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Abstract

The WSN architecture has a significant impact on their performance; the most popular configurations are star, tree,
mesh, and cluster. With an emphasis on throughput and delay, this study carries out a comparative analysis these four
ZigBee-based WSN architectures. According to our results, mesh networks are best suited for large and dynamic
networks because of their multiple routing paths, which also allow them to excel in throughput and reliability. In
contrast, while tree architecture is more effective at aggregating data, proved to have higher delays as the network size
increases. Meanwhile, star architecture are more energy-efficient but have limitations in terms of scalability and data
traffic handling because they depend on a single central node. After switching all the sensors from fixed to mobile
operation in a second set of simulations, all four WSN architecture were evaluated using the same primary performance
criteria, namely throughput and delay. This exercise shows how sensor mobility modifies throughput and delay for the
various WSN topologies. Lastly, the cluster architecture hasn’t received much attention previously. So, it will be
discussed in this paper from throughput and delay point of view.
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1. Introduction

A Wireless Sensor Network (WSN) is made up of sensor nodes equipped with specific capabilities to gather data from
their environment and then process that data before sending it to a base station often via neighboring sensor nodes [1].
Recent advances in wireless communication, including improvements in processor quality, memory capacity, and low
power consumption, have increased the importance of micro- electromechanical systems (MEMS)[2]. The greater
availability of reasonably priced small-scale, device-based and self-organizing sensor networks have made intersensor
communication considerably simpler.

In a typical application, sensors gather data from their surroundings while certain other sensors act as primary nodes
that process raw data from nearby sensors and temporarily store it in their internal storage before forwarding it on.
Other sensors receive analogue information from their environment and transmit it to one or more nearby sensors.

With the aid of a simulator, the performance of wireless network topologies based on the IEEE 802.15.4/ZigBee
standard was analyzed in this study. Researchers have access to a variety of simulator technologies, such as TOSSIM, |-
Sim, QUALNET, EmStar, OMNET++, Network Simulator, GLOMOSIM, JIST/SWANS, and SensorSim, but we opted for the
RIVERBED Modeler Academic Edition 17.5 simulation program because it provides a comprehensive performance
analysis of ZigBee based networks in terms of quality-of-service (QoS) parameters.
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For this study, four ZigBee architectures—mesh, tree, star, and cluster—were evaluated for two key QoS parameters,
namely throughput and delay.

The same infrastructure of one coordinator and sixteen sensor nodes was used to test the respective performance of
the four different WSN architectures mentioned above. In the first scenario, all sixteen sensors remained fixed, whereas
in the second scenario all the sensors were mobile. Throughput and delay for all four WSN architecture in fixed and in
mobile mode were assessed with the aim of determining the effect of mobility of the sensors on ZigBee-based WSNs.

2. WSN Applications

ZigBee-based WSNs have a wide range of applications, which include: -

e Smart Home Systems (used to control lighting, HVAC (heating, ventilation, and air conditioning) systems,
security system and household appliances [3-5]).

e Industrial Processes (used to monitor and control industrial processes remotely, including safety systems,
energy management and equipment condition monitoring [6-7]).

e Healthcare (Wearable devices and remote patient monitoring systems employ ZigBee technology to gather and
send health data, such as heart rate, blood pressure, and glucose levels [8-9]).

e Smart Cities and Agriculture (used to keep an eye on environmental parameters such as soil moisture,
temperature, humidity, and air quality, thereby supporting precision agricultural technology, for example, to
optimize irrigation and crop management [10]).

e Energy Management (used in smart grids and home energy management systems to enable demand- response
systems, smart meters and real-time monitoring and control of energy consumption [11-12]).

e Retail and Logistics (used in asset tracking, management of inventories, and in optimizing the supply chain, for
example, real-time inventory tracking in warehouses [13-14]).

e Building Management (used in intelligent building management/smart office systems, to automate
temperature and lighting in response to occupancy detection to improve energy efficiency [15]).

e Disaster Management (used in areas that are prone to natural disasters to provide emergency communication
and early warning systems, including monitoring for earthquakes or floods. [16-17]).

e Transportation (Intelligent transportation systems employ ZigBee technology for smart parking systems that
guide vehicles to available parking spaces, to track vehicles, to monitor traffic and manage parking spaces [18-
19]).

3. Literature Review

The performance of Zigbee-based WSNs has been the subject of several research studies [20]. A number of these recent
studies have looked at key aspects of these networks, including load, data traffic, throughput, and delay; with much
attention being paid to how different ZigBee-based WSN architecture impact on these key measurements [21].
Comparing various routing techniques has also been the subject of several academic articles. For example, one research
study found that tree-based routing outperforms mesh routing in WSNs in terms of throughput, latency, traffic received,
and MAC-layer load [22].

Increasing the number of sensors in a ZigBee-based WSN proved detrimental to both throughput and latency; which
has been explored, analyzed, and evaluated using the RIVERBED simulation platform [24]. Throughput and delay
(latency) for single and multiple coordinators in mesh, tree, and star ZigBee WSNs architecture were also investigated
using the OPNET module [25-27]. Other simulations shed light on the patterns of data traffic scenarios, including
transmitted and received data traffic, for four different system scenarios [28-30].

Recent evaluations of power monitoring, control, and management systems currently in use found that noise and co-
channel interference were the main shortcomings with ZigBee-based WSNs [31]. The personal-area network's traffic
load increases when a WSN has more routers added to it, degrading performance [32-33]. The primary issue with
sensors in densely packed WSNs is that high traffic and packet collisions during packet transfers between sensors cause
a decline in throughput [34].

By measuring received signal strength indicator (RSSI) features (distance, throughput, and latency) for different ZigBee

communication topologies, the network performance for both indoor to outdoor setups was ascertained [35]. This study
is important because it reveals how routing techniques affect network performance, which is critical for maximizing
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WSN effectiveness. Lastly, the consequences of sensor mobility on the performance of different ZigBee-based WSN
topologies were examined, showing how node mobility impacts on the key performance metrics [36-37].

The network layer for peer-to-peer, tree, and star topologies is specified by ZigBee. These may be used to create more
intricate cluster-tree topologies in [38]. ZigBee sets the maximum depth of the tree and the number of routers and end
devices that each router may have as children in order to regulate the network topology.

In [39], a considerable effort was put into creating cluster formation processes and selecting cluster leaders to minimize
transmission overhead. The energy efficiency, network lifetime, and success rate of the cluster topology was discussed
in [40]. A dual-path multi-scale attention guided network for enhanced cluster head selection and energy-efficient
routing in a Cluster WSN environment is suggested in [41]. In [42], a new, energy-efficient method for creating clusters
and choosing the head of each cluster for mixed WSN is talked about.

4. Design Strategy

Four ZigBee architectures- mesh, tree, cluster and star- were used to construct a WSN system for this study, which relied
on the Riverbed Modeler Academic Edition 17.5 simulation tool. With the help of this tool, robust network connections
and a variety of system models can be created, allowing for a thorough examination of ZigBee standard performance
across different WSN architecture. Four alternative scenarios—mesh, tree, cluster, and star architectures—were taken
into consideration in order to evaluate the performance of various WSN architecture utilizing the ZigBee standard.
Throughput and latency were used to compare these scenarios. All the ZigBee networks employ sixteen sensors and
one coordinator in each of the four architectures. One hour was chosen as the simulation duration. The size of the data
packets delivered was fixed at 1 Kbytes and a random destination was chosen.

All sixteen sensors are fixed in the first simulation. While in the second simulation, all the sensors are mobile. A mesh
WSN architecture is shown in Figure 1, followed by a tree architecture in Figure 2 and a star WSN architecture in Figure
3. Figure 4 represents the cluster architecture, where four sensors considered as heading sensors (node1, node2, node3,
and node4) and each one of them is connected with three sensors as a star connection.
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Figure 1 A Mesh Architecture
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Figure 2 A Tree Architecture

Figure 3 A Star Architecture
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Figure 4 A Cluster Architecture

5. Outcomes

5.1. First Simulation (Fixed Sensors)

The average throughput for the mesh (blue curve), tree (green curve), star (red curve) and cluster (brown curve) WSN
architectures is displayed in Figure 5. The star architecture has the highest throughput in steady state, whereas the tree
architecture has the lowest. It is evident that when every sensor is linked straight to the coordinator, throughput rises.
The throughput figures for the four architectures at the conclusion of the simulation period (one full hour) are 35.31
kbps (star), 29.16 kbps (cluster), 25.02 kbps (mesh), and 20.73 kbps (tree). According to the sensor configuration in the
networks, as the branches increases the throughput decreases.

—

Figure 5 Throughput for fixed sensors

The average delay for the four network architectures under investigation is displayed in Figure 6. The findings clearly
show that the mesh and tree topologies have almost the same delay over the hour-long simulation, with values of 21.2
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msec and 21.3 msec, respectively at the steady state. On the other hand, the star topology displays a somewhat reduced
delay of 18.2 msec. In contrast to the star topology which recorded the lowest delay in the fixed nodes configuration,
WSN topology has minimal effect on delay for both mesh and tree. For cluster architecture, the delay at the steady state
is 20.16 msec. From delay point of view, the star topology is the best because of the direct connection for all the sixteen
sensors to the coordinator.

Because each sensor interacts directly with the coordinator via a single hop, the star topology offers the lowest steady-

state latency for a network with 16 sensors and one coordinator. Although aggregation at the cluster head lessens

congestion, the cluster architecture has a little greater latency since data often goes via a cluster head before reaching

the coordinator. Because packets may transit over several hops and need route discovery or forwarding choices, the

mesh topology exhibits increased latency. Because traffic from lower-level nodes is focused at parent nodes close to the

root, creating bottlenecks and queueing delays, the tree architecture results in the maximum latency at steady state.
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Figure 6 Delay for fixed sensors

5.2. Second Simulation (Mobile Sensors)

The sixteen sensors (shown in Figures 1, 2, 3, and 4) are switched from fixed to mobile state in the second simulation.
Figures 7 and 8 show the average throughput and delay, respectively.

Figure 7 illustrates that the tree architecture has the lowest average throughput, whereas the star architecture has the
highest. The throughput figures for the four architectures at the conclusion of the hour-long simulation period are 20.9
kbps (tree), 28.18 kbps (cluster), 25.15 kbps (mesh), and 35.2 kbps (star). We can see that the throughputs are almost
equal to throughput results for the fixed sensors shown in Figure 5. Therefore, we can say that in all four WSN
architecture, sensor mobility has no effect on throughput.
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Figure 7 Throughput for mobile sensors

The delays for the four WSN architecture slowly converge at the steady-state, as seen in Figure 8. The respective delay
values for the four architecture-star, tree, cluster and mesh- at the end of the one-hour long simulation period are 21.8
msec, 21.4 msec, 21.7 msec, and 21.1 msec. We can conclude that the delay values are about the same for mesh and tree
topologies, but increases by roughly 16.5% for the star architecture when we compare these values with those in Figure
6 (delay for fixed sensors). This indicates that the mesh and tree topologies are relatively unaffected by sensor mobility,
however the star topology is. For the cluster, an increase in delay about 7% when the all sensors mobile.
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Figure 8 Delay for mobile sensors

6. Conclusion
This paper used the RIVERBED Academic Edition V17.5 simulation program to analyze the performance of four specific
WSN architecture based on the IEEE 802.15.4 ZigBee standard. Two separate simulations were executed:

e -the first simulation was conducted with fixed sensors to evaluate the WSN topologies from the throughput and
delay perspective; and
e -the second simulation was conducted to evaluate the impact of mobile sensors on the four WSN topologies.
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The results of our chosen WSN topologies based on key performance metrics are as follows:-

e Star Topology: - despite connection issues over long distances, of the four architectures, star, because of its
centralized nature, proved itself the most suitable for throughput (highest) and delay (lowest) in the fixed
configuration. With mobile sensors, the throughput remained stable because packets still follow a direct path,
while delay increases because sensors may temporarily move away from optimal communication range causing
re-transmissions and link re-establishment procedures.

The reasons for highest throughput are:-

No routing overhead is required

Np packet re-transmissions due to multi-hop forwarding
Less processing is performed cause no intermediate sensors
More bandwidth is available for actual data transmission.

O O O O

The reason for lowest delay is that:- the transmission path consists of only one hop (from sensor to co-ordinator).
Therefore:-

o No routing decisions are needed
o No queueing delay at relay sensors
o No store and forward delay
e Tree Topology: - in the fixed sensor mode, throughput in the tree topology always managed the lowest values,
while delay values were almost identical in both the tree and mesh architecture. With mobile sensors, throughput
and delay were largely immune from variation with no significant impact on network performance because tree is
hierarchical, so sensor mobility is limited:-
o Parent-child relationships remain mostly unchanged
o Routing remains stable

The reason for lowest throughput is that:- data is forwarded through parent-child relationships before reaching the
coordinator. This would causes

Multiple forwarding opertions

Increasing routing overhead

High probability of packet loss at upper-level sensors.
Traffic concentration near the root of the tree

Bottlenecks occur for sensors that close to the coordinator.

O O O O O

The delay remains stable and close to the mesh topology because the packets travel through multiple hops, the routing
path is pre-determined and advantages we get are:-

o Noroute discovery process
o No predictable communication path.
e Mesh Topology: - Mesh performance comes between star and tree from the throughput perspective because the
mesh topology provides multiple paths between sensors which causes the following advantages:-
o Alternative routes increase reliability
o Packet delivery success rate improves.

While the disadvantages are:-
o Route selection introduces overhead
o Routing tables must be maintained

o Additional control packets consume bandwidth.

The delay is almost identical to tree topology because the packets often traverse several hops before reching the
coordinator. Although multi routes exist, routing algorithms usually choose efficient paths. Thus:-

o Delay is higher than in star topology
o Delay is similar to tree toplogy.
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For mobile sensors, throughput and delay were mostly unaffected with no impact on the performance of WSN because:-

o Alternative routes can be discovered automatically
o Network connectivity is maintained despite node movement.

e C(luster Topology:- the throughput is stable because of the cluster topology itself (due to cluster head existence
and its function). This would reduces:-

o Direct connection among all 16 sensors
o Channel congestion.

Since cluster heads manage communications efficiently, the overall amount of delivered data remains nearly unchanged
even when sensors move.

The delay was increased about 7% when sensors become move because:-

o Some nodes may move farther from their cluster head.
o Cluster reassociation may occur
o Cluster heads require additional management operations

In summary, the star topology is the “star performer” for fixed networks but comes up short in mobile, dynamic
applications. This contrasts with the mesh and tree architecture which can be trusted to deliver consistently stable
performances in mobile applications.
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