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Abstract—Congestion has become a major challenge in Wireless 

Sensor Networks (WSNs), specifically in industrial applications, 

due to the different processing capacities of sensor nodes within 

a network. Such ineffectiveness reduces the overall performance 

of the network. Thus, congestion needs to be controlled. A 

scalable approach to control the packet traffic in industrial WSNs 

(IWSNs) is proposed in this paper. Relay nodes are introduced to 

the IWSN to boost the packet transmission rate. Furthermore, the 

introduced sensor nodes are systematically arranged to form a 

tree-like topology for network reliability and flexibility. The 

communication between nodes is executed under the AN1066 

MiWi protocol (protocol of the IEEE 802.15.4 family). 

Simulations using MATLAB showed that the proposed approach 

outperforms the existing congestion control algorithm. This is 

because the employed relay nodes and AN1066 MiWi protocol 

render the proposed approach more effective than the congestion 

control algorithm, which involves assigning a fixed capacity to 

every link between nodes, causing a wastage of the link capacity 

in case nodes that are not transmitting packets exist in the 

network. 
 
Index Terms—AN1066 MiWi, congestion control, energy 

efficiency, IWSNs, throughput optimization 

 

I. INTRODUCTION 

With the rapid development of the smart emergent 

industrial application sector, the use of industrial wireless 

sensor nodes has become paramount indifferent industrial 

applications. These sensor nodes are deployed in often-

precarious environments and are made to connect 

wirelessly through Radio Frequency (RF) communication 

to form Industrial Wireless Sensor Networks (IWSNs). 

Their self-healing, self-configurable, and self-organized 

autonomous characteristics render them indispensable in 

the current industrial automation systems, which are 

expected to replace outdated traditional network systems 

such as the popular  real-time  Ethernet,  Ethernet/IP,  and 

 

 

 

 

Probus DP [1]. In this regard, IWSNs optimally render 

services such as process monitoring, smart spaces, medical 

monitoring, inventory tracking, military surveillance, 

seismic detection, acoustic detection, and 

environmental/habitat monitoring [2]-[4]. Furthermore, 

IWSNs are being implemented to strengthen business 

markets in smart industrial applications. 

According to Lynnette Reese [5], IWSNs are expected 

to increase by 50% in the next five years. This proliferation 

is mainly due to the cost-efficiency, small sizes, and 

flexibility of the sensor nodes deployed in precarious areas 

to form these networks. In addition, sensors can be 

deployed in hostile and harsh environments with little or 

no adaptive wired network coverage such as deep forests, 

rural areas, mountains, and sea. In these areas, the sensor 

nodes detect the environment with real-time resolutions, 

collect data from the surroundings, and then transmit these 

data to the Base Station (BS) via a multi-hop 

communication scheme for further analysis and processing 

at the control center unit. However, IWSNs have apparent 

limitations: their security can be easily compromised [6]-

[8], they have high energy consumption and low data 

communication rate. Further, they are more vulnerable to 

interference due to conflicts with other existing elements 

such as Bluetooth, which causes communication errors 

among nodes, resulting in low network throughput. 

Thus, the data sensed by sensor nodes are collected, 

processed, and then sent to intermediate(neighbor) nodes 

for further transmission to the BS by using the designed 

routing process [9]-[13]. As sensors are connected 

wirelessly and have limited power, the radio links within 

the network to connect each node with its adjacent node to 

communicate to the BS may fail due to either low gap 

connectivity or low-energy nodes, which can result in 

serious problems and disasters (factory failure). This 

performance degradation can be explained by the situation 

where the load traffic exceeds the available capacity 

assigned to the link between nodes in the network, causing 

traffic congestion [14], [15] during packet transmission. 
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This results in a loss of packets, which affects the stability 

of the network, causing a higher delivery delay, increase 

in error rate, global inaccuracy in real-time monitoring and 

control, and the degradation of data. In this study, we 

determine and propose an approach to control transmission 

congestion due to the link-level in multi-hop 

communication; the proposed approach is called”EC2STO: 

Congestion Control Approach for Throughput 

Optimization” in IWSNs. As the name indicates, EC2STO 

involves controlling congestion in a sensor network for 

reducing packet delivery delay from the source node to the 

BS, reducing the energy consumption of sensor nodes, and 

tackling interference in the links within a network. This 

leads to a balance in the packet transmission from one node 

to its neighbor, ensuring optimum network throughput. 

The contributions of this paper are summarized as follows: 

• As the existing models rely on the dissimilarities of 

link capacity1 which is ineffective because of the 

wastage of the channel capacity of the non-transmitting 

nodes in the sub-tree in the network, our model 

introduces and systematically distributes the relay 

nodes in a sensor network to boost the connectivity 

among the sensor nodes. Thus, our model tackles the 

problem generated by the assigned link capacity. 

• The energy-aware sensor nodes in the network are 

arranged such that they execute their tasks if needed; 

otherwise, they remain in an inactive mode. In addition, 

a microchip wireless network protocol knows as the 

MiWi2 protocol was employed for enhancing the 

energy efficiency during the transmission of packets. 

• Simulation results using MATLAB showed that there 

is a signification outperformance in terms of both the 

throughput and energy consumption compared with the 

approach based on the link capacity dissimilarity (LCD) 

within sensor nodes. 

The remainder of this paper is organized as follows. 

Section 2 describes the system model, and elaborates the 

proposed topology for network design to tackle congestion 

in a network. Section 3 evaluates the performance of the 

proposed approach compared with that of the existing 

solution. Finally, Section 4 concludes the paper. 

II. SYSTEM MODEL 

Fig. 1 shows the structure of an IWSN composed of a 

sensor network, BS, external internet, and control center 

unit/data storage management center. The sensor network 

consists of a number of sensor nodes distributed in a 

coverage   area,   whereas   the   relay   nodes   ensure   an  

 

 

 

 

 

 

 

 

 

enhancement in the connectivity, as will be discussed later. 

The sensors perform sensing even in industrial complexes, 

generate packets, and process them to be transmitted to the 

BS under multi-hop propagation routing for further 

processing in the control center unit. Here, the BS plays 

the role of a network coordinator. It receives data from the 

sensor network, processes them, and stores them in the 

control center unit. We classify the nodes with respect to 

(w.r.t) their function in the network as full-function 

devices (FFD) and reduced-function devices (RFD), for 

reliable communication and improved flexibility of our 

system. Specifically, the FFDs do not sleep at all, as they 

are required to relay data from the RFDs to the BS. Unlike 

the FFDs, the RFDs will only be active after a certain time 

period (the total time period to gather and forward 

information to the FFD) and they sleep until then. 

Moreover, the nodes are arranged as end devices, 

coordinator, and personal area network (PAN) coordinator 

according to their assignment in the network. The detailed 

functionality of these devices is explained later in the 

system network topology. 

 

Fig. 1. Network topology: tree-like topology.
 

A.
 

Designed Network Topology
 

Flexibility and reliability are two constraints for this 

type of model as it is intended for industrial applications. 

Energy efficiency is one of the optimal solutions. 

Therefore, the sensor network needs to be designed 

properly to avoid energy depletion during node operation. 

Our model is designed using a tree-like topology in which 

the BS is considered the root, whereas the sensor nodes are 

the branches and leaves. This structure is described in 

detail later in this paper. Furthermore, a low-cost, energy-

efficient, low-complexity, and open-source protocol of 

type IEEE802.15.4 MAC known as AN1066 MiWi is 

employed to link sensor nodes (RF transceivers). Its goal 

is to assign contacts to new nodes to be integrated in the 

network. It also determines the elements that are required 

to design the desired tree-like topology. In MiApp 

interface, an indirect message known as a socket plays a 

major role in the wireless connectivity between two nodes 

within a network. This protocol dynamically allows new 

1 Assigning the distinct capacity values to each radio link within the 

adjacent nodes which is ineffective. The capacity from the nodes which 

do not send data is not used. The only exploited link capacities belong to 

the nodes which are actively sending packets.
2 MiWi is designed based on the principle on the IEEE.802.15.4 MAC 

standard for Wireless Personal Networks (WPANs) just like ZigBee, it is 

however lower data transmission rates and shorter distance and lower cost. 

Moreover, since the utilization of ZigBee protocol. Specifically, MiWi 

was conceived by the developers to be employed in applications where in 

WPAN technologies where zigbee seems undesirably complex.
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devices or applications added to the network to be able to 

communicate with their partners without configuration or 

having any knowledge about the other inherent devices or 

applications. In addition, due to its reliability in digital 

frequency modulation, it is considered the ideal solution 

during communication between adjacent nodes, as it 

prevents the destruction of the signal from the source node 

to its neighbor, resulting in excellent sensitivity at the 

receiving terminal. The outstanding contribution of this 

topology is that it can allow packets to jump in case some 

intermediate nodes need to be skipped to arrive at the 

destination. Moreover, it can identify connection scarcity 

when the node is disconnected from its coordinator. The 

aforementioned advantages of the MiWi protocol with the 

designed network topology make the considered industrial 

environment trustworthy, by rendering the entire system 

reliable and flexible, resulting in optimal throughput. The 

flexibility makes the system scalable if the network needs 

to be enlarged with additional sensor nodes. This design of 

a sensor network not only allows sensor nodes to operate 

by maintaining low power consumption but also reduces 

latency and avoids interference, as will be explained in 

detail in the next section. 

 
Fig. 2. Network topology: Tree-like topology. 

Fig. 2 illustrates the topology of the sensor network 

from Fig. 1. The sensor network has the structure of a tree 

(tree-like topology) where the BS represents its roots. The 

sensor nodes farthest from the BS represent the leaves, and 

they assure transmission of data to the BS via intermediate 

nodes. To make the network flexible and reliable, the 

entire tree-like topology is subdivided into sub-trees and 

every PAN coordinator imitates the root of a sub-tree with 

a particular PAN ID to facilitate the transmission of data 

to the BS. In other words, the PAN coordinator starts the 

network by selecting the perfect path and PAN ID of the 

network. The other devices attached to the PAN 

coordinator in the sub-tree must respect its instructions. As 

already mentioned, the main aim of this work is to 

optimize the throughput in the network by controlling 

congestion and mitigating interlink interference, which 

can occur during communication between nodes (when 

nodes tend to send packed data to their neighbor toward 

the BS). 

B. Energy Management and Congestion Control 

In the network topology, the nodes are organized 

according to their roles, as has already been mentioned. 

The node known as the PAN coordinator (see Fig. 2) has 

the responsibility of managing the network to facilitate 

communication between the nodes. Here, its function is to 

select the route and PAN ID of the sub-tree. Unlike an 

RFD, which always represents the leaves (or end devices) 

and operates as a device in the network topology, an FFD 

can be set as a PAN coordinator, simply a coordinator, or 

a normal node in the network depending on the purpose of 

the designed network. The coordinators store the messages 

allocated to the end devices that are in the same transmitted 

range, to prevent them from losing messages in case they 

are in the sleep mode. After waking up from the sleep 

mode, the end device uses the commands defined by the 

IEEE802.15.4 MAC protocol (AN1066 MiWi) for a data 

request to declare its state. This also assures flow control 

when the end devices tend to take a long-time during data 

processing before receiving the next message. 

 
Fig. 3. Flowchart for PAN coordinator, Coordinator and end devices 

mechanism. 
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In case a new node is turned on, the end device 

immediately enters the awake mode, and then 

communicates with the FFD that is in its range of 

transmission. This FFD node can be either a PAN 

coordinator or simply a coordinator as illustrated in Fig. 3. 

Moreover, the functionality of these nodes is based on the 

duty cycle [16] for energy management. Herein, the data 

are alternatively gathered between the working cycle and 

the sleep mode. The working cycle is the cycle where the 

node executes tasks such as collecting data, processing, 

forwarding (routing), and transmitting to the BS. In 

contrast, nodes are at rest in the sleep mode, waiting for a 

task. The sleep mode consumes very low power; hence, 

this mode is known as the low-power-consumption cycle. 

Determining the power consumption of a transceiver 

(sensor node) involves calculating the time spent in the two 

states (either sleep or active mode) and measuring the 

current corresponding to the given state. 

C. Expression of Energy Consumption 

As the active nodes require higher energy, especially 

during transmission, we can analyze the energy 

consumption by considering the current drop w.r.t the time 

taken in every operating mode. On the other hand, in case 

the transceiver is in the sleep mode, it becomes disabled 

until a coordinator that is in its communication range 

addresses a message to it. Let us denote IT and Is as the 

current consumed by the transceiver in the state 

represented by T3 and the current consumed in the sleep 

mode represented by S as a fraction, respectively. The 

following condition must be satisfied 

𝑇 ∗ 𝐼𝑇 + 𝑆 ∗ 𝐼𝑆 ≤ 𝐼𝑚𝑎𝑥 

On the other hand, the energy consumed by the PAN 

coordinator while broadcasting a message in the 

corresponding sub-tree can be expressed as 

 

𝐸𝐿 = 𝑃 ∗ 𝐸𝑆 + 𝑃 ∗ 𝐸𝐶 ∗ 𝑑2

       = 𝑃(𝐸𝑆 + 𝑃 ∗ 𝐸𝐶 ∗ 𝑑2)
 

 

where P, ES and EC are the number of transmitted bits of 

data packets from the leaf, the energy dissipated by the 

transceiver, and the energy consumed by the leaves during 

the transmission of P to the designed PAN coordinator, 

respectively, and d is the distance separating the 

transmitting leaf and the corresponding PAN coordinator. 

D. Throughput Optimization w.r.t Congestion Control 

and Collision Avoidance 

Consider C (N, R) as the relationship between the end 

sensor nodes communicating with each other in Fig. 2 

where N and R represent the set of the nodes and the radio 

communication links between nodes (a,b), i.e., node a to 

node b, respectively. Among the nodes that form the set N 

in Fig. 2, a sub-set S is composed of the source nodes. The 

network is designed with a  tree-like  topology.  Based  on  

 

 

this network design, the main aim of this work is to collect 

data with maximum network throughput without 

congestion and interference. 

E. Condition for Congestion Control and Collision 

Avoidance 

To establish fair transmissions by source nodes after 

generating packets, the time duration is divided into small 

frames, and each frame is represented by a set of fraction 

frames (slots) described as [λ1,λ2,λ3,...,λn] with the same 

time duration α. Denoting �̇� (a) as the set of slots utilized 

by the nodes in generating and receiving data from their 

source node to the coordinator; and Γλ(a),βλ(a) and γλ(a) as 

the generated, received, and transmitted data rates during 

the slot �̇�  (a) respectively, the maximum throughput 

without congestion and collision/interference is calculated 

by determining the suitable distribution of the slot �̇� w.r.t 

the Γλ(a),βλ(a) and γλ(a) for each a ∈ N and λ provided. To 

this end, the following conditions must be satisfied: 

• Initialize the data generated by source nodes ∀a ∈ B 

and ∀λ ∈ �̇�(a): Γλ(a) = 0. 

• We assume that each node operates in a half-duplex 

transmission mode so that it cannot send and receive 

packets concurrently: ∀a ∈ R and ∀λ ∈ �̇� (a): βλ(a)γλ(a) 

= 0 

• To obtain a condition for collision avoidance, a and b 

cannot send packets at the same λ by fulfilling the 

following conditions: 

– a is the source node of b or vice versa.; 

– a and b belong to different coordinators, g and n, 

respectively. The collision will occur if and only if  

–  g and h are in the transmission range of b or a, 

respectively. 

The condition for the constraint of collision avoidance 

for nodes a and b ∀λ ∈ �̇� (a) ∩ �̇� (b): βλ(a)γλ(b) = 0 The 

constraint for congestion avoidance: it involves comparing 

the transmission rate with both the received and generated 

rates. Thus, 

∀𝑎𝜖𝑆: ∑ 𝛾𝜆(𝑎) ≥ 

𝜆𝜖�̇�(𝑎)

∑ (𝛽𝜆(𝑎) + Γ𝜆(𝑎)) 

𝜆𝜖�̇�(𝑎)

 

Therefore, the throughput is expressed by the following 

optimization problem: 

 𝑚𝑎𝑥
𝜂  ∑ 𝑃𝑎

𝑏 

𝑎𝜖𝑆,𝑏𝜖𝐵

                                                                

𝑆. 𝑡     ∀𝑎𝜖𝑆: ∑ 𝛾𝜆(𝑎) ≥ 

𝜆𝜖�̇�(𝑎)

∑ (𝛽𝜆(𝑎) + Γ𝜆(𝑎)) 

𝜆𝜖�̇�(𝑎)

 

Here, (4) indicates the maximization of the packets 

transmitted from node “a” selected in the set of source 

nodes to destination node “b” provided that the congestion 

is controlled. In other words, the first expression in (4) i.e., 

the optimization function represents the packets 

transmitted from node “a” to node “b”, whereas the second 

expression is the constraint for satisfying the optimization 

function (note: this constraint expression was already 

expressed in (3)). 3 The fraction of time in which the transceiver is turned on.
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III. SIMULATION RESULTS AND PERFORMANCE 

EVALUATION 

In this section, the performance of the proposed scheme 

was investigated using the MATLAB simulation 

environment. The proposed approach was also compared 

with the solution based on LCD [17]. The simulation was 

conducted in a closed area of 10 × 10 m2. The IEEE 

802.15.4 MAC (AN1066 MiWi) standardized network 

communication was introduced as the preferable protocol 

due to its advantages, as mentioned earlier in the network 

design section. The number of sensor nodes deployed to 

form three sub-trees is 30. Each sub-tree is composed of 

dissimilar numbers of sensor nodes. Recall that the sub-

tree has an FFD set as a coordinator to transmit a packet 

further to the BS. All the nodes in the network are 

considered static nodes.  

Fig. 4 depicts the energy consumption profiles in the 

network w.r.t the packet transmission rate. As indicated by 

both the curves, the energy increases with a proportional 

increase in the number of packets transmitted. This 

increment in energy consumption in both schemes is 

because the active nodes in the network generate, process, 

transmit, and receive/forward data packets. However, the 

proposed C2STO approach consumes lower energy as 

compared with the LCD scheme. This is consistent with 

our proposed network design aimed at controlling 

congestion and avoiding collision, allowing the packets to 

arrive at the desired destination within a reasonable time. 

This is in contrast to the LCD scheme that assigns different 

values for different channel link capacities, causing 

wastage of the channel capacity, especially when some 

redundant nodes or non-transmitting packets exist. The 

relay nodes, as introduced in the proposed model, have a 

significant and influential impact on the packet 

transmission time within the subtree domain. In other 

words, the inter-arrival time within the sub-tree domain is 

reduced, leading to less congestion and collision, resulting 

in a significant reduction in the delivery delay. 

 
Fig. 4. Energy consumption vs Packet transmission rate. 

Fig. 5 illustrates the system throughput against the 

packet generation ratio. The system throughput measures 

the number of packets received at the transmitter. The 

results show that the EC2STO scheme performs better than 

the LCD scheme by approximately 21 packets at the 

boundary of the curves. Furthermore, the proposed 

EC2STO approach effectively controls the traffic 

congestion of data packets. 

 
Fig. 5. System Throughput vs Packet generated rate. 

IV. CONCLUSION AND FUTURE WORKS 

A scalable and enhanced approach for congestion 

control in data transmissions over a typical IWSN was 

proposed. The proposed approach symmetrically 

organized sensor nodes in a tree-like topology, and then 

subdivided them into sub-trees for reliable and more 

flexible communication. The sub-trees were then 

controlled by the PAN coordinator. The relay nodes were 

deployed to boost the packet transmission rate to act as 

intermediate nodes. Additionally, the energy-efficient 

AN1066 MiWi network communication protocol was 

employed to link all the sensor nodes or RF transceivers. 

The performance evaluation was manifested in energy 

consumption profiles in the network with respected to 

(w.r.t) the packet transmission rate. Therefore, through the 

simulation results from the MATLAB simulating 

environment, the increment of the energy follows number 

of packets transmitted. In addition, due to the throughput 

of the system representing the number of packets received 

at transmission side, it has showed that the proposed 

EC2STO approach outperformed the existing congestion 

control solution (LCD scheme). Recall that, these 

performance results were based upon obtaining fixed 

values for link capacity within sensor nodes w.r.t 

throughput and energy efficiency. As this work considered 

static nodes for deployment, our future work will focus on 

the investigation and use of mobile sink devices for 

congestion control in a network with minimal or low 

packet delivery delay. [18] 
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