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Abstract 

High rate of technological development in the agricultural systems has led to the embracement of smart farming 

where technology as represented by wireless communication network is highly involved in data collection and 

interpretation. The paper focuses on the analysis of performance of a Wireless Sensor Networks (WSNs) with 

Smart Agriculture using OPNET Modeler 14.5. The research will be able to assess the effectiveness of WSNs in 

measuring key agronomical attributes such as soil moisture, temperature and humidity of the soil that are crucial 

in attainment of optimum crop yield and preservation of environmental resources. In the simulation, the sensor 

nodes are placed in a virtual farmland to collect and transmit the environmental information to sink node in the 

center where it is to be analyzed. The critical key performance indicators such as network throughput, end to end 

delay, packet delivery ratio and the consumption of energy are put to the test under variations of the node densities 

and communication ranges. The assumption is that the results will show impacts of the network design on the 

efficiency and reliability of communication of data in smart agriculture systems. This study will be applied in the 

development of the energy efficient and cost-effective network models in coming up with precision agriculture, 

therefore, aid sustainable agriculture and improved environmental management. The paper is able to fill the gap 

existing between the agricultural production and the new communication technologies. 
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1. Introduction 

Smart agriculture has become a paradigm in 

the current crop production, using new 

technologies to develop an efficient, 

productive, and sustainable production 

process. In its essence, SA unites various 

technological elements to assist in the areas of 

accuracy and based decision-making during 

agricultural activities: sensors, the Internet of 

Things (IoT), artificial intelligence (AI), big 

data analytics, and cloud solutions (Ahmed et 

al., 2024). The solution will increase resource 

use efficiency, enhance crop output, lessen 

environmental effect and sustainability. Major 

uses are crop growth monitoring, that of 

irrigation, pest and disease management, as 

well as supply chain optimization. By 

implementing the use of IoT-based instruments 

and real-time data collection and analysis 

tools, farmers will be able to gather and 

process information about the state of the soil, 

the amount of moisture, temperature, and 

humidity and make the appropriate decisions 

regarding planting, irrigation, and harvesting. 

Such issues in the world as climate change, 

reduction in arable areas, and the 

socialeconomic consequences of such events 

like the COVID-19 and the conflict in Russia 

and Ukraine have highlighted the need to 

create sustainable food systems. These crises 

have demonstrated the susceptibility of food 

supply chains in nations that rely on imports, 

which increases the demand in resilient 

agricultural activities (Ting and Chan, 2024). 

United Nations estimates the world on 8.5 

billion and 9.7 billion population by 2030 and 

2050, respectively; this necessitates the 

implementation of innovative farming 

technologies that would ensure that food needs 

of the future are met, with the least negative 

effects on the environment. Intelligent farming 

which is enabled by the Internet of Things 

(IoT) and real-time tracking through wireless 

sensor networks (WSNs) has a high potential 

of reducing these threats. WSNs can facilitate 

data streamline between sensors, actuators, and 

control stations that enable farmers to have an 

overview of the environmental parameters in 

the field and automatic response to the variable 

clouds in the field. The introduction of Low-

power Wi-Fi, Bluetooth Low Energy (BLE), 

Long Range (LoRa), and Long-Range Wide 

Area Network (LoRaWAN) technologies have 

become a necessity in allowing low-power 

communication over long distances in the 

agriculture sector because of their scalability 

and low-energy consumption aspects in remote 

monitoring and data transmission (Ting and 

Chan, 2024). Smart farming based on wireless 

sensor networks also conforms to the 

principles of sustainable agriculture which 

focuses on economic viable and ecologically 

friendly agricultural production. Sustainable 

agriculture is aimed at protecting natural 

resources, preserving the biodiversity, 

decreasing emissions of greenhouse gases as 

well as boosting agricultural production. 

Effective water management, crop rotation, 

recycling of nutrients, and pest control are 

some of the practices that help in the 

maintenance of soil quality and ecological 

balance (Chintey el al., 2023). Nonetheless, 

modernization in agriculture is perceived to 

have a number of limitations such as the shift 

of young people as workers to cities and towns, 

the decrease in rural productivity, and the 

unequal allocation of arable land. These 

problems prompt the integration of wireless 

technologies into the farming systems in order 

to allow them to control farmers with precision 

and have a digital connection to them, 

especially in developing countries where 

traditional farming is prevalent. Moreover, 

according to the Food and Agriculture 

Organization (FAO) projections, the vast 

increase in the world population and the 

urbanization process will immensely decrease 

the number of working people in the 

agricultural sector and increase the pressure on 

scarce water and dirt resources (Yascaribay et 

al., 2022). Agriculture already uses an 

estimated 80-90 percent of fresh water at its 

disposal causing acute shortages in most areas. 

In a bid to overcome such limitations, scholars 

have paid attention to the development of 

smart and automated agricultural ecosystems 

using the Internet of Things and 

communication technologies. These systems 

allow monitoring the status of the soil and 
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crops effectively by a sensor providing long-

range data transfer via such protocols as LoRa, 

Sigfox, Narrowband IoT (NB-IoT). The low 

power wide area networks (LPWAN) have also 

gained significance in smart farming because it 

can pay low-data-rate applications with long-

range communications that are energy-saving. 

The development of Precision Agriculture 

(PA) and Agriculture 4.0, which also rely on 

the smooth communication agreement of 

sensing, communication, and data analytics, 

has also become possible due to the 

advancement of such wireless technologies 

(Yascaribay et al., 2022). Considering such 

global and technological advancements, there 

is a need to appraise the efficiency of using 

wireless sensor networks in smart farming. The 

simulation software like the OPNET Modeler 

offers a good platform upon which the network 

performance and behavior can be analyzed 

efficiently in conditions of varying setups and 

environmental factors. Parameters that can be 

studied through simulation can include 

throughput, packet delivery ratio, end to end 

delay, and energy consumed by WSNs and are 

used to define the efficiency and scalability of 

WSNs to support smart agricultural operations. 

Knowledge of these dynamics can also help in 

enhancing network reliability and the design of 

sustainable and cost-effective, digital farming 

systems capable of fostering food security, 

resource conservation, and climate resilience 

of both the developed and the developing 

economies. 

1.1.  Review of related work 

The concept of smart agriculture has been 

developed to help accomplish the efficiency, 

productivity, and sustainability of the current 

form of farming by incorporating novel 

technologies. The study by Ahmed et al. (2024) 

emphasized the optimization of farming by 

introducing smart sensors and the Internet of 

Things (IoT) devices, which make it possible 

to monitor and make decisions based on the 

data and their precision. Their objective of the 

study was that technological interventions can 

improve the optimization of resources, crop 

monitoring, and sustainable farming practices. 

A system-level approach implemented on the 

basis of the IoT concept of sensing, 

transmitting real-time data, and analytics 

platforms allowed the study to show a 

considerable advancement in controlling the 

irrigation, pest management, and predicting the 

yield. The findings showed the incorporation 

of IoT in agricultural functions have large 

contributions to the minimization of input 

wastes and productivity by utilizing smart 

resources. Nevertheless, the paper has revealed 

a gap in the literature analysis of the 

performance of such smart systems under 

diverse environmental conditions and the 

necessity of simulation tools such as OPNET 

to assess the capabilities of such smart systems 

in the real world, the level of scalability, and 

reliability (Ahmed et al., 2024). The article by 

Ting and Chan (2024) tackled the problem of 

food insecurity in the entire world that is 

amplified by population growth, climate 

change, and geopolitical unrest like the 

COVID-19 pandemic and the Russia-Ukraine 

war. The purpose of their research was to 

design an IoT-based smart farming system 

through the Low Power Wide Area Network 

(LPWAN) technologies, namely, the LoRa and 

LoRaWAN technologies, as an improvement 

to manage and monitor farms during the 

production of fruits and vegetables. The 

approach implied the deployment of the LoRa-

powered sensors to track the environmental 

parameters (temperature, humidity, and soil 

moisture) and examine the performance of the 

transmission at varying distances and 

environmental conditions. The findings 

disclosed that LoRa technologies offered good 

long-range connectivity with minimal use of 

power and were therefore suited to rural and 

remote farms. The gap that the authors 

described is associated with the insufficient 

study of the functioning of such 

communication networks on a large-scale basis 

in regions of large agricultural fields with 

different populations of crops and soil-types. 

They suggested that simulation-based 

performance assessment with the help of 

network modeling tools can solve this 

limitation (Ting and Chan, 2024). In their 

study, Chintey et al. (2023) explored the notion 

of sustainable agriculture with its practices to 
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preserve soil health, save water, and enhance 

biodiversity at the same time as make it 

economically sustainable. They conducted a 

study aimed at evaluating the possible impact 

of integrating wireless technology in 

agriculture in terms of fighting environmental 

degradation and the erosion of agricultural 

labor. Using a conceptual and data-driven 

method, the authors assessed using digital 

connectivity as wireless sensor networks 

(WSNs) to control the fields and further 

improve the decision-making process and to 

invite younger generations to work in the 

fields. The findings revealed that wireless 

technologies had the potential to strongly 

decrease operational inefficiencies and 

environmental harm to promote sustainability 

and productivity in agricultural systems. 

Although such good results have been 

achieved, the study itself pointed at the lack of 

empirical validation, in particular, to the 

quantitative performance analysis of WSNs 

under the actual farming conditions, including 

energy efficiency, latency, and throughput, 

which can be successfully investigated on the 

basis of simulation tools, including OPNET 

(Chintey et al., 2023). Yascaribay et al. (2022) 

concentrated on the optimization of agriculture 

by the use of the IoT and automation system 

within the framework of the Precision 

Agriculture (PA) and Agriculture 4.0. The aim 

of the paper was to examine agricultural data 

collection communication protocols and 

technologies that can be used, with a particular 

focus on Low Power Wide Area Networks 

(LPWANs) including LoRa, Sigfox, and 

Narrowband IoT (NBIoT). The approach 

followed in the study was a comparative 

technical review, which evaluates the range, 

power consumption, modulation schemes, and 

scalability of every communication technology 

to sensor-based monitoring systems. It was 

found out that LoRa and Sigfox could be used 

as an effective agricultural solution to any area 

wide because of their strong range of 

communication and low power consumption 

than conventional networks such as the Wi-Fi 

and Bluetooth. However, the study indicated 

the lack of the quantitative analysis of the 

network performance of these technologies, 

especially their latency, the ratio of delivered 

packets, and reliability when deployed in 

various situations, and future simulation-based 

studies could be done with the help of such 

modeling environments as OPNET 

(Yascaribay et al., 2022). To determine the 

impact of the parameters of communication in 

wireless sensor networks in smart agriculture 

environment, Iyaomolere (2025) conducted an 

investigation on the wireless sensor network 

by considering parameters that influence the 

performance of the network in large scaled 

deployment. The primary goal of the research 

was to evaluate the scalability and reliability of 

sensor nodes to be utilized in the monitoring of 

soil moisture, temperature, and humidity in 

smart farms. The approach used an OPNET 

simulator model to simulate different network 

layouts and the measurement of certain 

parameters including throughput, delay, and 

energy consumption. The results concluded 

that node density, transmission power and 

routing protocol choice greatly affect network 

performance. Nevertheless, the study 

identified that there are no detailed models that 

would incorporate both the dynamics of the 

environment and the network and there is a 

need to further research adaptive WSN 

architectures that can self-optimize with field 

conditions (Iyaomolere, 2025). Amuda et al. 

(2021) reviewed the application of wireless 

sensor networks to enhance effective 

agricultural monitoring and automation. Their 

goal of research is to create a smart farming 

architecture that is cost-effective and low-

energy consuming and operates the internet of 

things based on communication technologies. 

They used both simulation and experimental 

design where the sensor nodes were combined 

with real time communication units to monitor 

the environmental parameters and health 

controls of the crops. Findings showed that the 

WSN-driven monitoring systems can be used 

to improve the accuracy of yield forecasting 

and to optimize irrigation time. The research, 

however, has found a discrepancy between the 

real-world implementation of the large-scale 

networks because of the limitations to energy 

sustainability and data latency, which 

necessitates additional research to develop 

743



Akinleye 

optimized routing and data aggregation 

protocols (Amuda et al., 2021). Mowla et al. 

(2023) investigated wireless communication 

models in smart agriculture by focusing on 

how energy-efficient routing protocols can be 

used to improve the network lifetime. The 

paper was aimed at assessing the performance 

of clustering-based protocols in different 

environments. The authors relied on a 

simulation-based methodology to evaluate the 

parameter metrics of end-to-end delay, packet 

delivery ratio and available energy in various 

network conditions. The findings showed that 

optimized clustering achieved much better 

energy saving and data reliability. The research 

gap identified was the lack of protocol 

scalability to different agricultural topology, 

and adaptive algorithms addressing the need to 

continue functioning under dynamic 

conditions are necessary (Mowla et al., 2023). 

Nuhu Kontakora et al. (2021) focused on the 

environmental monitoring with the use of 

wireless sensor networks in agricultural 

systems. The aim of the study was to develop 

a model that enhances reliability of 

communication and minimized energy loss in 

sensor networks installed on a large farmland. 

Simulation and analysis were used to test a 

series of routing schemes and energy-efficient 

algorithms. It was established that the hybrid 

routing models worked better than traditional 

models in preserving the accuracy of data and 

eliminating transmission delays. The identified 

research gap was that the network security and 

scalability aspect was given little attention and 

could influence the performance of the 

deployment of the network in real-life 

agricultural settings (Nuhu Kontagora et al., 

2021). Kaur et al. (2020) have conducted a 

study on the use of IoT-enabled wireless sensor 

networks to implement precision agriculture to 

assist in real-time decision-making. They tried 

to make data acquisition more efficient and put 

less human effort into it by means of automated 

sensory and control systems. The experiment 

used a prototype device that combined 

temperature, humidity and soil moisture 

sensors which were connected to a dashboard 

based on the cloud platform to visualize and 

analyze the data. The outcomes indicated an 

improved management of irrigation and less 

use of water. The main limitation of the study 

was however the small scale deployment of the 

study which could still be extended to other 

forms of evaluation of network performance 

under large scale conditions as well as under 

heterogeneous agricultural conditions (Kaur et 

al., 2020). Haseeb et al. (2020) present a secure 

and energy-efficient routing protocol of 

wireless sensor networks to help enhance 

communication reliability in smart farming 

systems. The simulation-based protocol design 

and testing in their study involved the 

development of a protocol that is able to 

distribute energy consumption among nodes 

and maintain data integrity. The outcomes have 

been enhanced ratios of packet delivery and the 

minimization of the ratio of end-to-end delay 

as compared to the traditional models. The lack 

of attention to environmental considerations 

and scalability to large smart farms was the 

mentioned gap, implying the implementation 

of adaptive intelligence in routing mechanisms 

(Haseeb et al., 2020). Catelani et al. (2021) 

evaluated the performance evaluation metrics 

of smart agricultural systems provided on the 

basis of wireless sensor networks. The aim of 

their research was to come up with a model of 

evaluating the reliability of data, energy 

efficiency and communication latency of an 

IoT-based agricultural system. The 

methodology was based on the experimental 

setups being made of both hardware sensors 

and simulation-based performance modeling. 

The findings of the study showed that 

performance evaluation framework integration 

can be used to optimize network setup and 

enhance the accuracy of decision making in 

agriculture. The final gap identified was the 

lack of standardized models of evaluation of 

the evaluation between various WSN 

architectures, and that is why simulation tools 

such as OPNET will become critical in future 

research (Catelani et al., 2021). 

 

2. Material and Methods 

A smart agricultural Network giving use of 

a Wireless Sensor Network (WSN) was 

evaluated through the usage of OPNET 

Modeler 14.5. The network design was a 
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ZigBee which was made up of a topology that 

represented a realistic precision agriculture 

setting. To complete the setup, five ZigBee 

End Devices (ZigBeeED1, ZigBeeED2, 

ZigBeeED4, and ZigBeeED5), two ZigBee 

Routers (ZigBeeR1 and ZigBeeR2), and one 

ZigBee Coordinator, which was used as the 

sink node in aggregating the data, were added. 

The end devices were envisaged to be sensor 

nodes that were placed on a virtual farmland to 

gather and send data on the environment like 

the humidity, soil moisture, and temperature. 

The routers enabled technologies of 

communication between the sensor nodes and 

the coordinator and the routers achieved the 

provision of efficient packet forwarding and 

network stability. 

 

 

 
Figure 1. Network topology of the zigbee-based wireless sensor network 

 

A star- mesh hybrid topology was set up on 

the node to make the network more reliable 

and reduce the number of bottlenecks during 

communication. The interchange of 

information among the nodes was on the IEEE 

802.15.4 ZigBee protocol that is commonly 

known to be low-power consumption and befit 

the use of short-range wireless communication 

in the agricultural monitoring systems. The 

simulation time was 600 seconds and this was 

enough to see the steady performance of the 

system given a constant inflow of data. The 

stationary sensor nodes are commonly 

equipped with stationary sensor nodes in fields 

thus the mobility model was maintained 

constant to mimic stationary sensor nodes. The 

performance of the network was measured 

using some key performance indicators which 

included end-to-end delay and throughput, 

ratios of the network delivery of packets and 

energy use. End-to-end delay was used to 

determine the time taken by the packets of data 

sent by the source nodes to the coordinator as 

the throughput metric comprised data sent with 

the data delivery rate all over the network. The 

density of nodes and the range of 

communication were also more varied in the 

simulation to determine their effect on 

performance results. The obtained results have 

been noted, and the graphical analysis tools of 

OPNET have been applied with particular 

attention to end-to-end delay and throughput 

since it is necessary to evaluate them in more 

detail. 

 

3. Results and Discussion 

Through the simulation, the same results 

were obtained among the ZigBee nodes, which 

demonstrated the performance behavior of the 

WSN under a controlled agricultural setting. 

The time that the ZigBee Coordinator and 

Router 1 took to get the end-to-end messages 

found a range of 0.005 to 0.007 seconds 

745



Akinleye 

meaning that the communication structure is 

very responsive and can be applicable in real-

time monitoring programs. The insignificant 

variation in delay time during the 600 seconds 

interval implies the consistency of the quality 

of links and effective routing in the network. 

 

 

 
Figure 2. ZigBee application end-to-end delay for router 

 

 
Figure 3. ZigBee application end-to-end delay for coordinator 

 

This real-time performance is indicative 

that ZigBee-based WSNs can successfully 

provide periodic sensor measurements without 

heavy transmission delays which is vital in 

real-time application like irrigation control or 

monitoring microclimate. Most data packets 

were received by the coordinator node which 

is indicated by the throughput of the network 

as shown in the graph below. 
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Figure 4. Network throughput of the ZigBee-based WSN 

 

The monitored throughput was rather a 

steady line which indicates an effective data 

flow among end devices and between the 

coordinator and the network size and 

transmission distances were rather limited. 

Moderate throughput was observed as the 

simulation took place and this can be explained 

by the fact that there was highly efficient 

routing and linkage was very stable among the 

ZigBee nodes. This proves that the adopted 

ZigBee architecture can facilitate credible 

gathering of data to be used in smart farming 

activities. Generally the low end to end delay 

coupled with the constant throughput flow 

proves that the use of ZigBee based WSNs is 

quite appropriate in precision agriculture 

where timely and accurate flow of information 

is needed. Nevertheless, with a greater number 

of nodes in a network, or a greater range of 

communications, there is the likelihood of 

increased stresses, like greater interference, 

packet collisions and dissipation of energy. As 

the outcomes of the simulation are consistent 

with the recent research results, it can be stated 

that the achievement of the optimum balance 

between the distribution of nodes and their 

communication range is the means of ensuring 

the preservation of the efficient data 

transmission and the possible extension of the 

network lifetime in the large-scale agricultural 

implementation. 

4. Conclusion 

This paper was able to assess the 

functionality of a ZigBee-based Wireless 

Sensor Network in the implementation of 

smart agriculture through the use of OPNET 

Modeler 14.5. The results of the simulation 

show that the network design provided high 

level of throughput and low level of end-to-end 

delay which justify the possibilities of using 

ZigBee technology in precision farming 

surroundings. The findings also show that vital 

agronomical parameters, including soil 

moisture, temperature, and humidity, can be 

properly measured and transferable using the 

such WSNs, which allow the crop productivity 

to improve and the use of the resources in a 

more sustainable way. Although it has shown 

good performance results, the experiment was 

only tested in one fixed network environment 

and did not investigate mobility, scalability, 

and the energy usage of the network at 

different loads. Recurrent studies may look at 

the adaptive routing protocols, energy 

collection mechanisms, and the use of multi-

hop clustering to earmark more on the network 

durability and dependability. However, the 

findings confirm the appropriateness of smart 

farming using ZigBee-based WSNs towards 

the greater aim of digital transformation and 

data-driven decision-making in the modern 

farming activity. 
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