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Abstract—Wireless sensor networks (WSN) play a key role in modern applications, for instance, in smart homes as will be
demonstrated in this paper. ZigBee technology provides better support when compared with WiFi, Bluetooth and Ultra Wide Band
(UWB) standards regarding transmission range. This paper deals with the use of ZigBee WSN in a domestic application, namely
smart home control. This model comprises a smart home with multiple rooms, designed in such a way that each room has sensors for
a varied environment. The sensor nodes will be presented by ZigBee end device which transmits the traffic to a master node in the
form of a ZigBee coordinator. An OPNET modeler V14.5 was used in this simulation study. This paper presents seven models related
to delay and data traffic received to improve WSN performance. Seven different WSN designs variations were utilized according to
the number of rooms, sensors, coordinators, and routers. The outcomes demonstrate that one coordinator model causes more delay
when compared with multiple coordinator models. Conversely, the presence of a router causes additional delay. This model should
help electrical engineers when designing smart homes that utilize WSNs.

Keywords— wireless sensor networks (WSN); ZigBee, OPNET; media access delay (MAD); data traffic received (DTR).

I. INTRODUCTION the physical and MAC layers in wireless communications

Smart home systems that use WSN technology enrich ©Ver an operational range of around 10-100 meters for Wi-Fi
human life and help in critical situations for instance with @nd Bluetooth [3]. Using OPNET modeler version V14.5

the take care of older adults who live alone. Advances in the@ccording to the IEEE 802.15.4 ZigBee standard to
field of WSN have become a highly exciting and rewarding démonstrate system performance via simulation study to
area of Networks. This study discusses the performance ofd€términe the throughput in WSN applied in greenhouse’s
seven designs using WSNs based on ZigBee technologf”v'ronmem_ monltorlng system. _The _outcomes could help
regarding delay and data traffic received. For the most part,"€WOrk engineers to improve their designs [4]. o

ZigBee technology is used for monitoring and collecting  WSNS in a smart home control system were studied in
data from multiple sensors connected to various home!Nis research using the OPNET modeler version V14.5
appliances. The data could be accessed by connecting th@ccording to the IEEE 802.15.4 ZigBee standard to

WSN to a server through an Ethernet LAN or handled by adémonstrate the system performance in  important
Microcontroller and then displayed to control different aPplications of WSN with multiple sensors and a variable
appliances based on need [1]. number of rooms. Also, single and multiple coordinator

In practce, a WSN comprises communication models were tested with the presence and obscene of a

computing, actuation, sensing and power components. The OUter- _ ,
components of the WSN are bundled in single or multiple _ 1here are many studies focused on the delay in WSN,

boards and packed into tiny spaces[2]. The WSNs areJavaid et al.2013 analyzed and represented graphically the

expressed by small, inexpensive and straightforward sensopimulated delay performance of transmitting medical data
nodes that operate as wireless devices. The sensor noddfPM Sensors connected to the body or implanted over
work as environmental sensors and report outcomes to d'eterogeneous multi-hop wireless channel. Data from
central processing unit. The nodes are limited by processing®€"S0rs was sent through three different paths, reached at

speeds, memory, and energy due to the node's small sizdirst, ZigBee, the common link in all three paths then

The wireless sensors currently operate under four protocols:diStribUte‘j to Wireless Local Area Network (WLAN),

Wi-Fi (IEEE 802.11); ZigBee (IEEE 802.15.4); UWB (IEEE Worldwide  Interoperability  for Microwave Access
802.15.3) and Bluetooth (IEEE 802.15.1). IEEE representsEW'MN)()[' ;’f Universal Mobile Telecommunication System
UMTS) [5].
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In [6], a simulation study was conducted on IEEE traditional sensor networks, it can be seen that WSNs depend
802.15.4/Zighee wireless communication standard using ofon deployment and coordination of their jobs successfully
the REVERBED (OPNET) Academic Edition17.5 simulator when executed. The distribution of nodes enables closer
to illustrate the performance of star, tree and mesh placement of the events at the exact position of the particular
topologies supported by Zigbee standard, comparing theevent. In a wide range of WSN applications, battery-
parameters end-to-delay and throughput. The simulationpowered sensors are used because recharging or replacement
results showed that that the star topology perform better tharmay not be practical. It is disposable sensors are used.
other topologies in case of end-to-end delay, whereas,Increasing the lifetime and productivity of the disposable
regarding throughput, the star and tree topologies performnodes should be expected to decrease eventual failure which
better than mesh topology. is an ultimate goal, yet the security protocol could be

In [7], IEEE 802.15.4/ZigBee wireless communication lightweight while retaining the usefulness of achieving this
standard and the RIVERBED (OPNET) Academic Edition goal [11].

17.5 simulator Modeler was examined with different  As a result of its technical superiority in a processor,
scenarios to compare the performance of star, tree, and mestommunication and low-power usage of embedded
topologies based on end-to-end delay, throughput, mac loaccomputing devices, WSN is routinely applied in both the
and traffic received parameters. They found that the treeindustrial and commercial contexts[12].

topology is better in term of throughput, yet it performs less  The Open Systems Interconnection (OSI) Model is the
than mesh topology in case of end-to-end delay time. Themost common WSN architecture, as seen in Fig. 1, which is
fixed nodes had similar end-to-end delay times, whereas amade up of five layers: (1) application layer, (2) transport
higher end-to-end delay occurred at mobile nodes, which if it layer, (3) network layer, (4) data link layer and (5) physical
is used in a less prominent role, a low traffic load will occur. layer. The 802.15.4 ZigBee operates at the data link layer.
The tree topology is suitable for networks with small IEEE802 divides the data link layer into two sublayers: the
numbers of sensor nodes, as it could transmit data to itsLogical link control (LLC) layer and the Media Access
destination with a small delay and without keeping the Control (MAC) layer which is responsible for controlling
central node too busy. devices access to a medium by sharing the physical

In [8], network performance was evaluated by working on connection of the network among several sensors to transmit
ZigBee using IEEE 802.15.4 protocol stack using the data packets. Each sensor has its own unique MAC address.
parameters: throughput, delay, data dropped, and data traffiédn other words, the MAC provides an addressing mechanism
receives and sent. The results indicate that a good responsand channel access, enabling each node on the network to
could be obtained by using a combination of star and treecommunicate with other nodes on the same or other
topologies. networks.

In [9], three topologies: mesh, tree, and hybrid were tested In addition to the five layers, there are another three cross-
by implementing them in ZigBee using IEEE 802.15.4 layer planes used for network management and to enable
protocol stack through the use of OPNET modeler 14.5 sensors working together to increase network efficiency.
simulators. Combination of mesh and tree topology was usedThese cross-layer planes are power management plane,
to produce the hybrid topology. They noticed that the hybrid mobility management plane and task management plane
topology achieved maximum throughput whereas tree [13], [14].
topology achieved minimum throughput and in case of mesh

topology the throughput is almost the same in all cases. Task Management Plane
Moreover, they found that MAC delay of hybrid topology is —

at maximum, whereas MAC delay of tree topology is at a Mobility Management Plane
minimum in all simulation. The MAC delay in mesh Power Management Plane

topology stays almost the same in all scenarios. Tree
topology provides minimum DTR, whereas mesh topology
provides minimum DTS. They conclude that hybrid

topology is the best among two other topologies, as it
provides high throughput, high DTR, and DTS.

In [10], an Opnet simulation of a ZigBee network Transport Layer
performance was conducted for three different topologies
(Tree, Star, and Mesh) to compare their routing results.
They concluded that, although the tree routing presents the Network Layer
lowest end to end delay, it is less suitable for WSN because

of its high energy consumption due to the high number of _
used hops. Data Link Layer

Application Layer

IIl. MATERIAL AND METHOD

Physical Layer

A. WSN Architecture

The definition of WSN is a collection of different nodes;
each node is connected wirelessly over a specific range of Fig. 1 WSN architecture
frequencies and bandwidth. If WSNs are compared with
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B. ZigBee Wireless Network Topologies 1) First Scenario: In this suggested scenario, there is one
In comparison to other devices of its type, the ZigBee '00M in the smart home with four sensors to measure, for
layer is more reliable and with better security. The supported€*xample, light, temperature, motion detection, and gas
networks are mesh, tree, and st@he ZigBee coordinator volume. A ZlgBe_e end device represents each sensor, and
initializes, maintains and controls the network. All devices in the master node is expressed by a ZigBee coordinator where

a star network are directly connected to the coordinator. Bydata IS sent fro”? the sensors to the coordinator. This
comparison, devices communicate with each other in g Scenarois shown in Fig. 2.
multi-hop fashion in mesh and tree networks. In common, all
three network types have one ZigBee coordinator and
multiple ZigBee routers as a central feature. Another
standard feature is found in reduced function devices joining
the network as end devices by connecting with the ZigBee
routers or a ZigBee coordinator. Mesh networks suffer from
several limitations including their ability only to
communicate with each other in a peer-to-peer fashion (as
specified in IEEE 802.15.4[15]), and with the coordinator
and routers not being beacon-enabled; in contrast to a tree
network which has this latter capability[16]. z °
In this paper, the use of ZigBee WSNs in smart home
systems is discussed. Seven suggested scenarios for star an
tree network topologies are tested regarding the delay, DTR,
and MAD.

C. WSN in the Smart Home

The monitoring of the safety of home appliances in a
home system is a prominent feature of the smart home. In
critical situations, it can even cause specific electrical
devices to stop running. The smart home system is divided 2) Second Scenario: In this scenario, the number of rooms
into two components, the WSN and the management andinside the smart home was increased to two with four
security monitoring systems sensors in each room where data is sent from all the eight

The primary purpose of WSN in the smart home is to sensors to the coordinator. This second scenario of eight

Sensor node 1

Sensor node_ 2
Cocrdiator

Sensor node_4

Sensor nade_ 3

Fig. 2 First scenario design

collect internal data from sources such as temperature, lightsensors is shown in Fig. 3.

gas volume, ...etc of different sensors. Using the WSN, data
is sent to the controller then to the management and security
monitoring systems. In the monitoring and management

subsystem, the data is processed, analyzed and subsequentl
displayed via graphs, reports, and curves. The WSN was
constructed using ZigBee technology by the IEEE802.15.4

standard [1].

A smart home provides energy conservation and
convenience for users, alongside habitat sensing applications
such as:

- Cooling, heating, and lighting management
systems from anywhere in the hame

- Automated multi-systems for energy conservation
and habitat monitoring.

- The capture of detailed utility usage data for
electricity, gas, and water[17].

D. Smulation Designs

In our network models, the sensors were designated as a|

ZigBee end device while a ZigBee coordinator represented
the master node. The OPNET Modeler V14.5 was used in
the simulation for the network.

There are four sensors for each room inside the smart
home. Different scenarios were suggested to study the
system performance regarding the delay for a single
coordinator and multiple coordinators with increasing
number of rooms inside the smart home or with increasing
sensors inside each room.
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3) Third Scenario: In this suggested scenario, the number  5) Fifth Scenario: In this proposed scenario, there are four
of rooms inside the smart home has been increased to fourooms inside the smart home with four sensors and one
which result in sixteen sensors, but maintaining a single coordinator for each room. This design leads to sixteen
coordinator, as seen in Fig. 4. sensors with four coordinators receiving data from the

sensors as shown in Fig. 6.

‘Sensor node_1{
Qj::vcx’b@ =N

= (gl &3

Sensor node_11}

rL| ["1 sensor noda3 e m (sensor node.12

Sensor.node_4.

Sensor.node 13 [r—
srrroins [ ™

TR S gt
l"‘ll'"l

,QL,

Fig. 6 Fifth scenario

Fig. 4 Third scenario

) ) ) 6) Sixth Scenario: In this scenario, a ZigBee router was
4) Fourth Scenario: In this scenario, there are two rooms ysed to receive traffic from four coordinators (master nodes)

in the smart home, with four sensors and one coordinator ings seen in Fig. 7. This model could connect access points to

each room, as seen in Fig. 5. a server through a ZigBee/Wifi gateway before monitoring.

UL"bﬂ_ﬂ

Fig. 7 Sixth scenario

7) Seventh Scenario: A ZigBee router was used with a
single coordinator layout, with sixteen sensors inside four
Fig. 5 Fourth scenario rooms as shown in Fig. 8.

959



& e B £ e =2 e B. Second Output Results for One Coordinator

Data Traffic Received (DTR) in bits per sec is the total

25 _ e e traffic successfully received by the MAC from the physical
@ ; E layer, including re-transmissions[18]. Fig. 10 represents the
250 ' DTR for scenarios 1, 2 and 3 that recorded on the same
SERsORBOSEt Sensor node 2. graph for comparison; with the number of rooms increasing
Sencornade 11} from 1 to 2 to 4 rooms, with a corresponding increase the

@ e @ number of sensors from 4 to 8 to 16. With four sensors
e Senzor node 12 inside each room, the delay increased as the number of

rooms increased.

@
@'@

n
&
@

FigBos Rouse:
W WEN nev-scenario 2-0E S-1
B WEN nevw-scenario 3-DE =-1

Sensor nodz 5 bp = O WSk nevy-scenariol -DES-1
Sensor node 7 = { sornode 13

- 2 400,000 average (in ZigBee S02_15_4 MAC Data Traffic Rowd (bitsizec) )
50 i e |
CoordiatoH i |
| | E 2,200,000
# . Sensornode 8

a

Senzonnode 2,000,500 //_——_15 sensors for 4 rooms
i @ 1,800,000 /
180 Sensormode's Sensor noderiSgel=ortodels Rlatiey ”’,
Fig. 8 Seventh scenario 1,400,000
1,200,000 ’
[ll. RESULTS ANDDISCUSSION
1,000,000
The seven scenarios were implemented using the OPNET = . 1o
Modeler. Data was gathered to study the overall ' 8 sensors for 2 rooms
performance of the various system configurations about 200,008 —
Media Access Delay (MAD), and a comparison was carried gotey - .
out between the suggested networks scenarios according to = 200,000 ¢ sensors for | room
the number of rooms, sensors, and coordinators. g , , ,
Subsequently, additional computations were done for each g <t gt 200 e (S:C';m
coordinator to look at the performance of a system when the
master nodes were increased as, in this paper, the primary Fig. 10 DTR for single coordinator

concern is the traffic delay of collected data. The simulation Third © Resuits for O gi
lasted for 2000 seconds to survey system performance ird Quiput Results for One coor dinator _
according to various parameters. The combined results were Fig. 11 shows DTR received by the coordinator from the

as follows: sensors in such a way that the number of sensors is increased
) . from four to eight than to sixteen sensors for one, two and
A. First Output Results for One Coordinator four rooms respectively inside the smart home. The DTR

MAD calculations were recorded. For every frame, the rises as the number of rooms goes up; and with a
delay was computed as the duration from the time it enteredcorresponding rise in sensors, there is a proportionate
the transmission line up - defined as the arrival time of the increase in data sent to the coordinator.
next data layer and creation time for all the other types of
frames - until the time the frame is first dispatched to the B SN new-scenatio 2 DES-1
physical layer. Fig. 9 shows the MAD for scenarios 1, 2 and bps  DWSN new-scenariol -DES-1

3 by comparing the results for a different number of rooms, | 1a0,oon-—2¥era8e (h ZigBes 802 15 4 MAC Data Traffic Revd thits/see)

which increased from 1 to 2 to 4 rooms and number of  1200m _
. . . 16 sensors in 4 rooms
sensors increasing too from 4 to 8 to 16 respectively. 110,000
100,000
B YSH nesnv-soenario 2-DES-1 /
B VWS mieve-Soenario 3-DES -1 90,000
O WS new-scenariol -DES-1 !
©.EEEE average (in ZigBee S02_15_4 MAC Media Access Delay (sec) S0 000 /
0.0050 T Sensors With & ToonTS 70,000 ’
/ J 8 sensors in 2 rooms
0.0070 E0,000
'/ 8 sensors with 2 rooms
0.0080 50,000 —
o.0o0s0 - a = rs with 1 room 40,000 /
4 gsensors inside a room
0000 30,000
oO.0030 20.000
0.0020 10,000
o.oo10 [n] T T T
o 500 1,000 1,500 2,000

00000 5
[a} s00 1,000 1,500 2,000 time [sec)
time [sec)

Fig. 9 MAD for single coordinator Fig. 11 DTR for single coordinator
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The first set of outcomes show different parameters using DIEH ME=SEERai -BES-]
. A . elay W YSR new-scenario ¥-DES-1
a single coordinator. The second set of outcomes provides a .,
comparison between using a single coordinator for all rooms -~
1 oo 4_—_7 18 sensors with router
or one coordinator for each room of the smart home. f

18 sensors without router
0.005

average (in ZigBee S02_15_4 mMAC Delay (secl)

D. Fourth Output Results for Multiple Coordinators 0.007

Fig. 12 describes the delay in a single and multiple ' ooos
coordinator systems. The delay was calculated using .o
scenarios 2, 3, 4 and 5. It is evident from the figures that the
delay decreases as the number of coordinators increases.

Two different cases for each of two scenarios are

considered: in the first eight sensors were used, and in the 2=
second sixteen sensors were used. The delay in the first cas( o.om
noticeably decreased when an extra coordinator is added. oo : . .
This preferable decrement was 7.11 ms in the steady state. ? - o R
The delay in the second case also decreased when the
number of coordinators is increased as in case one (this
decrement was 5.34 ms). Adding three extra coordinatorsF. Sxth Output Results for Multiple Coordinators with and
produces 7.45 ms useful decrement in the delay at the steady without a router

0.004

0.003

Fig. 13 Delay with and without a router for a single coordinator

state. Scenario 6 is the same as number 5 except for the use of
B Sl nor-scenaria 3-DESA an extra router. Fig. 14 reveals the router effects regarding
O WWSH new-scenario 4-DES-1 . .
delay DIV¥SH new-scenario 5-DES-1 the delay. This figure shows an end-to-end delay for all
G average (n ZgBes BO2TS A MAC Delay (sech packets received by the 802.15.4 MACs. At the steady state,
0.009 1 coordinator 16 sensors the amount of not preferable delay was 0.702 ms which is
0.000 / much greater than the delay of only coordinator networks.
0007 / =
I/ 1 coordinator 8 sensors B WS neve-scenario 5-DES-1
0.006 delay B WSk nevw-scenario 6-DES-1
averade (in FigBee 502_15_4 MAC Delay (sec))
. { 0.0040 2 = L
0.004 00035
0.003 18 sensors with router
0.0030
0002
2 coordinators 8 sensors n.002s
0.001 L
0000 0.0020

T T T
500 1,000 1,500 2,000
time (sec)

16 sensors without router

00015

Fig. 12 Delay in multiple coordinator systems
00010

E. Fifth Output Results for Sngle Coordinator with and
without a router

00005

Fig. 13 shows the delay for systems with and without a *%*3 e 1 oon 1 2om =000
router. It also shows an end-to-end delay of all the packets fime ts=e)
received by the 802.15.4 MACs. At the steady state, the Fig. 14 Delay with and without a router for 4 coordinators
extra increment in delay was 0.29 ms due to the presence of
the router. The outcomes can be summarized as in table 1.

TABLE |
OUTCOMESSUMMARY
Scenario Sensors Coordinator Rooms Router MAD DTR Delay Figure
(ms) (Kbps) (ms)
1 4 1 1 Non 5.378
2 8 1 2 Non 6.108 9
3 16 1 4 Non 8.35
1 4 1 1 Non 131.034
2 8 1 2 Non 551.724 10
3 16 1 4 Non 2,186.2
2 8 1 2 Non 9.228
3 16 1 4 Non 7.457 »
4 8 2 2 Non 2.114
5 16 4 4 Non 2.114
3 16 1 4 Non 9.457 13
7 16 1 4 yes 9.742
5 16 4 4 Non 2.083 14
6 16 4 4 yes 2.785
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IV. CONCLUSIONS

By comparing the first, the second, and the third [7]
scenarios, a single coordinator has been used with one, two
or four rooms with four sensors in each room. The MAD, 8]
DTR (from the MAC layer) and DTR (from sensors)
increased as the number of rooms increased. For multiple
coordinator systems, the network performance proved to bel9]
faster, regardless of the number of sensors.

For both single and multiple coordinator systems, the 10]
presence of a router introduced an additional delay of the
data traffic; the delay increased as the number of
coordinators is increased. Accordingly, it is highly [11]
recommended that WSN designers may avoid the use of
routers as much as possible from delay point of view. [12]
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