depend on the
needs of the patients, for some patients it may be enough to send
their signals every few minutes, while others may need to transmit
the collected data every few seconds [41].

The simulation results of our WBAN model have shown that
in the case of low data rate medical applications (about 10 kbps),
including blood pressure, glucose and body temperature
measurement, we can note that DBPSK modulation can guarantee
a PLR < 10% even when nodes transmit in the lowest power range.
At -10 dBm for example, a PLR of about 8% is achieved with 86%
of packets received under 250 ms, and a throughput of 456
packets/s. So if the target of these applications is non-emergency
continuous real-time monitoring, the choice of DBPSK
modulation with the lowest power level (-10 dBm) can guarantee
the intended results.

5. Conclusion

In this paper we have studied a realistic WBAN model based
on the 2.4 GHz narrowband of the IEEE 802.15.6 standard and
dedicated to on-body medical applications. With this model, we
have investigated the adequacy of the modulation schemes
proposed by the standard in this frequency band as well as
transmission power, while considering the requirements of these
applications in terms of PLR, throughput and latency. Simulation
results have shown that DBPSK modulation can be a good choice
for low and medium data rate applications. However, DQPSK
modulation would be more suitable for high data rate medical
applications. Regarding the transmission power, low data rate
medical applications can accept minimum transmission powers (
-10 dBm for example). However, when the required application
data rate increases, higher transmission powers, e.g. 0 dBm, must
necessarily be used to ensure a reduced packet loss rate,
acceptable latency, and higher throughput.

The 2.4 GHz frequency band is through a band adopted by
several other technologies such as Wifi, Bluetooth etc. This is
likely to influence the operation of the proposed WBAN model if
it is located in an environment that includes these technologies or
other WBANSs. This is known as mutual interference, which must
be taken into account in the physical layer configuration.

References

[1] S. Movassaghi, M. Abolhasan, J. Lipman, D. Smith and A. Jamalipour,
"Wireless Body Area Networks: A Survey" IEEE Commun. Surv. Tut., 16(3),
1658-1686, 2014. https://doi.org /10.1109/SURV.2013.121313.00064.

[2] A. Es-saqy, M. Abata, S. Mazer, M. Fattah, M. Mehdi, M. El bekkali and C.
Algani, “Very Low Phase Noise Voltage Controlled Oscillator for 5G mm-
wave Communication Systems” in 2020 1st International Conference on
Innovative Research in Applied Science, Engineering and Technology
(IRASET), Meknes, Morocco, 2020. https://doi.org
/10.1109/IRASET48871.2020.9092005.

[31 S. Ullah, “A Review of Wireless Body Area Networks for Medical
Applications” Int’l J. Commun. Netw. Syst. Sci., 02(08), 797-803, 2009.
https://doi.org /10.4236/ijcns.2009.28093.

[4] Boulemtafes A., Badache N. "Design of Wearable Health Monitoring
Systems: An Overview of Techniques and Technologies" mHealth
Ecosystems and Social Networks in Healthcare. Springer, Chamv, 2016.

[S1 R. Negra, 1. Jemili, and A. Belghith, “Wireless Body Area Networks:
Applications and Technologies” Procedia Comput. Sci., 83, 1274-1281,
2016. https://doi.org /10.1016/j.procs.2016.04.266.

WWwWw.astesj.com

(6]

(7]

(8]

(9]

[10]

(11]

[12]

[13]

[14]

[15]

(16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

B. Antonescu and S. Basagni, “Wireless body area networks: Challenges,
trends and emerging technologies” in BODYNETS 2013 - 8th Int. Conf. Body
Area Networks, 2013. https://doi.org /10.4108/icst.bodynets.2013.253722.
M. Boumaiz, M. El ghazi, S. Mazer, M. Fattah, A. Bouayad, M. El bekkali,
and Y. Balboul, “Energy harvesting based WBANs: EH optimization
methods” Procedia Comput. Sci., 151, 1040-1045, 2019. https://doi.org
/10.1016/j.procs.2019.04.147.

Z. Jin, J. Oresko, S. Huang, and A. C. Cheng, “HeartToGo: A personalized
medicine technology for cardiovascular disease prevention and detection” in
2009 IEEE/NIH Life Science Systems and Applications Workshop, Bethesda,
MD, 2009. https://doi.org /10.1109/LISSA.2009.4906714.

M. Hadjem, O. Salem and F. Nait-Abdesselam, "An ECG monitoring system
for prediction of cardiac anomalies using WBAN" in 2014 IEEE 16th
International Conference on e-Health Networking, Applications and Services
(Healthcom), Natal, 2014. https://doi.org
/10.1109/HealthCom.2014.7001883.

Ullah, S., Higgins, H., Braem, B. Latre, B. Blondia, C. Moerman, 1. Saleem,
S. Rahman, Z. and Kwak, K, S. "A Comprehensive Survey of Wireless Body
Area Networks".J Med Syst. 36(3), 1065-1094. https://doi.org
/10.1007/s10916-010-9571-3.

Huzooree G., Khedo K.K., Joonas N. "Wireless Body Area Network System
Architecture for Real-Time Diabetes Monitoring" In: Fleming P., Vyas N.,
Sanei S., Deb K. Emerging Trends in Electrical, Electronic and
Communications Engineering. Springer, Cham, 2016.

M. Udin Harun Al Rasyid, F. A. Saputra, and A. Christian, “Implementation
of blood glucose levels monitoring system based on Wireless Body Area
Network” in 2016 IEEE Int. Conf. Consum. Electron, 2016. https://doi.org
/10.1109/ICCE-TW.2016.7521005.

Hsueh-Ting Chu, Chir-Chang Huang, Zhi-Hui Lian and J. J. P. Tsai, "A
ubiquitous warning system for asthma-inducement" in IEEE International
Conference on Sensor Networks, Ubiquitous, and Trustworthy Computing
(SUTC'06), Taichung, 2006. https://doi.org /10.1109/SUTC.2006.20.

K. Revett and S. T. De Magalhaes, Cognitive biometrics: Challenges for the
future, Springer, Berlin, Heidelberg, 2010.

T. M. Connolly, E. A. Boyle, E. Macarthur, T. Hainey, and J. M. Boyle,
“Computers & Education A systematic literature review of empirical evidence
on computer games and serious games” Comput. Educ., 59(2), 661-686,
2012. https://doi.org /10.1016/j.compedu.2012.03.004.

K. Hasan, K. Biswas, K. Ahmed, N. S. Nafi, and M. S. Islam, “A
comprehensive review of wireless body area network” J. Netw. Comput.
Appl., 143, 178-198, 2019. https://doi.org /10.1016/j.jnca.2019.06.016.

R. Cavallari, F. Martelli, R. Rosini, C. Buratti, and R. Verdone, “A survey on
wireless body area networks: Technologies and design challenges” IEEE
Commun. Surv. Tutorials, 16(3), 1635-1657, 2014. https://doi.org /
10.1109/SURV.2014.012214.00007.

P. Mathew, L. Augustine, D. Kushwaha, D. Vivian and D. Selvakumar,
"Hardware implementation of NB PHY baseband transceiver for IEEE
802.15.6 WBAN" in 2014 International Conference on Medical Imaging, m-
Health and Emerging Communication Systems (MedCom), Greater Noida,
2014. https://doi.org /10.1109/MedCom.2014.7005977.

Wang, Y., & Wang, Q. "Evaluating the IEEE 802.15.6 2.4GHz WBAN
Proposal on Medical Multi-Parameter Monitoring under WiFi/Bluetooth
Interference" International Journal of E-Health and Medical Communications
(WEHMC), 2(3),48-62, 2020. https://doi.org /10.4018/jehmc.2011070103
103

IEEE Standard for Local and metropolitan area networks - Part 15.6: Wireless
Body Area Networks," inlEEE Std 802.15.6-2012, 1-271, 2012.
https://doi.org /10.1109/IEEESTD.2012.6161600.

S. AhmadSalehi, , M.A Razzaque, I. Tomeo-Reyes and N. Hussain, "IEEE
802.15.6 standard in wireless body area networks from a healthcare point of
view" in 2016 22nd Asia-Pacific Conference on Communications (APCC),
2016. https://doi.org /10.1109/APCC.2016.7581523.

M. Boumaiz, M. E. Bekkali, A. Bouayad and M. Fattah, "The Impact of
Distance between Neighboring WBANS on IEEE 802.15.6 Performances" in
2019 7th Mediterranean Congress of Telecommunications (CMT), Fés,
Morocco, 2019. https://doi.org /10.1109/CMT.2019.8931341.

M. Boumaiz, M. El Ghazi, M. Fattah, A. Bouayad, and M. El Bekkali,
“Mutual coexistence in WBANs: Impact of modulation schemes of the IEEE
802.15.6 standard” Int. J. Adv. Comput. Sci. Appl., 11(5), 294-302, 2020.
https://doi.org /10.14569/1JACSA.2020.0110539.

M. Boumaiz, M. El ghazi, A. Bouayad, M. Fattah, M. El bekkali and S. Mazer,
"The impact of transmission power on the performance of a WBAN prone to
mutual interference" in 2019 International Conference on Systems of
Collaboration Big Data, Internet of Things & Security (SysCoBIoTS),
Casablanca, Morocco, 2019. https://doi.org
/10.1109/SysCoBIoTS48768.2019.9028035.

F. Di Franco, C. Tachtatzis, R. C. Atkinson, I. Tinnirello and I. A. Glover,
"Channel estimation and transmit power control in wireless body area

793


http://www.astesj.com/

[26]

[27]

(28]

[29]

[30]

[34]

[35

=

[36

=

[37]

[38]

[39]

[40]

[41]

M. Boumaiz et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 5, No. 4, 783-794 (2020)

networks" in IET Wireless Sensor Systems, 5(1), 11-19, 2015. https://doi.org
/10.1049/iet-wss.2013.0070.

K. Takizawa, A. Aoyagi, J. Takada, N. Katayama, K. Yekeh, Y. Takehiko and
K. Kohno. "Channel models for wireless body area networks", in 2008 30th
Annual International Conference of the IEEE Engineering in Medicine and
Biology Society, Vancouver, BC, 2008. https://doi.org
/10.1109/IEMBS.2008.4649465

M. Shu, D. Yuan, C. Zhang, Y. Wang, and C. Chen, “A MAC protocol for
medical monitoring applications of wireless body area networks,” Sensors
(Switzerland), 15(6), 12906-12931, 2015. https://doi.org
/10.3390/5150612906.

P. S. Hall, "Antennas Challenges for Body Centric Communications" in 2007
International workshop on Antenna Technology: Small and Smart Antennas
Metamaterials and Applications, Cambridge, 2007. https:/doi.org
/10.1109/IWAT.2007.370076.

S. L. Cotton, R. D'Errico, and C. Oestges, "A review of radio channel models
for body centric communications". Radio science, 49(6), 371-388, 2014.
https://doi.org/10.1002/2013RS005319

B. Hazarika, B. Basu, and J. Kumar, “A Multi-Layered Dual-Band On-Body
Conformal Integrated Antenna for WBAN Communication” Aeu-int J
Electron C., 95, 226-235, 2018. https://doi.org /10.1016/j.aeue.2018.08.021.
1. Suriya and R. Anbazhagan, “Inverted-A based UWB MIMO antenna with
triple-band notch and improved isolation for WBAN applications,” Aeu-int J
Electron C., 99, 25-33, 2019. https://doi.org /10.1016/j.acue.2018.11.030.

K. Y. Yazdandoost, Channel Modeling Subcommittee Report. 2010.

M. Boumaiz, M. El ghazi, S. Mazer, M. El bekkali, A. Bouayad and M. Fattah,
"Performance analysis of DQPSK and DBPSK modulation schemes for a
scheduled access phase based Wireless Body Area Network" in 2019 9th
International Symposium on Signal, Image, Video and Communications
(ISIVQ), Rabat, Morocco, 2018. https://doi.org
/10.1109/ISIVC.2018.8709232.

A. Wong, M. Dawkins, G. Devita, N. Kasparidis, A. Katsiamis, O. King, F.
Lauria, J. Schiff and A. Burdett., "A 1V 5mA multimode IEEE
802.15.6/bluctooth low-energy WBAN transceiver for biotelemetry
applications" in IEEE International Solid-State Circuits Conference, San
Francisco, CA, 2012. https://doi.org /10.1109/ISSCC.2012.6177022.

F. Martelli, C. Buratti and R. Verdone, "On the performance of an IEEE
802.15.6 Wireless Body Area Network" in 17th European Wireless 2011 -
Sustainable Wireless Technologies, Vienna, Austria, 2011.

H. Zhang, F. Safaei, and L. C. Tran, “Joint transmission power control and
relay cooperation for WBAN systems” Sensors (Switzerland), 18(12), 1-26,
2018. https://doi.org /10.3390/s18124283.

L. Skorin-Kapov and M. Matijasevic, “Analysis of QoS requirements for e-
Health services and mapping to evolved packet system QoS classes” Int. J.
Telemed. Appl., 2010. https://doi.org /10.1155/2010/628086.

D. Vouyioukas, 1. Maglogiannis, and D. Komnakos, “Emergency m-Health
Services through High-Speed 3G Systems: Simulation and Performance
Evaluation”  Simulation, 83(4), 329-345, 2007. https://doi.org
/10.1177/0037549707083113.

M. A. Yigitel, O. D. Incel, and C. Ersoy, “QoS-aware MAC protocols for
wireless sensor networks: A survey,” Comput. Networks, 55(8), 1982-2004,
2011. https://doi.org /10.1016/j.comnet.2011.02.007.

M. A. Razzaque, S. S. Javadi, Y. Coulibaly, and M. T. Hira, “Qos-aware error
recovery in wireless body sensor networks using adaptive network coding,”
Sensors  (Switzerland),  15(1), 440-464, 2015.  https://doi.org
/10.3390/5150100440.

A. Maroua and F. Mohammed, "Characterization of Ultra Wide Band indoor
propagation”. in 2019 7th Mediterranean Congress of Telecommunications
(CMT), Fes, Morocco, 2019. https://doi.org /10.1109 / CMT.2019.8931367.

WWwWw.astesj.com

794


http://www.astesj.com/

	2.1. Technical requirements
	2.2. MAC layer of the standard
	2.3. Narrowband physical layer (NB)
	2.3.1. Physical frame structure of NB-PHY
	2.3.2. NB physical layer Specifications

	3.1. On-body channel model
	3.1.1. Path loss model
	3.1.2. Temporal variation

	3.2. MAC module settings
	3.3. Radio module settings
	4.1. Effects of transmission power and modulation schemes on the performance of the proposed WBAN model
	4.1.1. Packet Loss Rate (PLR)
	4.1.2. Throughput
	4.1.3. Latency

	4.2. Discussion and synthesis

