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Abstract—The field of Wireless Body Area Networks (WBANS)
has been growing considerably in the last years. A WBAN ena-
bles to monitor vital body signs through the placement of sensors
on the human body and offers to patients more flexibility and
mobility. In this paper, we examine the Quality of Service (QoS)
performance metrics evaluation (single and multi-hop topology)
of the Scheduled Channel Polling-MAC (SCP) protocol, whilst
considering the IEEE 802.15.4 standard in the context of remote
patient monitoring applications. We applied the MiXiM Frame-
work (based on OMNeT++) in the network simulations. Our
simulations results help to clarify some missing aspects in the
original SCP protocol description. The IEEE 802.15.4 compliant
Medium Access Control (MAC) is compared with the layer MAC
layer in the absence of the IEEE 802.15.4. The results shows that
considering low duty cycles, the IEEE 802.15.4 leads to lower
energy consumptions in the absence and presence of piggyback.
For multi-hop experiments in high duty cycles, the energy con-
sumptions are lower with the AT86RF231 transceiver, comparing
with the CC1100 and CC2420. Future work includes the adapta-
tion of the SCP protocol to the IEEE 802.15.6 standard, which
has been specially developed to optimize the WBAN performance
at the physical (PHY) and MAC layers.

Keywords-Wireless  Sensor  Networks, MAC
protocol, Modelling, Energy efficiency

OMNeT++,

l. INTRODUCTION

Wireless sensor networks (WSNs) answer to the need for
nomadicity and mobility in the context of in sifu event moni-
toring. The main purpose of this class of networks is to easily
and quickly provide access to the information gathered from a
set of sensor nodes scattered by a geographical region.

Energy efficiency is sought because it increases the lifetime
of the network, where nodes are usually battery powered. The-
se networks are usually data centric, where different protocols
operate at different layers of the network protocol stack, with
the goal of efficient management of transmission, reception,
sleep and polling operation modes. Major sources of energy
waste are idle listening, packet retransmissions (due to packets
collisions), unnecessarily used transmission power, sub-
optimal utilization of the available resource, overhearing and
control overhead [1], [2], [3]. The radio duty cycle is the
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Figure 1. SCP mechanism and an ultra-low duty cycle example

portion of time the node’s radio is on (transmitting; receiving,
or idle listening). Since the radio chip accounts for most of the
energy consumed by a typical node, the duty cycle closely
relates to the lifetime of the network. Adaptive duty cycling is
a Medium Access Control (MAC) technigue to reduce the duty
cycle. Nodes follow a network-wide schedule with active and
sleeping periods; during a sleeping period, the radios of all the
nodes are off. Scheduled Channel Polling (SCP) [4] is an ex-
ample of a duty-cycle based MAC protocol. In SCP, nodes
contend for accessing the medium during active periods. It
combines scheduling with channel polling in an optimal way,
as does Low Power Listening (LPL) [5]. With periodic traffic,
energy consumption can be minimized by using a scheduled
listening algorithm, and the synchronization of the neighbour’s
channel polling time is maintained in a way similar to Sensor-
MAC (S-MAC) [2], while adjusting the duty cycle to varying
traffic conditions (see Fig. 1).

The SCP protocol is a relatively recent protocol which em-
ploys energy efficient techniques to control the access to the
medium. We decided to deeply study these techniques in order
to investigate SCP based MAC protocols.

As stated by the authors from [7], the development of ap-
plications involving WSNs involve aspects of hardware capaci-
ty, deployment area, type of energy sources available, deploy-
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ment cost, ambient conditions, the possibility of energy har-
vesting, etc. Therefore, it is of paramount importance to evalu-
ate our application algorithm (e.g., MAC, routing) before de-
ploying them into real world. There are some WSN evaluation
tools and methodologies to test the performance of these algo-
rithms and protocols, namely analytical modelling, simulation,
emulation, testbeds and real deployment. However, in terms of
cost-efficiency, the simulators, emulators and testbeds are the
most effective tools we can use in our benefit to evaluate the
performance of algorithms and protocols during the design,
implementation and development process. Modelling the re-
sults may lead to inaccuracy when over-simplifications are
considered. Real deployments are another way of testing and
evaluating WSNSs, but it is complex, costly and time-
consuming, sometimes due to the deployment in irregular ter-
rains or due to the need for high scale deployments.

There are several WSN MAC protocols with solutions for
the energy wasting problem (e.g., S-MAC [2] and CrankShaft
[8]), or suggestions to QoS performance improvement (latency
decrease, packet delivery ratio increase, etc). Other ones offer
improvements to previous published protocols. The majority of
these authors analytically describe the protocol and directly
implement it into hardware, whilst comparing the results with
the ones obtained analytically.

The protocol specification includes a detailed description of

the employed techniques, identifying the allowed ranges for
each of the MAC protocol parameters. This way, if a researcher
intends to replicate the protocol by means of simulation, the
possibility of ambiguities will decrease considerably whilst
minimizing the deviations in the performance results. This
allows for the researcher to evaluate and perform comparisons
with other MAC protocols with higher accuracy.
In [8], [9], [10], the performance of some of these protocols
(e.g., Crankshaft [8], SEA-MAC [9] and BurstMAC [10]) is
compared with the SCP results but the way how analyti-
cal/simulations results have been obtained needs clarification.
In [4], details on the parameters and assumptions for SCP are
missing. Notwithstanding, this is one of the most complete
papers, in concern of protocol description, real experiment
results and analytical approach.

The contribution from this work is to provide a detailed
SCP performance evaluation through the implementation of the
SCP in MiXiM Framework [11] simulator (based on OM-
NeT++). We do not suggest any change to the protocol.

One of the main issues that have been clarified during our
implementation of SCP in the MiXiM Framework is related
with the time parameters in the SCP frame structure, synchro-
nization procedures and traffic generation at the application
layer. Moreover, we have addressed the performance results for
different metrics (single- and multi-hop topologies).

The comparison of the power consumption is performed
between the cases with explicit SYNC packets and piggyback-
ing synchronization (given by the “adapted” analytical model
from [4]) and the simulation results, obtained from the simula-
tor with the CC1100 [12], CC2420 [13] and AT86RF231 [14]
transceivers.

The remainder of this work is organized as follows. Section
Il addresses the related work and different studies about simu-
lator’s accuracy and experience gained from implementing
other WSN MAC protocols in simulators. Section 111 describes

the SCP, with particular focus on the two-phase scheduled
channel polling mechanism. Section IV describes the SCP
simulation framework implementation, namely the SCP simu-
lation parameters and the available SCP simulator layer modes.
In Section V, energy performance is addressed (with periodic
and heavy traffic) in the presence and absence of piggyback
synchronization, as well as results for the throughput and ener-
gy consumption. Section VI evaluates the multi-hop perfor-
mance in a linear chain. Moreover, energy consumption is
evaluated for different contention window sizes, as well as
latency and data packet success rate. Section VII presents the
conclusions and suggestions for future work.

Il. RELATED WORK

WSN MAC protocol performance evaluation through simu-
lation is becoming more common in the research community.
Before evaluating the MAC protocol the first task is to choose
the most suitable simulator to implement the proto-
col/algorithm. Recently, several works compare the most
common simulation platforms, emulator and testbeds for
WSNs. The authors from [7] propose a taxonomy for the dif-
ferent performance evaluation tools for WSNs, including simu-
lation, emulation and testbeds. They propose a horizontal and
vertical analysis at different stages of performance evaluation,
comparing the cost, complexity, time and effort increases
(whilst improving the accuracy) for all competitor tools.

Other authors [15] have studied the performance of recent
network simulators used both in academia and industry. Refer-
ence [15] gives an answer to the question of which network
simulator should be used, especially if the user (researchers and
graduate students) are interested in achieving a high simulator
performance. From this study, the authors concluded that
OMNeT++ is one of three simulators (ns-3, OMNeT++, JiST)
capable of carrying out large-scale network simulations in an
efficient way.

Based on these previous studies, we decided to explore the
SCP in the OMNeT++ simulator, specifically the Mobility
Framework [16] and then the MiXiM Framework [11], both
suitable for WSNs simulations.

Other studies decided to implement a slotted CSMAJ/CA for
IEEE 802.15.4 wireless sensor network [17]. This study ad-
dressed the performance analysis of the slotted CSMA/CA, for
different network settings, by means of simulation modelling.
They intended to understand the impact of the protocol attrib-
utes (superframe order, beacon order and backoff exponent).

Other topic related with simulation is the accuracy of the
simulation results. Simulations abstract the network behaviour
from reality in several ways. The authors from [18] have fo-
cused their study on the simulation abstractions with respect to
MAC protocols performance. Moreover, an analysis of what
are the main sources of deviation is presented, while possible
solutions to improve simulations are given. The performance
analysis is performed for four well known MAC protocols:
i) B-MAC, ii) T-MAC, iii) Crankshaft and iv) LMAC.

Recently, other authors [19] have tried to describe their
experience from the implementation of the T-MAC protocol in
the Castalia simulator. Their main objective is to give insight
into some of the pitfalls where new solutions or protocols are
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being proposed, in order to help researchers write better tech-
nical papers, with a more rigorous description of the used tech-
niques/algorithms/mechanisms. Moreover, they intend to give a
practical guide of how the T-MAC implementation was con-
ducted.

As a matter of fact, this is not the first MAC protocol im-
plementation in a simulator, where a performance evaluation is
performed. The previous work tries to give hints and a practical
guide to implement the T-MAC into Castalia simulator.

However, to the best of our knowledge an evaluation of the
SCP performance does not exist, where a detailed description
of the SCP techniques/mechanisms and main algorithms are
explained, while the impact of certain parameters in the simula-
tion is explained. Moreover, we intend to address the perfor-
mance impact in a healthcare application, considering the SCP
as the employed MAC protocol.

IIl.  SCHEDULED CHANNEL POLLING PROTOCOL

In Scheduled Channel Polling (SCP) [4], time is divided
into time frames which are indefinitely repeated. Fig. 2 shows
how such a time frame is further subdivided into Listen and
Sleep Periods. The Listen Period contains a period to synchro-
nize the polling schedules, a period to perform Carrier Sense
(CS) for wake-up tone detection, and a period to carrier sense
for data packets. During the Sleep Period, a node is able to
send/receive data (after sensing a free medium) and can re-
ceive/send an acknowledgment (ACK) packet, after which it
goes to the sleep mode for the rest of the Sleep Period. SCP
uses channel polling synchronization of neighbouring nodes
using SYNC packets. As shown in Fig. 1, nodes sample the
channel at the same time throughout the network. This means
that a sending node sends only a short preamble, which starts
right before the receiver start listening.

SCP combines scheduling with channel polling to mini-
mize the energy consumption in case of periodic traffic. In
SCP, nodes can synchronize their schedules in two ways. The
first option is for each node to broadcast its schedule in a
SYNC packet, at every synchronization period. This is the
method used by S-MAC. In our simulation framework we
define a maximum time interval for the synchronization period
of 60 ms. The second option is to piggyback the schedules in
the data packets when the packets exchanged are broadcast.
This technique is more efficient.

Once neighbour nodes are synchronized, each of them
wakes up after a certain channel polling period, Ty, and polls
the channel for activity sensing. If a node detects an idle chan-
nel and it has no data to send, it schedules its next wake-up
time and shuts down its radio. If the node has data in its
Transmission (Tx) MAC queue, it uses the process depicted in
Fig. 1, enabling the data packet transmission in the next time
instant the node wakes up, tyakeup. Besides, it schedules the next
wake-up before going to the sleep mode again. SCP reduces

collisions, overhearing, control overhead and idle listening. It
solves packet collision by using a two phase contention win-
dow scheme (when the sender node wants to transmit a data
packet). Contention Window 1 (CW,) is divided into CW;,"™
equal time slots. When a node wants to transmit a data packet,
it randomly and uniformly chooses a time slot gge "t in CW,
and perform a carrier sense for the duration of that time slot.
The slot choice from the ones available in the interval follows a
uniform distribution, as follows (1):

PSMe[1; CWme] (1)

where CW,™ is the maximum size of CW;, in slots. Each
node from the network contends to access the channel when it
has data packets to be sent. If the node detects an idle channel
it starts to send a preamble. This preamble contains the desti-
nation address of the node to receive the data packet. The
preamble has a minimum duration of 16 bytes, plus the equiv-
alent time of remaining CW; time slots the node did not use
for contention. After sending the wake-up tone, the node im-
mediately enters into the Contention Window 2 (CW,), which
is divided into CW,"™ equal time slots.

When the node enters CW,, it randomly chooses a slot
v, (from the following interval) by using a uniform distri-
bution, as described by (2):

pSvzel1; CWinax] @)

where CW,™ is the maximum size of CW,. The node then
starts a carrier sense in CW, (which has the same duration as
CW,), as shown in Fig. 1. If the node detects an idle channel, it
starts sending the data packet. After sending/receiving the data
packet, the sender/receiver node checks whether it has any data
packets pending to be sent. If so, the node repeats the process
described above before going into sleep mode.

IV. IMPLEMENTATION OF THE SCP SIMULATION
FRAMEWORK

A. SCP Simulator Parameters and General

The SCP has been first implemented by us in the OM-
NeT++ simulator [20], using the Mobility Framework initially
from [16]. Then, the SCP code has been ported to the new
MiXiM Framework [11]. The MiXiM Framework supports
CC1100 [12] and CC2420 [13] radio energy consumption
models, as well as several propagation models. Moreover, we
have extended it to work with AT86RF231 [14] radio trans-
ceiver. The latter is the best radio available in the market in
terms of energy consumption. From all the radio transceivers
the CC1100 is the only one that is non-compliant IEEE
802.15.4. We intend to compare the performance of SCP with
IEEE 802.15.4 compliant and non-compliant transceivers.

IEEE 802.15.4 is a double standard: Physical layer (PHY)
and MAC. By definition, if we program a board with our own
MAC, it cannot be IEEE 802.15.4 compliant. The reason for
using an IEEE 802.15.4-compliant radio is that hundreds of
millions of 15.4 chips have been sold in the world and it is by
the far the de facto standard for those low power networks. The
key aspects of the IEEE 802.15.4 standard are the following:
the Tx output power can be tuned from approximately -30 dBm
to +3 dBm on the majority of the radios; the sensitivity has to
be <-85 dBm, but the sensitivity for some radios can go as low
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TABLE I. TYPICAL VALUES FOR CC1100, CC2420 AND AT86RF231
RADIOS
Symbol Meaning CC1100 CC2420 | AT86RF231
lo currentin - 1169 mA | 17.4mA 11.6 mA
transmitting
_ Current in
1= Tisen receiving/listening 164mA | 188 mA 12.3mA
oot Current in polling |16.4 mA 18.8 mA 12.3 mA
Isieep Currentinsleep |0.02 mA |0.000021 mA | 0.00002 mA
g Data Rate 250 kbps | 250 kbps 250 kbps
Shin Sensitivity 111 dBm -94 dBm -101 dBm
fo Carrier Frequency |868 MHz | 2.4 GHz 2.4 GHz

as -101 dBm; there are 16 different frequency channels (2.405
GHz+nx5 MHz), which are orthogonal (i.e., adjacent channels
do not interfere); a radio chip consumes power when it is on
(about the same power when transmitting, receiving or idle
listening), and no power when the radio is off; it takes 192 us
for a radio chip to perform the transition from Tx to Reception
(Rx) mode, and vice-versa; The maximum length of the IEEE
802.15.4 frame should be 127 bytes. We consider an IEEE
802.15.4 non-beacon scheme in our simulations.

Our simulator considers single and multi-hop network to-
pologies, as shown in Figs. 3 and 4. The nodes may communi-
cate only with reachable neighbour nodes. The deployment
area defined in the configuration file for the single-hop scenar-
io is 400x400 m? while for the multi-hop scenario it is
800x100 m?. For each experiment, a set of six seeds is chosen
for the random generator of SCP.

In our simulator protocol stack, each layer is connected
with the higher and lower layers. There is an application mod-
ule layer connected to the MAC and PHY layer modules. Be-
sides these modules, a battery module and statistics battery
module are included in order to simulate the network or node
lifetime, while varying the capacity of the batteries. In the end
of the simulation the statistics battery module presents the
battery statistics collected during the simulation. Nodes are
assumed static.

The typical values for the current consumption, data rate,
and sensitivity of the radios are also defined in the simulation
configuration file, as presented in Table I. Several channel
parameters are defined in the MiXiM simulation Framework:
maxTXPower corresponds to the maximum transmission power
allowed in the channel (1.99 mW); txPower is the transmission
power (1 mW), while thermaNoise is the electronic noise gen-
erated by the thermal agitation (-110 dBm). The Analogue
Model Type parameter is the propagation model used in the
channel (SimplePathlossModel), while alpha is the propagation

exponent for the free-space path loss formula (2). The berLow-
erBound parameter is the lower bound of the bit-error-rate
(1x10®). Modulation type is the modulation that the transceiver
works with (MSK for IEEE 802.15.4 non-compliant radio
transceivers and OQPSK for IEEE802.15.4 compliant ones).
The queueLength parameter is the maximum number of pack-
ets waiting to be transmitted allowed in the queue (50). In our
simulations, the three radio models (from MiXiM) do not in-
clude the poll state [20]: when a node wakes up and does not
have data packets in its MAC queue, it polls the channel for 2
ms, while the power consumption is the same as in the receiv-
ing state.

B. SCP Simulator Layer Modes

During the SCP implementation in the MiXiM we have
identified the need of implementing some modes in the simu-
lator, in order to optimize it. Moreover, we need to be able to
conduct diverse types of experiments regarding single and
multi-hop topologies, with different traffic patterns generation,
and enabling/disabling ACK feature packets. These require-
ments lead to the addition of the following modes in our simu-
lator:

a) RTS/CTS mode

The overhearing avoidance problem is solved based on
MAC frame headers. The receiver node examines the destina-
tion address of a packet immediately after receiving its MAC
header. If the packet destination is for other node, it immedi-
ately stops receiving the packet and goes to sleep.

Since control packets cause protocol overhead, SCP has the
option to enable or disable the RTS/CTS/DATA/ACK, or
simply the DATA/ACK exchange scheme for unicast traffic.
When the RTS/CTS mechanism is enabled, overhearing
avoidance is performed in the same way as in the S-MAC. In
our simulator, this option is named as the acknowledgment
packet one.

b) Throughput mode

Another mode we have implemented in the application lay-
er is the throughput one. It is useful to test the network's re-
sponse capacity as the number of transmitting nodes increases.
With this mode enabled, the application layer generates a data
packet, and then sends it to the lower layers, until it reaches
the MAC layer, where it is stored in the Tx MAC queue. Then,
the node schedules the next wake-up to send the data packet
received from the upper layers the fastest way possible, start-
ing to send the next packet as soon as the prior packet is sent.
When the node sends the packet the physical layer informs the
MAC layer that the transmission has finished and sends the
received message to the application layer. As soon as the ap-
plication layer receives this message it builds another data
packet and sends it to the lower layers until it reaches the
MAC layer, repeating all the scheduling process described
previously.

c) Synchronization mode

There are two modes to choose the synchronization type:
the sync slave one, which uses explicit SYNC packets, and the
piggyback one, which piggybacks the schedule information
into the broadcasted data packets.
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d) Multi-hop mode

Another mode available in the simulation framework is the
multi-hop one, which enables the nodes to organize themselves.
Figure 4 presents the linear chain of a WSN, where d is the
distance between the sensor nodes, D is the distance between
the source and sink, and n is the number of nodes. Only the
application layer from node 1 generates data packets to be sent
to the other nodes. The node n receives data packets and an-
swers with ACK packets when a data packet is received cor-
rectly. The remaining nodes are the so-called forwarder’s
nodes, which receive and forward the data packets and the
answer and receive ACK packets through the linear chain. For
this mode, node 1 is the source node and node n is the sink one.
The remaining ones only had to forward the packets to next
sensor node with the identifier iz+1.

V.  SINGLE-HOP PERFORMANCE RESULTS

A. Power Consumption without Piggyback (periodic traffic)

It is worthwhile to compare simulation and analytical re-
sults for the average power consumption for each node. When
no piggybacking is considered, we define the “adapted” ana-
lytical model (lower and upper bounds) from the original SCP
work [4] and ran the simulator to extract the values.

The employed topology is the one from Fig. 3 (network
composed by five nodes). In this simulations, the sync slave
mode 1is enabled, the synchronization time is defined as
tyne=60 ms and the inter arrival period is variable. Moreover
the simulator also considers, f,., the synchronization period,
which depends on the inter arrival period (already defined by
the authors from [4]), Ty... As the synchronization period
increases the wake-up tone duration also increases. We con-
sider for the maximum contention window size CW,;"*= 8§ and
CW,"*= 16. For this experiment all five nodes from the net-
work form in a single-hop configuration, where each node
generates and broadcasts 50 data packets (with 50 Bytes each).
Since the inter arrival period varies between 50 and 300 s, the
traffic load is considered to be light. Simulations are run five
times for each of the six seeds, generating a total of thirty
experiments. For each experiment the average power con-
sumption of each node is obtained, as shown in Fig. 5. The
achieved 95 % confidence intervals are negligible.

Figure 5 presents a power consumption comparison be-
tween simulation and analytical results (lower and upper
bound), as a function of the inter arrival period for three dif-
ferent radio transceivers. The CC1100 is the one that presents
the highest power consumption when is compared with the
CC2420 and AT86RF231 one.
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Figure 5. Lower/upper bound and simulation results with no piggyback for
the power consumption per node of CC1100, CC2420 and AT86RF231
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Figure 6. Lower/upper bound and simulation results with piggyback for the
power consumption per node of CC1100, CC2420 and AT86RF231

The CC2420 transceiver consumes approximately 0.04
mW less than the CC1100 one, while AT86RF231 consumes
around 0.08 mW less. This is due to the low power consump-
tion that the AT86RF231 presents, combined with the long
times the node remains in sleep mode. Besides, the mean
square error (MSE) is calculated with respect to the analytical
lower bound curve, and a value of 5.1319x107 mW for
CC1100, a value of 1.4213x 10 mW for CC2420 and a value
of 6.3434x107 mW for AT86RF231 is obtained. This shows a
high similarity between the simulations and analytical results.

If the tyn. parameter is changed from 60 to 50 ms while
maintaining the remaining parameters, the power consumption
becomes less similar to the lower bound (in comparison with
the previous one). From these results, one may conclude that
the power consumption with the sync slave mode enabled
presents better results when ty,,= 60 ms. However, for values
of tyne lower than 50 ms it was not possible to achieve stable
results with the SCP simulations. Moreover, for values of tyy.
higher than 60 ms, higher values for power consumption are
achieved.

B. Power Consumption with Piggyback (periodic traffic)

The lower and upper bound for the “adapted” analytical
model are also defined for the case when synchronization
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schedules are piggybacked, whilst maintaining the simulator
topology. However, since all the exchanged traffic is of the
broadcast type, all the SYNC packets can be suppressed and
the schedule synchronization is performed by using the piggy-
back technique. Hence, the piggyback mode is enabled for this
experiment. There is no need to define the values for the pa-
rameter f,., as the schedule information is already piggy-
backed into the data packets, leading to a consequent decrease
of node energy consumption. For this set of simulations, the
wake-up tone duration is always equal to 2 ms. The only pa-
rameter that varies is T, € {50; 100; 150; 200; 250; 300}.

The dependence of the average power consumption of each
node on the inter arrival period is shown in Fig. 6, where the
simulations and analytical results (upper and lower bounds)
are also presented for comparison purposes. The achieved 95
% confidence intervals are negligible.

For CW,™= 8 and CW,™= 16, the obtained simulation re-
sults are similar to the lower bound curve defined by the ana-
lytical model until the inter arrival period achieves 200 s. For
an inter arrival period higher than 200 s, the simulation results
are similar to the upper bound curve and even superimposes
the upper bound when it achieves 300 s. The MSE values
obtained for this experiment with respect to the lower bound
curve are equal to 7.9825x10° mW, 1.3524x10° mW and
5.8479x10° mWw, for the CC1100, CC2420 and AT86RF231
transceivers, respectively.

By comparing the power consumptions with explicit SYNC
packets and with piggyback synchronization, we observe that
the piggyback technique is truly efficient, since the power
consumption with piggybacking achieves lower values than
the one with explicit SYNC packets. In this set of experiments
the poll period is set to 5 s, which is more than enough for a
healthcare monitoring application reporting sensors values.
Therefore in a healthcare application, if we use a sensor node
with the AT86RF231 radio transceiver, whilst enabling the
piggyback synchronization the node lifetime will increase
significantly, due to the low associated power consumption.

C. Throughput Performance with heavy traffic load

In real world applications, WSNs do not have the capabil-
ity to predict what type of traffic load is being exchanged with
high accuracy. For example, in a healthcare scenario, the sen-
sor nodes deliver the monitoring data from the vital signs of
the patients at a lower data rate (in usual situations). However,

when a patient presents anomalies in the vital signs the sensor
node may deliver data at a higher rate, leading to the need for
higher network throughput.

For this set of experiments, we have enabled the throughput
mode at the application layer, in order to test the network‘s
response capability as the number of transmitting nodes in-
creases. By varying the number of transmitting nodes the
contention time of the network will increase, leading to an
increase of the collision probability. Each node generates 20
packets (with 100 Bytes each). The network, where topology
is composed by five nodes, is shown in Fig 3. In these experi-
ences the nodes poll the channel each second. Besides varying
the number of transmitting nodes, the CW; and CW, conten-
tion window sizes also vary. The throughput is computed by
dividing the amount of data packets received with success by
the destination node with the time taken to arrive at this node.

By analysing Fig. 7, all the the results for the throughput
(for all the three radio transceivers) match while the conten-
tion window sizes varies. The throughput is maximum (for all
contending time configurations) when there is only one node
transmitting, as expected, since there is no more nodes com-
peting for the channel to send packets. When two nodes are
competing for the channel, the throughput drops around 25 %
of the maximum achievable throughput, because there is more
than one node trying to transmit the data packet. As the num-
ber of transmitting nodes increases, the contending time will
also increase, leading to a collision probability increase.

In terms of energy consumption when considering the IEEE
802.15.4 compliant radios the CC2420 energy consumption is
higher than the CC1100 one, because the CC2420 achieves
higher power consumption when the radio transceiver remains
more time in sleep mode. Since the throughput mode enables
the node to wake-up every second to poll the channel, the
energy consumption will increase when compared with the
CC1100. The AT86RF231 radio transceiver is the one that
presents the lowest power consumption (from all the three
radio transceivers), mainly due to the lowest values of the
power consumptions it presents whatever the operating mode
is.

VI. MULTI-HOP PERFORMANCE RESULTS

By considering experiences with multi-hop topology in a
linear chain, we intend to evaluate the SCP energy and latency
performance. We enabled the multi-hop mode, where only the
application layer from node 1 generates data packets to be sent
to the other nodes. Node n receives data packets and answers
with ACK packets when a data packet is received correctly, as
presented in Fig. 4. The wake-up tone duration is always set to
be equal to 2 ms, whilst each node polls every second. In our
topology, we have deployed n-2 forwarders nodes, one sink
node, and one source node. For the multi-hop evaluation the
acknowledgment mode may be enabled/disabled.
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A. Node energy consumption for Linear Chain

In multi-hop networks, there is no optimal working point
and network performance depends on what application the
network supports. The topology used in this set of experiences
is the one presented in Fig. 4, with a network composed by a
9-hop linear topology with ten nodes (each one separated by
50 m from each other).

The source node generates 20 packets (each with 50
Bytes), with a inter arrival period that varies between 0 and 10
s. Nodes will rebroadcast the data packets along the linear
chain until the packet reaches the most distant node from the
chain. Considering an inter arrival time equal to zero means
the application layer generates data packets and sends it to the
lower layers the fastest way possible, as previously explained
in the Throughput mode.

For a contention window sizes configuration of CW,"®=
CW,"™=208, this combination is the one that presents the
highest energy consumption per node for all the three radio
transceivers, Fig. 8, due to the maximum contention time
nodes use to avoid the packets collisions. Comparing the ener-
gy consumptions between the three radio transceivers the one
that presents the lowest mean energy consumption is the
ATB6RF231 one. The CC2420 radio transceiver presents
energy consumptions similar to the CC1100 radio transceiver.
The energy consumptions are lower when comparing with the
energy consumptions for multi-hop experiments in the original
paper [4].
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For all the configurations the energy consumption behav-
iour is approximately stable as the inter arrival time is increas-

ing.
B. Node latency

This section addresses the SCP latency over a 9-hop net-
work. We alternate the polling period between 0.15 s and 1s,
enable or disable the acknowledgment mode, and set the con-
tention windows maximum sizes to CW,"™= CW,"™= 16
slots. When the inter arrival time is equal or higher than 1s
(light traffic) it is expected that only one packet is sent through
one hop, during one polling interval. When the polling period
is changed to 0.15 s we expect that the latency decreases sig-
nificantly, since the node will wake-up almost seven times in
one second, and will schedule and send more data packets in
less time.

Regarding Fig. 9, we may conclude that the latency curve
when SCP polls each second (with the ACK packets feature
enabled) is the one that presents the highest delay, due to the
data packets retransmissions. When the polling period is set to
0.15 s, the maximum data packet latency is less than 20 s, but
the energy consumption increases due to the number of times
the node wakes up. The other two latency curves are related
with the same experiments, but the ACK packets feature is
disabled. With the ACK packets feature disabled for all three
radio transceivers, we observe that the maximum data packet
latency is less than 70 s (at the end of the linear chain), when
polling each second. Moreover, when polling at each 0.15 s
(with the ACK packets feature disabled), the latency is less
than 10 s.

C. Node data packet success rate

To observe if there is any tradeoff when the ACK packets
feature is enabled or disabled we have plotted the data packet
success rate (DPSR) for all four configurations described
previously. Figure 10 shows that, with the ACK feature ena-
bled for both polling periods, there is around 100 % packet
delivery success for all the three radio transceivers. When the
ACK feature is disabled for both polling periods, the packet
delivery in both experiments varies around 75 and 89 % for all
the considered radio transceivers in this paper. Regarding
these results, enabling ACK packets feature will result into an
increase of data packet delivery. However, the tradeoff is the
increase of the latency and energy consumption.



VII. CONCLUSIONS

In this paper, we provide a detailed analysis of the mecha-
nism used in SCP, learned during our own experience while
implementing the SCP protocol in the MiXiM Framework.

Our results help to clarify some missing aspects in the orig-
inal SCP protocol description, as well as providing an evalua-
tion of performance metrics (for single and multi-hop topolo-
gy) by means of simulation. By comparing the power con-
sumptions in the presence and absence of a fixed wake-up
tone duration, the energy savings obtained with a fixed wake-
up tone duration are adequate (more or less 0.005 mW). The
use of IEEE 802.15.4 compliant radio transceivers leads to an
energy consumption decrease in both cases (in the presence
and absence of piggybacking). Considering a multi-hop linear
chain, the SCP has a stable energy consumption as the inter
arrival time varies. However, only the AT86RF231 transceiver
presents the lowest mean energy consumption compared with
the radio transceiver that does no complies for the IEEE
802.15.4 standard. In terms of delay, all the three radio trans-
ceivers present the same data packet latency, since the trans-
mission data rate is the same and the specific time parameters
of all these radio transceivers are approximately the same.

Considering a healthcare application where the nodes report
periodically to a sink node the values from the sensors, the
SCP can be selected has the MAC protocol that can deliver
data efficiently to the sink with low power consumption cost.
However, some tradeoffs should be taken into account when
choosing the reporting period of the node. The tradeoffs be-
tween the latency, the DPSR and the energy consumption
(considering a linear chain of sensor nodes in the Hospital)
should be well balanced in order to fulfil the minimum re-
quirements for the application.

Future work includes the adaptation of the SCP protocol to
the IEEE 802.15.6 standard, which has been specially devel-
oped to optimize the WBAN performance at the physical
(PHY) and Medium Access Control (MAC) layers. Moreover,
the adaptive channel polling technique could be added to our
simulator, in order to improve the throughput.
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