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Abstract  

This thesis studies the behavior of the S-MAC protocol in a Wireless Sensor Networks (WSN). The 

main limitation of the WSN is the lifetime of the battery, because normally it is short and it is not 

possible to change it all the time. For this reason, the battery consumption and the delay have to be 

low. This reduction of delay can be done with the medium access control (MAC) protocol duty-cycle 

in the sensors. For decrease the energy consumption, sensors must be set in an appropriate way 

following some rules, such as: how many packets the sensor send at the same time, how much time the 

sensor has to be awake if it does not transmit, how to transmit with less collisions, if retransmission of 

packets are good or not for the system... The main phenomenon with the greatest impact on the waste 

of energy is the Idle Listening. It refers to the time a node is awake listening to the medium when the 

transmitted packets are not addressed to it. This fact produces great energy losses. 

 

Among duty-cycle MAC protocols, some of them are synchronous (all the nodes wake up at the same 

time) and other protocols are asynchronous (each node wake up at different time). My contribution 

will be especially for synchronous model but also it is dedicated a small part of the time for analyzed 

the asynchronous model. Although there are several synchronous models, my work is focused in an S-

MAC protocol because it is the commonly used. For create the simulation system, it has kept in mind a 

system located in a forest with the goal of preventing fires (for this environment, it will be desired to 

have very low delay and also, that the system works well for the entire range of the arrival rate). 

 

The investigation is done by simulation, which allows to study realistic deployment scenarios. 

Simulations will be done in a C simulation program and the results will be treated with Matlab. All the 

work will be based on stochastic processes that typically appear in real deployment scenarios. 

 

 

  



Alfredo Francés Galiana PERFORMANCE ANALYSIS OF DUTY-CYCLE MAC PROTOCOLS IN WIRELESS SENSOR NETWORKS 

 

iv 

Table of contents  

Preface ...................................................................................................................................................... i 

Abstract .................................................................................................................................................. iii 

Table of contents .................................................................................................................................... iv 

1 Introduction ..................................................................................................................................... 1 

1.1 Background ............................................................................................................................. 1 

1.2 Goals of the thesis ................................................................................................................... 2 

1.3 Outline of Thesis ..................................................................................................................... 3 

2 Theory ............................................................................................................................................. 6 

2.1. Systems and Simulation Models .................................................................................................. 6 

2.2 WSN Technology .................................................................................................................... 6 

2.2.1 Important facts to considered in WSN ............................................................................ 7 

2.2.2 MAC protocols in WSN .................................................................................................. 8 

2.2.3 Duty-cycling in WSN ...................................................................................................... 9 

2.3 Simulation Environment ........................................................................................................ 13 

2.3.1 Queuing model for duty-cycled nodes .......................................................................... 13 

2.3.2 Simulation environment for our model ......................................................................... 14 

2.4 Simulation Program ............................................................................................................... 16 

2.4.1 Delay analysis ................................................................................................................ 17 

2.4.2 Probability of collision analysis .................................................................................... 18 

2.4.3 Probability of empty queue analysis .............................................................................. 19 

2.4.4 Retransmissions analysis ............................................................................................... 19 

3 Process and results......................................................................................................................... 21 

3.1 Queuing model for duty-cycled nodes .................................................................................. 22 

3.2 Important fact to consider for the simulations (Existing programme) .................................. 23 

3.2.1 Studying the existing programme .................................................................................. 23 

3.2.2 Simulations of the existing programme ......................................................................... 29 

3.2.3 Analysis and Conclusion ............................................................................................... 33 



Alfredo Francés Galiana PERFORMANCE ANALYSIS OF DUTY-CYCLE MAC PROTOCOLS IN WIRELESS SENSOR NETWORKS 

 

v 

3.3 More than one packet is transmitted per cycle ...................................................................... 34 

3.3.1 Studying and understanding the case ............................................................................ 34 

3.3.2 Simulations and results .................................................................................................. 35 

3.3.3 Analysis and Conclusion ............................................................................................... 39 

3.4 System adapted for different values of collision probability ................................................. 40 

3.4.1 Studying and understanding the case ............................................................................ 40 

3.4.2 Simulations and results .................................................................................................. 42 

3.4.3 Analysis and Conclusion ............................................................................................... 46 

3.5 System adapted for different values of collision probability. Difference values of MxPKT 

and MnPKC ....................................................................................................................................... 47 

3.5.1 Studying and understanding the case ............................................................................ 47 

3.5.2 Simulations and results .................................................................................................. 48 

3.5.3 Analysis and Conclusion ............................................................................................... 51 

3.6 System adapted according to the obtained collision probability values ................................ 51 

3.6.1 Studying and understanding the case ............................................................................ 51 

3.6.2 Simulations and results .................................................................................................. 55 

3.6.3 Analysis and Conclusion ............................................................................................... 59 

3.7 System adapted according to the obtained collision probability values: Simulations for fixed 

Rc1 and variable Rc2 ........................................................................................................................ 59 

3.7.1 Studying and understanding the case ............................................................................ 59 

3.7.2 Simulations and results .................................................................................................. 61 

3.7.3 Analysis and Conclusion ............................................................................................... 62 

3.8 System adapted according to the obtained collision probability values: in the middle of the 

simulation some nodes change their arrival rate ............................................................................... 63 

3.8.1 Studying and understanding the case ............................................................................ 63 

3.8.2 Simulations and results .................................................................................................. 64 

3.8.3 Analysis and Conclusion ............................................................................................... 68 

3.9 System adapted according to the obtained collision probability values: in the middle of the 

simulation some nodes change their arrival rate (2) .......................................................................... 69 

3.9.1 Studying and understanding the case ............................................................................ 69 



Alfredo Francés Galiana PERFORMANCE ANALYSIS OF DUTY-CYCLE MAC PROTOCOLS IN WIRELESS SENSOR NETWORKS 

 

vi 

3.9.2 Simulations and results .................................................................................................. 70 

3.9.3 Analysis and Conclusion ............................................................................................... 74 

4 Discussion ..................................................................................................................................... 76 

5 Conclusions ................................................................................................................................... 81 

References ............................................................................................................................................... 1 

 

 

 

  



Alfredo Francés Galiana PERFORMANCE ANALYSIS OF DUTY-CYCLE MAC PROTOCOLS IN WIRELESS SENSOR NETWORKS 

 

vii 



Alfredo Francés Galiana PERFORMANCE ANALYSIS OF DUTY-CYCLE MAC PROTOCOLS IN WIRELESS SENSOR NETWORKS 

 

1 

1 Introduction 

1.1 Background 

A wireless sensor network (WSN) is a wireless network system with many spatially distributed 

devices. Those sensors are used for monitoring different physical or environmental conditions as 

temperature, sound, vibration, pressure, movement or pollutants. The devices are autonomous units 

composed of a microcontroller, a power source (usually a battery), a radio transceiver and a sensor 

element. This technology can be applied in many different environments, e.g. medicine, fire safety, 

military surveillance, infrastructure security, traffic control, automated houses or production control in 

a company. 

 

All previous investigations concluded in a similar way: there is no model which has the best behaviour 

and results in all environments and characteristics of a WSN. Each investigation has tried to propose a 

model for a specific environment, with particular characteristics and for a different field. This is why 

there are so many possible combinations of a WSN system: synchronous, asynchronous, with 

retransmissions, a network for medical research, for a military environment, for a specific model of 

sensors, trying to have minimal latency, prioritizing QoS, with a single channel or with two channels, 

with a specific topology, etc. There are countless possible combinations. [1],[2],[3] 

 

Among the problems discussed above which they affect to create a WSN properly, we can highlight 

mainly two.  

 

a) First, the sensors are directly linked with the surrounding environment, unlike traditional data 

networks. This affects to the proper design of a sensor network because the factors to be 

considered are very high, exacerbated by the wireless feature of the transmission medium 

used. In most cases, the devices used to implement wireless sensor networks are characterized 

by small independent and numerous and with significant energy constraints. All these factors 

cause that the analytical studies are very complex and the experimental studies very costly. 

Thus, the researchers and developers have the necessity to make previous simulations and 

studies before physical implementation of these networks. 

 

b) Due to the battery life limitations, nodes have been designed in order to save energy. A good 

energy save can be reached by a good access to the environment, the time that nodes are 

listening to the medium, the time they are “sleeping” or the time used for transmitting (these 

facts will be explained in the following section). In previous studies and also in my own work, 
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nodes in the system are usually organized in an “ad hoc” way (It is a wireless framework 

which is not a central node and all the nodes are in same conditions [1]) instead of having a 

pre-programmed networktopology. Furthermore, a WSN has the ability of autoreset, i.e., if a 

node is damaged, the network is able to find a new way for routing the data packets. That 

means that the system will survive even if an individual node loses power or is damaged [2]. 

1.2 Goals of the thesis 

The main objective of my contribution is to study and  evaluate the model explained in at paper [4] 

and from that, try to improve it and analyse its behaviour. The system can be improved if it is 

adaptable. To do this, first of all we have to know which parameters are the important ones and know 

their working range. Our desing of WSN will be auto-configurable and each node will work 

independently to its neighbours. Each node is equipped with some kind of sensor and with the values 

of the sensor taken from the environment and with a stablished protocol, they have to be able to find a 

way to communicate between them fluently. This work focuses on the problem of finding a medium 

access protocol for a group of nodes and do their communication efficiently into a stablished activity 

range.  

 

My work only focuses on the study and improvement of the S-MAC protocol behaviour to boost its 

transfer rate capability. Starting from a given scenario in which the protocol does not adapt, we will 

study different forms of adaptation and improvement with different techniques. As the protocol is 

synchronous and has just one channel, we will study how to improve the delivery data rate by 

providing options ranging from sending more than one packet per cycle, limiting nodes attempting to 

transmit established premises, resending the affected packets when collisions occur, restricting the 

collision probability per node, etc.  

1.3 Outline of Thesis 

In different sections ofthis work, seven models or tests done for adapting the system are shown. Some 

of the displayed models have been studied and evaluated in more detail because they are consistent 

adapted models. On the contrary, some other models have been simple tests since we have already 

predicted the results but we have carried out them to confirm our guess. Furthermore, several 

evaluated models in our research are not presented in the paper because they have not been considered 

relevant enough due to the obtained results or because of the lack of contribution to our investigation. 

Emphasize that during the work, we have been trying to follow an investigation line of the proposed 
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models but sometimes, we have had to leave it and redirect the models adapting the system in a totally 

different way.  

 

For this reason, our project is structured as follow: At the second part (Theory), it is presented the 

important and necessary theory points for understand the methods exposed. During this section is 

explained the WSN technology (routing algorithm, important facts to consider in WSN, the MAC 

protocols in WSN and the Duty-cycling in WSN), the simulation environment of our system (SMPL 

simulation model, the queuing model for duty-cycle nodes and the simulation model for our system), 

the simulation program used and the important parameters (delay analysis, probability of collision 

analysis, probabiliy of empy queue analysis and the retransmissions analysis). 

 

At the third part (Process and Results), it is shown all process and models done and their results. 

Firstly is presented the existing model and explained the used code, and after that, each investigated 

model. The first model is the existing model (inherited model), at the second model has been added 

retransmissions after a collision occur. The third presented model is an essay where it has been 

evaluated the behaviour of the system when it is adapted according the arrival rate. The following 

section is presented the system adapted according to the collision probability. On section 3.5, we 

continue with the investigation of the previously adapted model introducing some changes and 

comparing it with previous models. At section 3.6 we studied the difference between two important 

parameters (MxPKT and MnPKC) and their impact on the system. At the following section, we have 

changed the way of adapting the system because we have introduced new parameters and new factors. 

On this section, we have proposed adapting the system making a continuous study of the collision 

probability on every instant. On Section 3.8, we have continued to develop the model viewed on 

section 3.7 introducing some improvement. At the last two sections, it is presented the last model with 

some changes at its adaptation. This model is the one that better adapted and the one that got better 

results. 

 

Each evaluated model is presented in a separate section and each section (each model) is presented 

with the following structure: 

 

a) Studying and understanding the case: at this point the model, that has been studied usually 

comparing it with its predecessor, is explained. Also it is presented why we have chosen this 

kind of model, the differences form the previous models and how the model can contribute to 

the investigation. Models are presented at the functionality level, how they work and also the 

new parameters used for manage the model are introduced. In addition, at this section the 

parameters that have been studied in the model are presented, the reason for choosing them 

and the used range of values. 
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b) Simulation and Results: At this section we present the obtained results from the simulation of 

all parameters that have been mentioned in the previous point. Then each of the presented 

figures and the obtained results are explained. Also it is commented and explained the 

characteristics of each figure and why we have obtained these values.   

c) Analysis and conclusions. At this section the results are evaluated and it is discussed the pros 

and cons of the model. Moreover, the model and its results are compared to previous models. 

At the end of this section, it is made a brief introduction of the next model is provided, it is 

evaluated the current state of the work and it is exposed new possible paths. 

 

Finally, in the last two parts of the work are presented the Discussions and the final Conclusion. At the 

Discussion part is summarized the main results and the important factors of each model and finally, at 

the Conclusion part is presented the final result and the obtained goals.
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2 Theory 

2.1. Systems and Simulation Models 

Simulation is a tool that allows us to reach conclusions without working directly with real deployment 

scenarios. Simulations are particularly useful when it is not possible to work with a real deployment 

scenarios or it is too risky or too costly to perform experiments on it. Previous to a real engineering 

system implementation, an engineering team normally carries out a simulation analysis with a properly 

working tool, as for example, in automotive applications, in the design of new drugs, in network 

designs, in aviation projects, in numerical systems or in electronic designs. When a simulation is 

performed, there is a specific purpose for which it is carried out. Further extensive testings are needed 

to reach consistent conclusions, i.e. all done simulations require several experimentation processes. 

 

Previously to the design, the aim of the simulation must be clear. In a Computer System, objectives of 

the simulation are usually classified into two groups: the ones to estimate the average response time of 

the system and the ones to estimate the maximum system capacity (maximum number of requests per 

time unit that can support the system). Some examples are: estimating the average delay of packets in 

a networktopology, estimating the average response time of a database, estimating the maximum 

number of simultaneous clients that can support a server, etc. 

 

2.2 WSN Technology 

Wireless sensor networks (WSN) technology has developed very fast in the last years. We have moved 

from infrared technology that connects two devices point-to-point with short distances to modern 

technology as "ZigBee" which is used in wireless personal area network (WPAN). This new 

technology is able to connect more terminals in longer distances and with higher speed. Other wireless 

technologies existing nowadays are WI FI technology for local area networks (WLAN), "WiMAX" 

technology for WMAN networks, long-range cellular (GPRS) or the development of M2M wireless 

communications technology. WSN technology is considered one of the most promising future options 

and for this reason, manufacturers like Microsoft, Motorola, IBM and Intel are investigating and 

developing it. 

 

WSN are based on low-cost devices and nodes which are able to get information from their 

environment, process it, and transmit the information by wireless channel to a central processor. In 

complex systems, nodes act like elements of the infrastructure for forwarding and guiding the packets 
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that have arrived from their neighbours to the central node. These nodes are composed by a sensor, a 

radio transmitter and receiver, a microcontroller (CPU) and a battery. The sensor gets information 

from the environment in different points and this information is converted in electric signals. It 

controls different conditions like temperature, sound, vibration, velocity, pressure, pollution, lighting, 

humidity or motion. It can be fixed in one place or it can be mobile to get information from different 

points.  

 

There are several topologiesto distribute the sensor inside the cluster network. The most used is the 

meshed network but also sensors can be distributed in a tree way and in a star way. In all of them, 

sensors are connected to the gateway, which is the connection bridge to other clusters. This fact allows 

to save energy since clusters are small and sensors do not need to spent too much energy for 

transmitting a signal, the connections between cluster and nodes are near and simple. Furthermore, it 

improves the range and the redundancy inside the network. Generally, networks have a dynamic 

topologybecause sensors can move inside the system, but it produces that nodes have high probability 

of failure since they can enter and leave the system.  

2.2.1 Important facts to considered in WSN 

An important fact that has to be considered and studied in WSN is the security inside the network. The 

wireless term is associated to "unreliable and unsafe" because it is technology that offers more 

facilities to the intruders to penetrate the system if it is compared with other technologies. The main 

detected attacks are: denial of service, attacks on information in transit, Sybil attack, 

blackhole/sinkhole attack, flood attack and wormhole attack. In order to fight these attacks, it is 

necessary to create security services which give sturdiness and reliability to the system. It could be 

achieved with cryptography techniques, steganography or with a physical layer secure access [5]. 

 

As it was mentioned before, the lifetime of the sensor is an important aspect because it is sometimes 

impossible to change the battery of the node. Technological improvements that increase the capacity 

of the batteries are progressing slowly and nowadays battery lifetime is too short for these 

applications. Hence, we have to search for the best energy efficiency of the system. There are several 

studies and investigations on this field but a model which works for all the cases does not exist yet. 

Depending on the environment and the system characteristics, the proposed model will be different. 

For this reason, we should find a good one for our system and it must have low delay. It has tried to 

base a system that could be implemented in a forest to prevent fires. It is desired to have very low 

delay and that the system works well for high values of arrival rate 
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2.2.2 Duty-cycling in WSN 

Duty cycling (DC) is employed in many existing MAC protocols. By following DC, nodes turn their 

radios on and off periodically to avoid idle listening in order to save energy. Sensors can be in three 

different states during one cycle. 

 

a) If nodes have packets to send, they are going to content together for transmitting. For good 

transmission, only one node can transmit into a cycle and this node will be in transmission 

state. 

b) Nodes can be into a receiver state. It will occur when a node is the receiver and it will remain 

awake until the end of the transmission or until the end of the cycle. 

c) When a node is not the transmitter neither receiver, it will be put into "sleep" state. 

 

For good system behaviour and good transmissions, it is desirable low duty-cycle. Sensors which are 

not the transmitter and neither the receiver in a cycle, they should spend the maximum time into 

"sleep" state. They only wake up for listening to the channel and if they do not have packets in their 

queues or they are not the receivers, as fast as possible they should go to sleep. As it has been seen in 

previous points, another important way to categorize MAC protocols in wireless sensor networks is 

the mode in which they access to the channel because only a sensor can send packets in a cycle. The 

system must have defined some rules for controling the access. This fact is very important because if 

the control is good, the throughput can be higher, there will be less collisions into the channel, 

transmission delay will be lower... Besides, power consumption has to be as small as possible. This 

fact may be reached when sensors are not transmitting and neither receiving, they must be in a "sleep" 

cycle. But it is tricky deciding when they should be "sleeping" or listening to the channel [11]. 

 

There are two different types of protocols which control this fact: synchronous and asynchronous 

protocols.  A lot of differences exist between them and each one is used depending on the system 

goals. The main difference between them is that in synchronous protocol all nodes wake up at the 

same time for listening to the channel and in asynchronous protocol each node wakes up in a different 

time. For this reason in the frame of synchronous protocols also synchronization information is sent. 

This is not necessary in asynchronous protocols. 

2.2.2.1 Synchronous MAC protocols 

Synchronous protocols have been designed for eliminating idle listening and therefore saving energy. 

To do this, time is divided into cycles. All the cycles have the same legth. At the beginning of each 

cycle, all stations wake up and if a station has packets to be sent, it contends with other nodes, which 

have packets, for accessing to the channel. If a node does not have packets, it listens to the channel 
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until it knows the receptors in this cycle. When each station knows who the receptor is, the receptor 

node waits awake for receiving the packets while all other stations are put into sleep mode. 

All nodes are synchronized for waking up and listening to the channel at the same time in each cycle. 

In these protocols all the packets have a maximum size because the transmission must not last longer 

than a cycle. Nevertheless, synchronization protocols have an overhead problem since all nodes should 

listen to the channel either if they are receptors or not. Between neighbouring nodes sleep-wake-up 

frame are sent. This packet is named "SYNC packet" (synchronization packet). For high traffic into 

the channel, this fact is efficient but for low traffic it is useless because the system expends more 

energy exchanging synchronization information with neighbouring nodes than sending packets 

information [4]. 

 

Depending on the type of information to be sent, time cycles can have a longer or shorter size. The 

system can be adapted depending on the traffic rate in the channel, but the time of the cycle is 

normally too small to get that the channel will be never empty. In some synchronization protocols, all 

cycles are not constant since each one has a different time depending on each transmission and packet. 

To get this, transmitter node must send the duration time, which will spend for transmitting its packet, 

to each station. The investigation will not focus on this type of transmissions since in this project is 

used the most common Synchronous Protocol: the S-MAC duty-cycle protocol. As we will see, in this 

protocol all cycles are equal size [4][11]. 

 

The first synchronous duty-cycle MAC protocol designed for wireless sensor networks was S-MAC. 

In this protocol, the cycle length is fixed and it is determined by MAC layer contention window size. 

In contrast, listening cycle and sleeping cycle size could change their length depending on the duty-

cycle defined. Besides the SYNC packets, S-MAC also utilizes some flow control signals for ensuring 

successful transmission. These flow control signals are RTS (Request to Send), CTS (Clear to Send), 

DATA (information from the sensor) and ACK (Acknowledge). When a station wins the contention, it 

sends a RTS to its receiver. When all others stations read the RTS packet, they realize that they are not 

the receiver and go into sleep state. When the receiver reads the RTS packet, it replies with a CTS and 

in this moment it is ready to receive. If the transmitter does not receive the CTS in an established time, 

it goes to sleep state. If it receives the CTS, this means that everything is correct and it may send the 

DATA because channel is free for transmitting and only this station may do it. Finally, when receiver 

has received the DATA packet correctly, it sends an ACK to the transmitter and it is put into sleep 

state. If one of the control signals does not arrive in time or arrives to the wrong station, the 

communication is cancelled and all stations are put to sleep state until the next cycle. In spite of the 

flow control signals, some collisions occur because more than one station can win the contention or 

maybe some stations are not configured correctly and it does not follow channel rules [12]. 
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Giving a brief description and more details of S-MAC protocols, the cycle time of this protocol is 

divided into cycles with equal length. Each cycle is divided into two cycles: active or sleep cycle. In 

active cycle, nodes can be in two differents states:  nodes can be in a synchronization (sync) state with 

its neighbours (it occurs for aligned the nodes) or they can also be in a transmission mode (data are 

transmitted). The packet sent at the sync cycle is named SYNC packet. This packet carries the address 

of the transmitter and the time of its next active cycle. When a neighbour node reads this information, 

it knows the characteristic of its neighbour and they are able to coordinate for wake up at the same 

time of the next active cycle. For the transmission occur, the system needs some rules to establish 

which node has privileges for transmit at each cycle (this will be explained at the following sections). 

During the entire sync cycle, all nodes remain awake to listen the channel and avoid missing SYNC. 

Instead, in a transmission state nodes can be in an active or sleep cycle depending if they are the 

transmitter or the receiver at this cycle. The transmission of the packets is done using CSMA/CA 

method using a random backoff time for determine which node can transmit at each cycle. When a 

node has finished to transmit and the backoff time has expired, a node sends again the SYNC packet 

for the next cycle and start again another transmission. At this moment, a node with packets at its 

queue sends a RTS. If this node is the winner of the contention, it receives a CTS and it can start the 

transmission with DATA frames. A node which loses the contention is put into sleep cycle until the 

next SYNC cycle at the following scenarios [13]: 

 

a) If it does not receive the CTS and its backoff time expired,  

b) If its RTS is collided 

c) If its CTS is lost 

d) if it receives a ACK (this means that other node has won the contention) 

 

When this occurs and only one node is going to transmit, the channel is free and the transmission node 

can send its packets. These steps occur for each cycle until the simulation end.   

 

2.2.2.2 Asynchronous MAC protocols 

These MAC protocols are similar to synchronous protocols but the great difference is that each station 

wakes up at different times in a cycle and not all stations at the same time. The main purpose for 

which these protocols were designed, is for reducing overhead. Previous studies showed that with 

these duty-cycle protocols, higher energy efficiency can be got compared with synchronous protocols. 

Depending on the system, some parameters can change for getting better performance. Like 

synchronous protocols, waking time, sleeping time, the length of the cycle and the energy 

consumption may be modified for being adapted to the system. They can be modified but once they 
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are established, they cannot be changed and they will remain constant during all the simulation time 

[4]. 

 

One of the most characteristic and most studied asynchronous protocols has been X-MAC, see Fig. 11. 

In this protocol each station wakes up and listen the channel at different time than its neighbours. This 

offset time between stations is randomly. There is not synchronization between them and therefore, 

they do not need to send SYNC packets to other stations. When two or more stations wake up at the 

same time and both of them have packets to send, they send the preamble at the same time and 

collisions occurs. Comparing with S-MAC protocol, X-MAC protocol improves energy efficiency 

since the overhead is smallest, it has lower latency and higher throughput, as it has been seen, both of 

them have problems with collisions [14] [15]. 

 

 

Fig. 11. X-MAC diagram [15]. 

 

To establish the connection between transmitter and receiver, transmitter sends small preambles with 

the receiver direction in each cycle. Between the emission of two consecutive preambles, there is a 

pause in which the transmitter listen to the channel for knowing if a station has answered its packet. 

Preambles are small and with the same information because the transmitter does not know when the 

receiver will wake up. This fact decreases the overhead because if a station, which is not the receiver, 

reads the packet, it will go to sleep until the next cycle (it knows that in this cycle it cannot send and 

neither receive packets). When the receiver station receives the preamble with its direction, it sends an 

ACK back to the transmitter instantaneously. When transmitter receives the ACK, it stops sending 

preambles and it begins to send data information. Only the receiver can send the ACK and this means 

that the channel is free for communicating between them until the cycle time is finished. If any station 

has packet to send in some cycles, the channel will be empty until the next cycle. Then, stations are 

continuously waken up listening to the channel although there are not transmitters. When a station 

wakes up, it listens to the channel and it does not find any preamble, it waits a certain time and then 

goes to sleep. This certain waiting time is the same as the duration of a preamble and the waiting time 

of the sender [15]. 
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2.3 Simulation Environment 

2.3.1 Queuing model for duty-cycled nodes 

For creating a simulation scenario, firstly there has to be a model rules which define the duty-cycle. 

All nodes must have equal characteristics and in general support the same load. This fact does not 

always occur in a real deployment scenarios, but we are going to considered it in our simulations. In 

our model it is assumed that packets arrive randomly and independently to nodes. The buffer size is 

limited and equal for all nodes. The system can work without retransmissions and with 

retransmissions. If the system works with retransmissions, the collided packets will not be deleted, if 

not, they will be deleted. Only one packet transmission is allowed per cycle, and if it fails and 

retransmissions are supported, nodes will retry in furure cycles. The length of DATA packets is the 

same for all transmissions and for all sensors. For getting access to the channel, a node with packets at 

its queue must content with its neighbours for transmitting in this cycle. In our traffic model, the 

destination node is chosen with equal probability among the cell nodes. Depending on the simulation 

goals, in some simulations the arrival rate will be equal for all sensors and in other cases each sensor 

will have its arrival rate. Another important parameter is the Window Size (W). All sensors can have 

the same W or they can have different W value. As mentioned previously, depending on the goals of 

the system it will have a specific configuration for each simulation. Nodes serve their queues 

following a FIFO (First Input, First Output) discipline. This means thatelder packets in the queue are 

served first. 

2.3.2 Simulation environment for our model 

As we will see, it is very difficult to design a simulation environment for each specific case. 

Depending on the field of work and its goals, the programme will be changed and adapted. We are 

going to study a common S-MAC environment, rather than a specific environment, for implementing 

it to real deployment scenarios. The system, which we are going to developed, has been studied in 

previous works [4],  and my contribution is to improve and understand better its characteristics. For 

this reason, the parameters and values used and displayed below have been used in previous works and 

we have not chosen them.  

 

Generally, a node (also called Service Station) is characterized by the following parameters and 

aspects [2]: 

 

a) The packets arrival rate to the station (λ). Number of packets arriving at the node in a cycle 

b) The service rate (μ): Number of packets served for the node in a cycle.  

c) The spent time to serve each packet to the station. 
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d) The number of stations/nodes in the system (N). 

e) The capacity of the system, this means, the maximum number of packets that can be expected 

to be served (Q). 

f) The service policy, i.e., how the system organizes the processing of customers waiting in the 

queue (in our case FIFO way). 

 

The parameters used in the system can be fixed or variable. The number of nodes in the system or the 

length of the queue are some of the fixed values. In a real deployment scenarios, the system can have 

more than thousand nodes, each of them connected to another one. For simplify the system, our model 

only works with 10 equal nodes. The queue length is another important fact. Depending on the sensor 

model, the queue length can be bigger or smaller. In our model is considered that each node only can 

admit 10 packets in its queue. 

 

As it has been studied and shown at the scientific paper [4], we are also going to work with the 

parameters provided by the electronic company "Moog Crossbow" [16]. The energy expenditure 

parameters are already predetermined. The expended power for transmitting is defined by "txp" and it 

is considered 52.2 mW/s, the power expended in reception is "rxp" and it is considered 59.1 mW/s. 

When nodes are in a "sleep" mode they do not expend energy, "sp"= 0 mW/s. For this reason, nodes 

which do not participate in the transmission at this cycle should be put in "sleep" cycle as soon as 

possible. Furthermore, once the transmitter and receiver node have finished their communication but 

the cycle is not finished, they must remain the rest of the cycle in "sleep" mode. We have considered 

the same energy expenditure to send a DATA, SYNC and for answering the RTS and CTS (these 

values are shown below). 

 

To calculate the delay it is necessary to specify the duration of each operation, because it is not used 

the same time to send the DATA than to send the SYNC packet. These values cannot change between 

cycles and during the entire simulation they remain constant. In a real deployment scenarios, when a 

sender has finished the transmission, it is put into "sleep" cycle but in our simulation programme this 

fact is not considered. The cycle time used in "ms" is [16]: 

 

"SYNC"= 0.18 ms 

"RTS"= 0.18 ms 

"CTS"= 0.18 ms 

"DATA"= 1.716 ms 

"ACK"= 0.18 ms 
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Another important parameter is the simulation time. We have considered all the cycles with the same 

duration, 5e6 cycles. In a real deployment scenarios, the number of cycles is infinite or it lasts until the 

system has a fail but, for studying its behaviour, this value must be finite. This number cannot be too 

small because the system should stabilize to see its behaviour. In some occasion, this value will be 8e6 

cycles because with 5e6 is not enough. Only one transmission can take place in a cycle regardless it 

has finished with or without collision. 

 

As it has been mentioned previously, the system has some fixed parameters but it also has some 

variable parameters. The system uses variable parameters for reflecting real deployment scenarios and 

also for adapting the system to get better performance. One of these parameters is the arrival rate. This 

is a variable parameter because packets arrive to each node depending on the system state, the time, 

the number of nodes... During some simulations this value will remain fixed for all nodes and for the 

entire cycle but in some simulations, this value will change and it will not be the same for all nodes.  

 

Another important variable parameter is the Contention Window (CW). CW is used for controlling the 

channel access for transmitting. Depending on the value of this parameter, the system will have higher 

or lower number of collisions. At each cycle, each node, which has packets at the queue, competes 

with its neighbours for getting access to the channel. Before nodes compete for transmitting, a 

randomly CW value between 0 to CW-1 is assigned to each node. The node with smaller value of CW 

will win the contention and therefore, it will transmit in this cycle. If more than one sensor has the 

same CW value as its neighbour and this value is the smallest one, collision will occur. For this 

reason, if CW value is small, the system has higher probability of collision than if CW is high. We 

normally use CW=128 (the value has been obtained from paper [16]) but in several simulations CW 

has been changed for adapting and improving the behaviour of the system. To choose the value of 

CW, it has been considered the formula below Eq. (1), where "n" is an integer number between 1 to 6: 

 

CW[n] = 128*n;                                                                                                                                     (1) 

2.4 Simulation Program 

One time has been exposed the simulation environment it is time to be clear the main  characteristics of 

our simulation program. Some of them have been explained previously, but here is listed the mainstay 

of our model.    

 

 For each node the program maintains a finite queue that contains the packets to transmit. This queue is 

going to be empty and full of packets constantly. If in this cycle a packet arrive to the queue, the queue 
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is incremented and if in this cycle the node transmits a packet successfully, its queue is decreased in one 

packet. 

 

 A node is active when it has packets in its queue. Only if this condition occurs, the node will participate 

at the contention for transmit in this cycle. If a node does not have packet for transmit in this cycle, it 

listens the channel and after that, it is put into "sleep" mode.  

 

The simulation program is structured as a finite loop in which each loop runs indepently from the other 

ones and a cycle of operation in the real network is simulated.For each loop the following operations 

are performed: 

 

a) Generation of backoff timers by active nodes. Each node, which has a packet in its queue, 

participates at the contention for transmitting. To perform de contention, the system assigns to 

each active node a random backoff timer value. When the cycle is finished, these values are 

reset.  

b) Selection of the nodes with the lowest backoff timer value. The node with lowest value gains 

the contention. It is active in this cycle and it can transmit.  

c) If only one node has the lowest value (successful transmission), the queue of this node is 

decremented by the number of packets transmitted. 

d) If multiple nodes coincide with the lowest value (collision occurs, failed transmission), the 

retransmission counter is incremented and depending on the model, the affected packet is 

deleted from the queue or is going to retransmit again.  

e) New packets arrive to the nodes. Depending on the arrival rate, at each cycle the number of 

packets at the queue can be incremented. It is managed by a Poisson distribution.  

f)  After finishing the loop, some variables are actualized and some other are reset for preparing  

the new cycle. 

g) Repeating the loop: the loop is repeated as many times as it has been scheduled. In a real 

deployment scenario, the loop is normally unlimited but for our simulations, it is limited for 

getting the results. 

 

When the loop has been simulated in all defined cycles, it is time to get the results. Depending on the 

model, we have studied a different parameters. Normally, in all models the Delay and the Collision 

probability results have been evaluated. However  in some other  models, apart from them, the number 

of retransmissions, the number of a specific parameter or the probability of empty queue have also 

been evaluated. 



Alfredo Francés Galiana PERFORMANCE ANALYSIS OF DUTY-CYCLE MAC PROTOCOLS IN WIRELESS SENSOR NETWORKS 

 

15 

2.4.1 Delay analysis 

It is very important to know the delay between the time in which the action has occurred and the time 

in which the information is processed. This time must be as small as possible. The communication 

should be fluently and with few collisions. To understand the importance of this fact, let's see a real 

example. In fire prevention, each second is important and in a few seconds the fire can spread very fast 

and it would be more difficult to control. For this reason, the system delay should be controlled and 

studied. 

 

There are different ways to calculate the time of delay into a S-MAC system. For understanding the 

method used in our system, we have considered two delays but in order to simplify the operations both 

delays have been calculated together. The first delay is the time that packets are waiting into the queue 

until they are at the head of the queue. The second delay is the time used by the packets from their 

arrival to the head of the queue until they are transmitted. 

 

We have considered and calculated the total delay with a simple subtraction. To do this, it is necessary 

to use "tokens" for controlling all packets that enter to the queues. When a packet arrives to the node, a 

"token" is assigned and it determines in which exact cycle the packet has arrived (arrv_t[tkn]). As the 

system works in a FIFO (First In,  First Out) way, the packet would leave it when the previous packets 

had already left. In the cycle in which the packet is transmitted (Nslot), the time that the package has 

been at the queue (Delay) is calculated with a subtraction between the number of the output cycle and 

the input cycle. Eq. (6):    

 

Delay = Nslot - arrv_t[tkn]                                                                                                                     

(6) 

 

The obtained delay is the number of cycles between the entrance of a packet at the queue and its exit. 

In this way both delays mentioned at the previous paragraph are calculated. The delay is calculated for 

all packets at each node. With all delay values that we obtain, the average delay is calculated. As it 

will be shown in future sections of this work, there are some parameters that affect the delay. 

Depending on the values taken by these parameters, the delay can be higher or smaller. These main 

parameters are: the arrival rate, the service rate, the queue size, if the system has retransmission and 

the quantity of packets inside the node. 

2.4.2 Probability of collision analysis 
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Another important parameter that we will study for each model is the probability of collisions. It is 

desirable that the system works without collisions but in many cases, it is impossible. Transmission 

systems normally have some problems as for example: when more than one packet collides or some of 

them do not arrive to their receiver because they have been lost along the way. We consider that 

collisions occur when several nodes transmit different packets at the same cycle. When this occurs, the 

channel cannot support both transmissions and it fails. For this reason, probability of collision must be 

studied and considered in a simulation transmission model. In previous studies, it has been shown that 

this probability has to be around 2%. If probabilities are greater than 2%, the system will be 

considered inefficient, and also, this fact introduces greater delay to the system. 

 

This factor is easy to study in a simulation programme because each satisfactory or unsatisfactory 

transmission can be counted. As the delay, there are different facts and parameters that affect the 

probability of collision. If the arrival rate is high, the number of collisions increases, and also, the 

higher the number of nodes at the system is, the higher the collision probability will be. The next 

section, 3.6, shows how this fact can be used for adapting the system. 

2.4.3 Probability of empty queue analysis 

Another important parameter which we are going to study in our systems is the probability that nodes 

do not have any packet at their queues. For studying and understanding each simulation it is very 

important to know the number of packet that the system has in each moment. With this parameter, we 

can know the state of the system and its performance. Each node only accepts a certain number of 

packets in its queue. The nodes used for our models only accept 10 packets in its queue. When a queue 

is full of packets (the queue has already 10 packets) and a packet wants to enter, it is not accepted and 

thus it is deleted. This fact is undesirable for the system goals because old packets are transmitted and 

new packages are not accepted and they will never be transmitted. 

 

As it has been mentioned the system has the control of each packet. This fact allows us to know the 

probability to have empty queues. This probability mainly depends on the arrival rate. The system 

works properly if the arrival rate is the same as the output rate. If this occurs, normally all nodes have 

packets to send and queues are not completely full of packets. Packets can arrive to nodes at each 

cycle but they only can leave the node if the node has won the contention and if the transmission has 

finished without collision. 

2.4.4 Retransmissions analysis 

Simulations with retransmissions or without them have been studied in different previous works and 

each scientific researcher has taken the method that best suits his system. Some of the previous models 
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have been designed with retransmission when a collision occurs. However, other models have been 

designed without retransmissions; this means that if a collision occurs, affected packages are deleted. 

Depending on the goals of the simulation and the characteristics of the system, retransmissions are 

desired or undesired. 

 

Now, we will see some examples. When a queue node is full of packets, retransmissions are not 

desired because it is better removing old packages and sending new ones. With this method empty 

queues can be reached faster than with retransmissions methods. But in some cases this fact is not 

desired. Each collision affects at least two packages and if these packages are not retransmitted, 

important and necessary information can be lost. So, when the arrival rate is small and the queues of 

the nodes are empty, retransmissions are desirable. When the arrival rate is higher than the service rate 

(as it will seen, this parameter is related with the probability of success access and with the MxPKT 

value) and the packets are lost because they do not enter into the queue, retransmissions are less 

desirable and they can decrease the system performance. 

 

At the simulation programme, this fact is easy to control and design. Depending on the system and its 

characteristics, in some simulations our model will have retransmissions and in other cases our model 

will not have them. Normally, our model will work with infinite retransmission or without any 

retransmission. 
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3 Process and results 

Before delving into great detail each of the studied models, it is done a brief flowchart of this part. 

Note that we have not followed a previously established work plan. We have evaluated a model and 

after getting its results, we have decided the next step to follow. As we have already mentioned, the 

starting point of the work has been an existing model proposed by a researcher and also its code. We 

first have evaluated this model and then, we have tried to improve its results. 

 

The first studied model is the legacy model. The results of this model have been the starting point for 

the following ones. First of all we have understood how it works and which the important 

characteristics of the model are. As detailed in the following sections, the obtained results are quite 

improved and they gives us margin of improvement. Once its results are evaluated, we note that the 

first point of improvement is to add retransmissions. In the first proposed model, the legacy model is 

compared with the proposed retransmission model. As we will see, the results are a little bit better for 

the system with retransmissions that without them. 

 

After studying the initial model and the model with retransmissions, the second chosen path to 

improve the system has been to increase the number of packets transmitted per cycle and also the 

minimum number of packets for a node to contend. As we will see, the obtained results have improved 

the initial results and we have noted that it is very important to set these values correctly (if they are 

properly defined the system improves its results but if they are not, the obtained results can be worse). 

Furthermore, we have visualized the system behavior for different values of packets transmitted per 

cycle and their relationship with the arrival rate. 

 

At the following model, we have adapted the system by establishing a ceiling of collision probability 

and also, some flexible parameters have been defined to help to decrease the collision probability of 

the nodes. It has been considered as flexible parameters: the range of backoff timer value, the 

maximum number of packets transmitted by cycle and the minimum number of packets for a node to 

contend  (in this model, the last two parameters have the same value). That is, if with the initial values 

a node exceed the maximum collision probability, the value of the flexible parameters is increased. 

That gives to the system an adaptation according to the collision probability per node. We have 

checked several values of collision probability (2%, 4% and 8%) and we noted that the system has 

better behaviour with 2% of maximum collision probability. Finally, the obtained values of this model 

have been compared with the obtained values in the previous model. The system presented, if it is 

compared to previous models, has a significant improvement. 
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Having reached this point, we have decided to turn around how to adapt the system and perform the 

adaptations in a different way. Hereinafter, the new adaptation models are based on an analysis of the 

obtained results before changing the configuration parameters. Each node starts working with defined 

value of the maximum number of packets transmitted by cycle and the minimum number of packets 

for a node to contend. The node will work several cycles with these parameters and during this time 

will obtain indicators of the collision probability. Once it is reached the number of established cycles, 

the node changes these values and the node works with the new configuration during a established 

cycle. After exceeding the value of established number of cycles, the node configuration changes 

again and the node works with the new configuration during a certain number of cycles. When it 

finishes, the node has obtained three indicators of collision probability. The three values are compared 

and the node will work with the configuration with less collision probability. With this configuration 

the cycle starts again. As we will see, this new way of adapting the system will improve the results 

compared to previous models only if it is found the correct value of its parameters. 

 

In the following model the previous model is analyzed in more detalls. The model has better behaviour 

than its predecessors but for this to occur, the chosen values have to be properly defined. One of the 

important parameters is the number of cycles that the node is taking samples. Depending on this 

configuration, the node can spend so much time working in an incorrect configuration and during this 

time, it is introducing too much delay to the system or it may lose too much packets. 

 

And finally, in the last two sections of the work, we have tried to simulate the new model with more 

similarities to a real deployment scenario. In both sections, nodes are divided into two blocks. All 

nodes at the beginning of the simulation work with the same arrival rate but at a certain cycle, half of 

the nodes change their arrival rate and thus they should adapt to the new environment. As we will 

check, this change will modify the operation of nodes which have not changed. As we will check, this 

change will modify the operation of nodes which have not changed their arrival rate. Depending on the 

defined configuration parameters of the system, the response time used for adapting the nodes to the 

new environment will be different.  

3.1 Queuing model for duty-cycled nodes 

For creating a simulation scenario, firstly there has to be a rules model which defines the duty-cycle. 

All nodes must be equal and with the same probability for transmitting and also for receiving. This 

fact does not always occur in a real deployment scenarios, but we are going to considerit in our 

simulations. In our model it is assumed that packets arrive randomly and independently to the receiver 
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and the transmitter node. The queue length is fixed and equal for all nodes. The system can work with 

and without retransmissions. If the system works with retransmissions, the collided packets will not be 

deleted, if not, they will be deleted. Each cycle only has one possible transmission and if it fails, 

another transmission will be impossible until the next cycle. The length of DATA packets is the same 

for all transmissions and for all sensors. For getting access to the channel, a node with packets at its 

queue must content with its neighbours for transmitting in this cycle and all of them will have the 

same probability to transmit. Also, each transmitter node chooses randomly its receiver neighbour at 

each cycle, because there are no favourite nodes established.   

 

Depending on the simulation goals, in some simulations the arrival rate will be equal for all sensors 

and in other cases each sensor will have its arrival rate. Another important parameter is the Window 

Size (W). All sensors can have the same W or they can have different W value. As mentioned 

previously, depending on the goals of the system it will have a specific configuration for each 

simulation. The system works in a FIFO (First Input, First Output) queue way. This means that the 

first packet, which arrives to the sensor, will be the first one to be sent and the last packet will be the 

last one to leave the node. 

3.2 Important fact to consider for the simulations (Existing 

programme) 

As it has been commented previously, there are some important facts to be considered about this 

technology and for understanding the simulations that have been done. The system should save energy 

but at the same time the delay and the probability of collision should be as small as possible. All these 

parameters are strongly related to the arrival rate. It is very difficult to do a simulation programme 

with identical behaviour in the real deployment scenario because some of the real parameters are not 

possible to reflect in a simulation system.  

3.2.1 Studying the existing programme 

As it has been mentioned, my work is separated in two different parts. The first part is based on the 

understanding of the existing programme, how S-MAC protocol works and how it has been designed 

in a simulation program. Below you can find the main facts of the existing programme and the main 

parameters used. 

 

These variable are: the maximum value of tokens (TKMAX), the maximum number of sensors at the 

system (NSEN), the maximum number of packets at the queue (QMX), the contention window (CW), 

the number of sensors at the system (N), the number of packets allowed at the queue (Qmax), the 
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arrival rate (lda),  maximum number of packets transmitted when winning the contention (MxPKT), 

minimum number of packets for a node to contend (MnPKC), the maximum number of  simulations in 

slots (TSim)  and values for calculating the service rate (m and b). In order to simplify the study and 

simulation of the system, we are going to work with a reference node. This node is exactly the same 

(with the same characteristic and same privileges) that all other nodes. All parameters and simulations 

will be taken from this node. This node is named Random Node (RN). 

 

Thirdly all variables used at the main programme are declared, as: the variable which controls in 

which cycle the simulation takes place (Tcle), the variable which defines how many sensors are 

contending to transmit (N0), the number of accepted packets at the RN queue (num_parr), the number 

of packets accepted by the RN (num_pacc), etc. Fourthly, the strings used for the simulation. These 

strings are: the queue of each node (Q[NSEN]), the string which saves the value that each node 

contends for transmitting (Wb[NSEN]), and some more strings which are used for calculating the 

statistics and performance of each node. Once all variables have been declared, it is time to initialize 

them. It is done with an internal sub-programme. All variable are normally initialized to zero, but 

some of them are initialized to one or a different value. For initializing the strings, loops for scroll 

through all the boxes are needed.After the initialized sub-programme, all other sub-programmes which 

will be linked at the main programme are defined.  

 

 

At the beginning of the main programme some variables, that only will be used inside this, are 

declared. These variables are only declared here because these are not general variables. They are 

specific variables not used at the sub-programmes. The time of execution of the programme is 

controlled and displayed at the screen.  

 

Once all variables have been initialized and some nodes have already packets at their queues, it is time 

for starting the transmissions. The system is designed for executing this transmission loop "TSim" 

times (to get reliable results, "TSim" is 5e6 cycles). Inside the loop, the first commands are some loops 

for generating the back off time. For each node with packet at its queue is assigned randomly a value 

for competing for the channel. This random value is done with a "random" function and it gives to 

each node an integer number between 0 and CW-1. The node with minimum number will transmit its 

packet. Once the transmitted node is known, the important parameters needed for calculating the 

probabilities and the statistics are calculated and saved. 

 

As it has been mentioned in this work, it is very difficult to have control of all nodes. For this reason 

this code only has the control of one node, the RN, but it is not a problem because all nodes have the 

same probability and characteristics as the others nodes. So, when the transmitted node is known, we 
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consider that the system can have five different states at this transmission cycle: The RN is the only 

node which transmits, the RN and some others nodes are the transmitting ones, only one node 

transmits and it is not the RN, more than one node transmits and none of them is the RN and any node 

transmits. 

 

It cannot happen any different case from these five ones. After that, once the variables have been 

actualized with the new parameters, the simulation program jumps to the arrivals sub-programme for 

preparing the stage for the next simulation. Finally, the "NSlot" variable is incremented in one and the 

system jump to the beginning of the loop. If "NSlot" arrives to "TSim", the simulation program will go 

outside the loop and it will jump into the "Report it" sub-programme. When this subprogramme has 

been executed and the obtained values have been saved, the simulation is hereby terminated. 

3.2.2 Simulations of the existing programme 

. Simulations were initially performed to contrast them with the simulations performed by other 

researchers on previous studies. The first simulations were done for studying the behaviour of the 

system and comparing our simulation results with previous ones. As the existing programme was 

designed in "Microsoft Visual C / C ++ simulation program ", all our simulations and future 

development programmes will be done with this languagest. Subsequently, the results have been saved 

into numerical strings in a ".txt" files and then, they have been simulated and treated using "MatLab" 

software. All figures have been obtained using this method.  

 

Starting with the simulations of the system, the first simulation was done for checking the behaviour 

and characteristics of the system. The next simulations are done without having changed any 

parameter of the existing programme. We have only done the simulation for different values of some 

variables. The first parameter evaluated was the retransmissions. In general, the main programme was 

designed without using retransmissions. Analyzing this fact, we consider that it is unfair, as it is not 

possible that when a collision occurs between several packets, they will get lost. This issue has been 

discussed in section 3.3.5 of this paper. In the following figures it can be observed as the system has 

been evaluated with '0' retransmission, "1" retransmission, "2" retransmissions and for infinite 

retransmissions (as we must put an entire number, it has been considered that 10 retransmissions are 

endless).  

 

Furthermore, for simulating a real deployment scenarios it is considered that the packet arrival rate is 

between 0.5 packets per second and 5.5 packets per second. As we are performing discrete 

simulations, we want to know the system behaviour for different arrival rate. We have taken six 

different arrival rates (λ = 0.5 Packets/cycle, λ = 1.5 Packets/cycle, λ = 2.5 Packets/cycle, λ = 3.5 

Packets/cycle, λ = 4.5 Packets/cycle and λ = 5.5 Packets/cycle). In the following figures, at the top of 
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each one is shown the most important continuous values to consider for the simulation. For these 

simulations it has been considered that the number of nodes in the system is 10, each queue node can 

store up to 10 packets, the windows size is 128 and only one packet can be transmitted at each cycle 

(MxPKT = 1). 

 

In the first figure , Fig 12. The PDR (Packet Delivered Ratio) is represented. The formula used for this 

simulation is shown by Eq. (7) below, where "Nwin [RN]" is the number of packets successfully 

transmitted by the RN and "num_parr" is the number of packages accepted at the RN queue. 

 

𝑃𝐷𝑅 = 𝑁𝑤𝑖𝑛 [𝑅𝑁] 𝑛𝑢𝑚⁄ _𝑝𝑎𝑟𝑟                                                                                                              

(7) 

 

The differences between "Nwin [RN]" and "num_parr" are: 

1. The packages that are lost because they do not enter at the queue node (when they arrived to 

the node, the queue was already full and therefore they are eliminated). 

2. The packets which have been affected by the collisions and they do not reach to their 

destination.  

The second case can be corrected by increasing the number of retransmissions. The following figure, 

see Fig. 12., shows the PRD for 0' retransmission, "1" retransmission, "2" retransmissions and for 

infinite retransmissions. 

 

 

Fig. 12. PDR 

 

From fig. 12 we can observe the behaviour of the system for different values of arrival and how this 

parameter affects the number of retransmissions. All four simulations are almost identical and 

simulations with 1, 2 and infinite retransmissions are absolutely identical. Only a small improvement 
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is observed for small values of arrival rates when retransmissions are allowed rather than when they 

are not. Furthermore, for λ = 2.5 Packets/cycle, without retransmissions the system has better 

performance than with retransmissions. This occurs considering that the service rate (μ), when λ = 2.5 

Packets/cycle, is lower than λ (this fact is mentioned at the section 2.4). Taking into account the 

information mentioned  in section 2.4: 

 

a) For λ <μ, 100% of the arriving packets to the node are transmitted properly. 

b) When λ = μ, the system with retransmissions, 100% of arriving packets to the node are 

transmitted correctly and without retransmissions this percentage decreases a little bit.  

c) For λ >> μ, few packets are transmitted and the system collapses. 

 

These facts can also be observed in the next figure, see Fig .13. In this figure the relation between lost 

packets and offered packets to the node is represented. 

 

 

Fig.13. Ratio between lost packets and offered packets 

 

This relationship follows the following equation,  Eq.(8) where "NwinC [RN]" is the number of 

packets that suffered a collision coming from RN plus the packets which have not been entered at the 

queue of the RN (packages which have not been transmitted) and "num_parr" is the number of 

packages accepted at the RN queue. 

 

𝑁𝑤𝑖𝑛𝐶 [𝑅𝑁] = 𝑁𝑤𝑖𝑛𝐶 [𝑅𝑁] 𝑛𝑢𝑚⁄ _𝑝𝑎𝑟𝑟                                                                                             

(8) 

 

Both previous figures, Fig. 12. and Fig.13.  are inverse. It can be seen that they have inverse shape 

since both figures are related Eq. (9) and they have the same characteristics mentioned above. 



Alfredo Francés Galiana PERFORMANCE ANALYSIS OF DUTY-CYCLE MAC PROTOCOLS IN WIRELESS SENSOR NETWORKS 

 

25 

 

𝑛𝑢𝑚_𝑝𝑎𝑟𝑟 = 𝑁𝑤𝑖𝑛[𝑅𝑁] + 𝑁𝑤𝑖𝑛𝐶[𝑅𝑁]                                                                                              (9) 

 

In the previous simulations, we have observed the relationship between the numbers of transmitted 

and lost packets. In the next figure, see Fig .14. ,  is shown the number of lost packets during a 

simulation for different values of arrival rates. It is normal that for small values of arrival rate, the 

number of lost packets and the number of transmitted packets are small. This figure confirms what has 

been shown in the previous figures, the difference between the model without retransmissions and the 

model with retransmissions is negligible. 

 

Fig. 14. Lost packets 

 

For small values of the arrival rate, the number of lost packets is zero. For high values of λ (λ > μ), the 

number of lost packets is high, reaching to lose more than 1.5e6 packets per node in each simulation, 

considering that each simulation has 5e6 cycles. 

 

On the other hand, the delay of the system has also been studied with this programme.  This field has 

been explained in the section 3.3.2. In the figure below, see Fig .15., the figure delay of the original 

programme can be seen. 
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Fig. 15. Delay 

 

Time delay is the elapsed time between the time that the packet reaches the queue node and the time 

that the packet is transmitted and it arrives to its destination. As it is a FIFO system, the last arrived 

packet must wait at the queue until its previous packages have been transmitted. For this reason, time 

delay is directly related to the arrival rate and the service rate. For λ <μ, the system works perfectly 

and the packets are transmitted quickly. It occurs because not many packets are accumulated at the 

queues nodes and the queues are quickly emptied. This fact is represented at the figure when the 

arrival rate is between 0.5 and 1.5 packets per second. With this value, the delay is approximately 

zero. When λ> μ, the delay time begins to increase quickly. The higher the difference between λ and μ 

(λ>>μ) is, the higher the delay will be. This occurs because when λ is large, more collisions will occur 

(all nodes try to transmit packets and only one node can transmit per cycle) and queues of nodes are 

always full of packets. Time delay increases until the system is collapsed. At this point, for the highest 

values of λ the delay is the same and it remains constant. On the other hand, in the figure we can see 

the difference in delay when the system works with retransmissions than when they are not permitted. 

The delay is a little bit smaller when the system has retransmissions than when it does not have them. 

This fact is understood since when retransmissions are not permitted, queues get empty faster and the 

delay of the lost packets are not calculated because packets have not arrived to their destination. 

3.2.3 Analysis and Conclusion 

Having studied these figures, we can conclude that the system behaviour depends heavily on the 

arrival rate. Many system parameters depend on this value since the value of the arrival rates implies 

that the system has many or few packets. It is preferable to have small arrival rates because the system 

works without collisions, it has fewer packets to be transmitted, the lost packets are less and the 

system delay is very small. In real deployment scenarios, the arrival rate varies greatly and it is never 

constant. For instance, in the case of fire safety when there is no fire, the transmitted packets are very 
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few (arrival rate is small), but when fire occurs, there will be more packets to be transmitted and in 

this moment we need that the system works quickly and without losing information, since each packet 

can be essential. To improve the behaviour of the system, another parameter that could be changed is 

the service rate, the higher the value of μ is, the greater λ might be. In the actual simulated model, it is 

considered the service rate is constant during the entire simulation (it is considered 1,5 

Packets/cycle·N). 

 

Within the obtained results we can also observe that retransmissions are desirable in some cases but 

for other cases they are not so essential because the obtained results are almost the same. This fact 

does not play a great role in the obtained simulation results because retransmissions are often 

negligible. Next simulations will keep studying this factor but finally we will decide to work with 

infinite retransmissions. Looking the code and all existing parameters, we have noticed that there are 

some values and parameters that can be modified to improve the system performance. That is why, my 

challenge is to improve the system performance adding new parameters and changing some values. 

These changes will introduce more complexity to the system. In the following section of the work, we 

are going to study and introduce some methods for trying to improve the system performance and 

make it more efficiency. 

3.3 More than one packet is transmitted per cycle 

3.3.1 Studying and understanding the case 

As we have been seen in section 3.4., for high values of arrival rates (λ >> μ) the system collapses. It 

is because queue nodes are always full of packets. This fact causes that all nodes want to transmit and 

more collisions occur in the system. To prevent this fact to happen, we have analysed and done some 

changes at the existing code. The first thing proposed is the possibility that the transmitting node does 

not only send one packet per cycle, but several packets at the same cycle. It is not possible that several 

nodes transmit at the same cycle because the channel can only bear one of them. Instead, we can send 

into the same cycle more than one consecutive packet. This also affects the nodes requirements for 

participating in the transmitting contention. It means that, a node does not attempt to access to the 

channel for transmitting the packets until it does not have a certain amount of packets at its queue. 

This new requirement can be implemented at the code but it has to be considered that some fields must 

be modified, for example, the packet transmission time will increase. However, the spent time for the 

transmitter to listen to the channel and the spent time to establish the connexion between the 

transmitter and receiver will not be affected, and they will not change. Once the connection has been 

established, if a node transmits two packets, the spent time to do it will be double than previously. On 

the other hand, the energy used at the transmission will also be increased. This energy is contrasted 
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with the saved energy produced in the system since it will have fewer cycles with transmissions 

because transmitters will connect fewer times with their receivers. 

 

All changes done for adapting the system to the original programme are shown below: 

 

a) At each cycle, only nodes which at that moment have the same number or more number of 

packets in their queues than the established constant Minimum Number of Packets to Contend 

for Node (MnPKC) must compete for the channel. If a node has fewer packets at its queue 

than this constant, it will wait until it has enough packets in its queue, and only then it will be 

able to participate in the contention.  

b) The node, which has won the contention, will transmit as many packets as it is established at 

the MxPKT constant (maximum number of packets transmitted when winning the contention). 

For this reason MxPKT has to be always greater or equal than MnPKC. 

c) In our system, it is considered that MnPKC and MxPKT constants have the same value.  

d) When a transmission has finished without collision, the queue of the transmitter node is 

decreased in MxPKT packages.  

e) When a transmission has finished with collision, all packets will remain at the queue node 

(packets are not deleted) and these packets will be sent again in another cycle when the 

transmitter node wins the contention again. 

3.3.2 Simulations and results 

As it has been seen at the previous section 3.2.2, the behaviour of the system for a system with one 

retransmission packet, system with two retransmissions or system with infinite retransmissions are 

minimal. In order to simplify the simulations, we are going to simulate the system only in two 

different ways: system without retransmissions and system with infinite retransmissions. The 

following figures have been represented for different values of MxPKT and it can be seen the 

importance of this parameter, in which way it affects to loss probability, to the total packets 

transmitted, to the delay and also it is studied how this parameter affects to the probability of empty 

queue in the node (P0). 

 

Starting with the study of lost packet probability, the figure below, see Fig.16., shows the lost packet 

probability of the system obtained when the simulation has run. The simulation has been done for 4 

different values of MxPKT (blue figure for MxPKT=1, red figure for MxPKT=2, green figure for 

MxPKT=3 and the black one for MxPKT=5).  Other general parameters are also shown at the top of 

the figure: N=10 packets, Q=10, packets and CW=128. 
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Fig. 16. Lost packets Probability 

 

For λ <μ, the probability of lost packets is very small and for most of the studied cases it is zero. 

However, for higher arrival rates λ> μ, this probability starts to increase proportionally with the arrival 

rate value. Moreover, it is also seen that for largest MxPKT values, the lost probability is lower. This 

parameter is strongly related with the lost probability. This relation makes sense because for high 

values of MxPKT, in the system there are fewer collisions and queues are emptied more quickly. E.g., 

for λ >> μ (λ = 4.5 Packets /cycle) the probability of lost packets is 60% for MxPKT = 1 and instead, 

when MxPKT = 5, the lost probability is less than 3%. The difference between both cases is greater 

than 50%. Retransmissions also affect the lost packet probability because when the system works with 

retransmissions, lost packet probability is less than when there are not retransmissions. The figure 

shows that with retransmissions, the system can improve more than 5% the lost probability and this 

improvement occurs regardless the MxPKT value. 

 

The studied parameter MxPKT, as it has been seen, it is directly related with the lost probability and 

also with the number of packets transmitted. In the following figure, see Fig . 17., it is represented the 

total number of transmitted packets during a simulation. All packets transmitted correctly in the 

system have been represented (packets transmitted by the 10 nodes). 
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Fig.17. Total Packets Transmitted 

 

The previous figure can help us to understand some important parameters. The larger the value of the 

arrival rate λ >>μ is, the greater will be the number of packets transmitted. In turn, when the value of 

MxPKT was higher, more packets have been transmitted. This parameter has a great importance on 

the number of sent packages, because of this value is increased in one unit, the system can send twice 

more packets. The figure 17 represents the transmitted packets for MxPKT = 1 (blue), MxPKT = 2 

(red), MxPKT = 3 (green), MxPKT = 5 (black) and MxPKT = 10 (yellow). E.g., for λ = 3.5 

packets/cycle, with MxPKT=1 the system transmits less than 4.5e6 packets. However, with the same 

value of the arrival rate but with MxPKT = 2, the system can transmit more than 9e6 packets (it must 

be known that the system works with 5e6 cycles). Also, this figure clearly shows that there exists a 

value of λ, that for higher values, the system breaks down. For higher arrival rate of this value, the 

system is not going to send more packets because it is already working at peak performance. Since at 

the figure high values of transmitted packets are represented, we cannot see the difference of the 

number of transmitted packet when the system works with retransmissions and when it works without 

them. If we get the results numerically for each case, we found that this difference is larger than 2e5 

packets in some cases.        

 

For this model, the Delay has also been studied. The obtained figure from this study can be seen at the 

figure below, see Fig.18. As in the previous figure, this parameter has been studied for different values 

of MxPKT and when the system works with retransmissions and without them. 
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Fig. 18. Delay 

 

Analysing this figure, we can get some conclusions. We must take into account that the Delay value is 

preferable to fulfill two factors:1) it should be as low as possible  (a few ms) and 2) it should be linear 

without depending on the arrival rate value. Looking at the figure 18, we found that for no value of 

MxPKT both conditions occur. 

 

For small MxPKT values (MxPKT=1 and MxPKT=2) when λ <μ, the results are very good, since the 

delay is very small (Delay between 0 ms and 0.5 ms). This is understandable because nodes queues are 

never full of packets and the system works with low performance. However, when λ> μ, the system 

gets the worst delay results, as these are very high (Dly Between 7 ms and 9.5 ms). For this range of λ, 

the system does not work properly, because collisions occur and the transmission is not fluent. 

For intermediate MxPKT values ( MxPKT between 3 and 5) when λ <μ, the system has delays from 

1ms to 2 ms. These results are worse than in the previous case, but on the other hand, for large values 

of  arrival rate (λ> μ), the obtained results delay are better than with smaller MxPKT (the obtained 

delay is between 2.5 ms and 5 ms). Furthermore, we can see that with MxPKT=5, the delay for all 

studied rank of λ is linear (second condition desirable). 

 

For large MxPKT values (MxPKT> 5), for the entire studied rank of λ, the delay is linear. This delay 

must be considered high because it is between 3 ms and 5 ms. The delay may be considered acceptable 

when λ>μ, however, it is too high for small arrival rate. 

 

Like the obtained delay of the original code (previous section of this work), the retransmission fact can 

be observed at the delay parameter. When retransmission occurs, the results are a little bit better 

because the delay is not calculated for the lost packets. Depending on the MxPKT value, 
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retransmissions are more important or less. For small values of MxPKT, the system with 

retransmission has most significant improvement that for high MxPKT values. 

 

And the last studied field is the "Probability of empty queue" (Pi_0). We have decided to study this 

field because it shows how the system is working for each arrival rate value and for each MxPKT 

value. The result of this simulation is shown in the figure below, see Fig.19. 

 

 

Fig.19. Probability of empty queue 

 

As it can be seen at the figure, for small values of arrival rates (λ <μ), the probability of empty queues 

is higher than for high arrival rate values (λ>μ). For small values of λ, the system works slowly 

because there are not so much packets at the system. When a packet arrives to the node, it leaves 

quickly. However, for high values of λ, all nodes have a lot of packets in their queues and normally, all 

nodes participate at the content for transmitting. In this case, it is more unlikely to have empty queues. 

On the other hand, MxPKT parameter also plays an important role in this simulation. E.g., when the 

arrival rate values are high and all nodes have their queues full of packets, the system is more efficient 

if at each successful transmission the win node empties its queue completely rather than if this node 

only empties its queue one packet. For this reason, for high λ value, the system has better performance 

with higher number of MxPKT than with small value of this variable. 

3.3.3 Analysis and Conclusion 

Having studied the results of the simulation, we can get some findings. First of all, increasing values 

of MxPKT the system preformance improves. The system has lower "lost probability" with higher 

values of MxPKT than with lower ones. Also, for high values of MxPKT, more packets are 

transmitted. For high values of MxPKT the system has some bad results. One of them is the delay. 
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E.g., if MxPKT is 5 and in this instant all nodes have only one packet at their queue and the channel is 

free, any node can transmit because they do not have enough packets. This fact produces high delays, 

for this reason if λ is small it is preferable smallest MxPKT value. This characteristic is confirmed 

observing Pi_0 figure. 

For this reason, we cannot determine what is better for the system (large or small values of MxPKT). 

Depending on the situation, it will decide the value of MxPKT. In some real deployment scenarioss, it 

is desired to have the least possible delays at the system (it will work with small MxPKT) and in other 

real deployment scenarioss, we will prefer to send as many packages as possible. For this reason it is 

better that the system works in an adaptive way. Depending on the environmental characteristic at the 

moment, the system should be adapted for getting better performance. Now, our study will be focused 

on finding an adaptive model for the system. 

3.4 System adapted for different values of collision probability 

3.4.1 Studying and understanding the case 

As we have seen in the previous section 3.3, the system must be adaptive. We are going to study 

different ways of adapting the system and we will compare those using pros and cons. The first 

proposed option is to adapt it depending on the collision probability that has each node at each cycle. 

To do this, this probability must be evaluated continuously and for all nodes. The adapted variables are 

MxPKT (as the previous case, it is considered that MxPKT=MnPKC) and also CW (previously, CW 

has been considered fixed, but some studies has shown that it is a good variable to adapt the system 

and it is used to improve the system performance). Going more in depth with the implemented 

programme, first of all we must consider the results of the previous studied system because we are 

going to continue working with it and modify some of its parameters. The first one is MxPKT. For 

adapting the system, it has been considered to use four different values of MxPKT(it only takes 

integers values between 1 and 4, both inclusive). Initially, all nodes are initialized with MxPKT=1 and 

after that, depending on the characteristics of the system, this value will be incremented or will remain 

constant.  

 

On the other hand, the other adapted parameter is CW. In the previous model this parameter was a 

constant value, CW=128. Also, it has been seen that this parameter is deeply related with the collision 

probability. For higher CW values, the system has less collision probability because the value assigned 

to the node for contenting to transmit has bigger rate. It makes less probable that two nodes have the 

same value. In this model, this value can take 5 different values (These values are: 128, 256, 384, 512 

and 640). All nodes are initialized with the smallest value, CW=128.  
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As the system is adapted combining two parameters, each possible combination of these two variables 

is determined with a different value of T [N] (This parameter is set to define the possible relationships 

between the different values of CW and different values MxPKT which can work the nodes. Each 

combination between this two parameters are defined with a number and this relation is finite because 

both CW and MxPKT are finite and integers numbers). Therefore, each node have 20 possible states 

ranging from T[N]=1 to T[N]=20. Each value of MxPKT can be combined with each possible value of 

CW. 

Now, we will explain the methodology and how we made the decisions for adapting the system 

according the collision probability. It should be noted, that we have used this model because it has 

been studied by other scientists previously in similar cases. This model has been sufficiently tested and 

we have considered it an appropriate one for our system. 

 

When a node wins the contention, two options can occur in the transmission: Option A, only one node 

has won and the transmission has been successful, and Option B, several nodes have won and the 

transmission has suffered a collision. Considering this fact, the Collision Probability (CP) is calculated 

using the formula below Eq. (10). In each cycle in which a node transmits, only option A or B can 

occur, for this reason and using percentages, it is defined that "Cycles that win the contention" is 100% 

(cycles that a node wins the contention). On the other hand, it is considered that the percentage of 

"Collisions" is n%. 

 

𝐶𝑃 = 𝐶𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑠 𝐶𝑦𝑐𝑙𝑒𝑠⁄ 𝑡ℎ𝑎𝑡𝑤𝑖𝑛𝑠𝑡ℎ𝑒𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑖𝑜𝑛 = 𝐵 (𝐴 + 𝐵)⁄ = 𝑛 100⁄                                            

(10) 

 

As the formula shows, "n" parameter controls the Collision Probability at the node. This can be seen 

well with an example. Considering that "n"=10, if a node transmits 100 times, 10 out of these 100 

times, the transmission will end with collision. Considering that not more than 10 collisions (of these 

100 transmissions) are accepted for the system, if a node suffers 11 collisions each 100 transmissions, 

the system node works outside the rank. This fact cannot be accepted because it does not meet the 

design specifications and therefore, this mistake has to be corrected. To do it, the solution is changing 

its T[N], because if it is increased in one unit, it is probable that this node will suffer less collisions. 

But this parameter cannot be changed each moment because nodes and the system will never get 

stability. To control this fact probabilities are used. 

 

When a transmission has finished successfully, if T[N] of this node is not at the minimum value of this 

node (T[N]>1), it will be decreased in one unit with probability (1/100-n). In the previous example, 

the node will only decrease its T[N] once each 90 successful transmissions. If the transmission has 

been satisfactory and T[N]=1, the node will keep its current T[N] value. 
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When the transmission has finished with collision, the node will increase its T[N] in one unit (if T[N] 

is already at the maximum value, T[N]=20, it cannot increase more and it will remain with this value) 

with probability (1/n). In the previous example, the node will increase its T[N] once each 10 cycles in 

which its transmission has finished in collision. 

 

The present model has been obtained after several models and the study of different ways of adapting 

the system. First of all, we have studied an adapting system only with a MxPKT variable and CW was 

fixed to 128. In this case, T[N] range was only with 7 options (T[N] between 1 and 7, this means 

MxPKT=1 is the minimum and MxPKT=7, the maximum value for adapting the system). The 

obtained results were not good because nodes was always with T[N]=7 for large values of arrival rate. 

After checking the obtained results, we noted that nodes needed another extra parameter for adapting 

them and getting better results. This extra parameter could be CW since it is directly related with the 

CP and it can take several values. 

 

After making this decision, we have tested and studied how to combine these two parameters. Each of 

these two parameters provides different characteristics to the system. It is not desired to have high 

MxPKT values since it introduces large delays, but also, it should be considered that CW is a 

hardware parameter of the sensor. We cannot choose a very great CW value because it will not 

represent a real physical system. For this reason, we have considered the best option to use four 

different values of MxPKT and five different values for CW. This provides 20 different states in order 

to adapt the system. Another important fact is how these states are distributed and ordered. They must 

be ordered in a proper way to get continuity and stability in the system. The chosen way has been 

started with the lowest CW and for this value, the combination of each MxPKT starting with the 

smallest one. When all four MxPKT values have been used for the first value of CW and the node 

does not fulfill the established collision probability requirements, the node will switch to the next CW 

and to the lower value of MxPKT. We will be testing until the last combination which is for the 

greatest MxPKT value and the greatest CW value. 

3.4.2 Simulations and results 

As in previous models, for this one it has also been studied the lost probability, the delay and the 

probability of empty queue parameters. Also, it has been studied a figure with the T[N] average. It has 

been established a maximum collision probability of packets for adapting the system. This value has 

been established between 2% and 8% because it is considered that for smaller probability the real 

deployment scenarios is not represented and with greater values the system has too much collision. If 

we consider a CP lower than 2%, it is very difficult to get this probability because all systems have 

faults and if we consider larger CP values than 8% is not good since the system is not effective. 
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The first studied parameter is the loss of packets (lost packets by collisions and packets which do not 

enter to queue node), see Fig. 20. The system has been simulated three times with different values of 

collision probability. These simulated values are the minimum percentage established (n=2), the 

maximum established value (n=8) and one more value between both (n=4) has been taken. These 

values have been simulated for different values of λ (for these simulations, the range of arrival rate has 

been incremented because with λ=5.5packets/cycle the system does not get the steady) 

 

 

Fig.20.Collision Probability.  

 

The blue line shows the results when the limit of CP is established in a 2%. For small values of λ, 

nodes do not reach the established CP limit, but when λ increases (λ>5), the figure is continuously 

over the limit. This means that nodes are looking a T [N] for decreasing their collision probability. The 

same happens with CP = 4% (red line). For small arrival rates, their collision probability does not 

reach the established limit, but for large arrival rates, nodes work with maximum probability. In 

contrast, for CP = 8% (green line) nodes do not reach this probability limit, since their established 

collision probability is too high. In this case nodes are stabilized at 5.6% of collision probability. For 

higher value of established CP, nodes have the same behaviour than for CP=8%. 

 

In the following figure, see Fig. 21. the system behaviour can be observed perfectly and how it works. 

The average T [N] for each arrival rate for each value of CP is represented. As it has been mentioned 

in the previous paragraph, T [N] parameter ranges from 1 to 20, where  

 

(T [N] = 1) -> {CW [N] = 128; MnPKC [N] = 1; MxPKT [N] = 1;} and, 

(T [N] =20) -> {CW [N] = 640; MnPKC [N] = 4; MxPKT [N] = 4;} 
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For small collision probabilities, CP = 2%, nodes tend to take greater values of T [N]. In this case, 

nodes do not get stability and they cannot work under the established CP. They can only achieve the 

limited probability increasing their T [N]. For small arrival rates, nodes achieve the established 

probability without changing their CW (only with smaller values of T [N]=4). But for large arrival 

rates, nodes suffer many collisions and they must increase their CW until very high value for 

achieving the established CP. 

 

 

Fig.21. T. Average 

However, for higher values of CP, nodes achieve the established limit without needing large CW. For 

a CP= 4%, nodes use 2 different values of CW (128 and 256), this means that with T [N] = 8 is 

sufficient. To get the CP= 8%, node only needs one value of CW. This is because this value is very 

high and the system does not have problems to achieve the desired behaviour. The three figures tend to 

adapt at high values of arrivals rate, but depending on the CP, the adaptation is produced at small 

arrival rate values or at highest values. Green and red figures are adapted faster than the blue figure. 

Another important factor to take into account is the deviation that occurs when the T [N] average is 

calculated. These results are obtained after the programme is executed 6 times and the meaning of all 

simulations has been calculated. Each simulation is initialized with different random values of the 

parameters. For this reason some deviation at the final results is produced. As we can see at the figure, 

each obtained point may vary between 1 and 2 consecutive T [N] values either upwards or below. This 

value is larger for small values of CP. 

 

After simulating and studying these two figures, we can draw some conclusions. We see that it is 

possible to get small collision probability but to get this, CW must be increased. Based on the above 

models, we see that this model improves the probability of collisions but it is only improved if CP is 

limited to small values as 2%. For higher values of 2% it is considered very high probability of 

collisions and this fact cannot be considered correct since the system loses too many packets. That is 
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why, we are going to study the delay behaviour of this model and the probability that the queues are 

empty. These two simulations have been performed only with CP=2% and they are plotted on the 

same figures that have previously been seen. 

 

The following image shows the delay when CP = 2%, see Fig .22. This Delay is represented with a 

yellow figure and also in the same picture the delay for different values of MxPKT is represented. The 

blue figure represents the behavior of the system when MxPKT is set to 1, the red figure for 

MxPKT=2, the green figure for MxPKT=3 and the black figure for MxPKT=5. 

 

 

Fig. 22. Delay 

We see that this model improves the delay for some values of the arrival rate. Studying in more detail 

the figure, it shows that for small arrival rates, this model achieves very small delays (for small arrival 

rates, the yellow figure is generally lower than all others figures). For higher arrival rate (λ>3.5), green 

and black figures are below the yellow figure. This means that with MxPKT equal to 3 and 5 (non 

adaptive system), their delay has better behaviour. Also it can be seen that with greater λ (λ>5.5), the 

delay of the adaptive model increases very fast. This fact is not desirable. 

 

Also we have studied the probability that nodes have with empty queue. This parameter was already 

studied in the previous model and the new result has been plotted at the same figure obtained 

previously for comparing them. This model is plotted using yellow figure. This can be seen in the 

figure below, see Fig.23. As in the above figure, it is only shown the adaptive model for CP = 2%. 
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Fig.23. Probability of empty queue 

 

Comparing the obtained results between both models, we find that with an adaptive model this 

parameter has not been improved. Studying the figure according to the arrival rate, for small arrival 

rates (λ <2.5) nodes have more probability to have empty queue when MxPKT is fixed at 2, 3 or 5 

packets than with an adaptive model. This is not favourable because this probability is very small and 

it may be improved. For larger arrival rates (λ> 2.5), the empty queue probability decreases with 

higher λ values, reaching a 30% for λ = 5.5. At this point, with MxPKT = 5, 90% of the times empty 

queue are achieved. The difference between them is significant and one of the reasons that this 

happens is because nodes use as maximum MxPKT = 4 and for greater MxPKT value, the empty 

queue probability gets better behaviour. 

3.4.3 Analysis and Conclusion 

Once seen and studied all four figures obtained from this model, it is time to draw conclusions from 

this proposed model. This model has been created after various tests and the used one had been the 

most consistent. In general, this model improves the results obtained above, but these are not enough. 

Simulating the model with CP = 2%, the obtained collision probability is clearly very good since this 

model has been adapted based on this parameter and it is not possible that the system has higher 

collision probability. This, on the contrary, causes that other parameters will not be improved if they 

are compared with the previous model. To get this good probability, it is necessary to use 20 different 

T [N] values. This implies high CW values, reaching up to CW=640. This value is difficult to control 

at real deployment scenarios, because it is an internal sensor parameter and this parameter does not 

depend on the software, it is controlled by hardware. 
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The last two figures studied show that this model improves both studied parameters (delay and 

Probability of empty queue) for some values of the arrival rate if they are compared with the previous 

model. In general, for small arrival rates the model has good performance, but when the rate is high, 

the delay and the probability of empty queues are not good. Also, these parameters do not have a 

linear behaviour and this is not desirable. For improving these two parameters, one solution is to 

modify the code introducing higher MxPKT values. Another option is to change the adaptive model, 

ie. adapting the system with another variable parameter such as the average delay, packet loss, arrival 

rate ... The problem of adapting the system with some parameters is that the value that is based on 

adapting the system gets good behaviour but this implies getting worse behaviours in other 

parameters. At the following sections new different ways to adapt the system are studied and they are 

compared with this one. 

 

3.5 System adapted for different values of collision probability. 

Difference values of MxPKT and MnPKC 

3.5.1 Studying and understanding the case 

Once we have discarded to follow the models seen in the previous section, we are going to study in 

more details the parameters MnPKC and MxPKT. These two parameters have been explained in 

section 3.5 but now we want to understand the importance of these two parameters to get better 

results. Remembering the significance of these parameters, MnPKC is “minimum number of packets 

to contend for a node” and MxPKT is “maximum number of packets transmitted when winning the 

contention”. A node does not participate at the contention if at its queue does not have more packets 

than the established MnPKC. But, once a node can contend and it wins the contention without 

collision, it has the entire channel for transmitting. This means that it can transmit only one packet or 

also it can transmit all packets that it has in its queue. If it only transmits one packet, the transmission 

time is lower than if it transmits more packets. If it transmits all packets, the transmission time is 

higher but it can save time since the system will have fewer contentions. This also affects to the 

number of collisions that will be lower. 

 

It is impossible to define which one of these options is better without a previous analysis. These two 

parameters are deeply related to other system parameters, like: the value of arrival rate, if the system 

has retransmission or not, number of system nodes, the length of the queues, etc. And an important 

thing is that depending on the value of MxPKT, DATA parameter will be higher or lower. In this 

section the model shown at section 3.6 for different values of MxPKT and MnPKC is going to be 

simulated. In the first two figures, we will see the difference delay between MnPKC is equal to one 
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and MnPKC is equal to two for different values of MxPKT. In the other figures, we are going to 

compare the results of empty queue when MnPKC is equal to two and MnPKC is equal to three for 

different values of MxPKT. 

3.5.2 Simulations and results 

Once the system has been programmed and tested, all obtained results have been put together to be 

compared. All simulations have been performed with the same parameters as in previous models, 

namely: N=10 nodes, Q= 10 packets and CW=128. The first evaluated parameter has been the Delay. 

We have decided to represent only the values of MnPKC equal to 1, 2 and 3 because just with them, it 

is enough to understand the behaviour of the system. Having into account that MnPKC and MxPKT 

cannot be an integer value higher than 10 and it cannot also be lower than 1, we have decide to 

represent MnPKT covering all the range. The chosen values are: 1, 2, 4, 6 and 10. Taking into account 

these considerations, the obtained results can be seen in the chart below, see Fig. 27. 

 

 

Fig. 27. Delay 

In the figure, we can observe how the delay is lower for lower values of MxPKT than for higher value. 

This fact is coherent because nodes transmit a higher number of packets since they leave faster the 

queue. Moreover, as it has been seen during all previous simulations, the higher the arrival rate values 

are, the higher the delay will be. The MnPKC=1 signals have been represented with continuous lines 

and the MnPKC=2 signals, with dashed lines. Depending on the arrival rate range, dashed lines are 

above or below the continuous lines. For MnPKT=2, when the arrival rate is between 0.5 and 2.5, 

nodes have higher delay than when nodes work with MnPKT=1. The difference is more or less 0.5 

ms/cycle. For higher arrival rate values, the delay is lower with MnPKT=2 than with MnPKT=1 until 

the system collapses and for both cases it has the same behaviour. Another important fact is that for 

higher values than 4 of MxPKT, the delay is nearly the same. There is not a big difference of delay for 

MxPKT =4, 6 or 10. The system works almost in the same way since the system tends to stabilize 

itself for high values of MxPKT. 
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Now, the figures for MnPKC equal to 2 and 3 will be compared, see Fig.28. As we expected, for small 

values of arrival rate (λ<2.5), the delay does not depend on the MxPKT parameter but it depends on 

the MnPKC parameter. When MnPKC is 2, the delay is lineal to 0.5 ms/Cycle and when MnPKC is 3, 

the delay is higher (1.1 ms/cycle). For high arrival rate values, this difference disappears and the delay 

is a little bit higher than previously. In this figure, we can see how the delay is more or less the same 

for values of MxPKT higher than 4 and the system has the same behaviour regardless the MxPKT 

parameter. 

 

Fig.28. Delay 

 With the obtained figure we can see clearly the behavior of the system and we can obtain conclusions 

about how the system is working at each moment. As it has been seen in previous models, the Delay, 

the probability of empty queue and the probability of collision are deeply linked. Despite of the fact, it 

has been represented the probability of empty queue for the same simulations as for the Delay. Two 

figures have been represented, one comparing the obtained results for MnPKC =1 and for MnPKC=2 

and the other one comparing the results for MnPKC=2 and for MnPKC=3. Both plots are seen below 

and will be explained together, see Fig. 29. and Fig. 30.   
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Fig.29. Pi_0 for MnPKC=1 and MnPKC=2.     

           

 

Fig. 30. Pi_0 for MnPKC=2 and MnPKC=3 

 

As in previous figures, in these ones we can seen how the system is collapsed in different points 

according to the MnPKC and MxPKT parameters. For higher value of MnPKC and MxPKT the 

probability of empty queue is higher because when a node wins the content it is more probable that all 

packets leave the node and the queue gets empty. Also, the system has fewer collisions with these 

configurations. In these figures the factors that have been explained at the delay can also be seen. For 

MxPKT equal or higher than 4, the system has almost the same behaviour and the difference between 

the obtained results is small (at the second plot, green and black lines are overlapping). The system 

works better and it is most likely that the nodes are empty with large values of MnPKT than with 

small values. An important factor is that for larger values of MnPKC, the system has the same results 
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and behaviour regardless the MxPKT value. This is seen with dashed lines on the second figure. For 

small arrival rate values, the dashed lines are overlapped.  

3.5.3 Analysis and Conclusion 

 

With these four figures, we have seen clearly the behaviour and the trend of the system when we 

increase the values of packets sent when a node wins the contention and the value of the minimum 

number of packet that should have each node to compete for transmitting. The system behaviour is 

strongly related to the arrival rate. For small value of arrival rate (λ<2.5) and small value of MxPKT 

and MnPKC, nodes have less delay but in contrast they have small probability of empty queues. 

However, for higher value of arrival rate (λ>2.5) the system has better response if MxPKT and 

MnPKC are higher. But not for all high values of these two parameters the system has better behaviour 

because for certain high values of these parameters the system does not improve their behaviour and it 

works in collapse mode. At this point, it matter if MxPKT and MnPKC are put to 3, 6 or 8, because for 

all these three cases the system has similar response. 

 

Putting a real example, if there is a network of sensors in a forest for fire prevention, when there is not 

fire, the system has a very small arrival rate but when there is fire, packet arrival rate grows very fast. 

This step can occur in less than one second and the system can take several seconds to be adapted. If 

this change does not occur successfully, many important packets can be lost. In this scenario, it is also 

possible that every node wants to transmit faster and no node transmits because collisions take place. 

For this reason, the system has to be adapted faster and it has to work with the same behaviour and 

more or less with the same probability of collision and delay for all possible scenarios. This model 

does not meet our expectations. Due to this fact and since we have tested some models and none of 

them has covered all our expectations, we are going to change radically the model and try to adapt the 

system using others characteristics and techniques. The system has to be adapted and it cannot be 

dependent only on one parameter, for this reason we are going to search models which adapt the 

system and give to it high performance in almost all analysed parameters for a large range of values. 

3.6 System adapted according to the obtained collision 

probability values 

3.6.1 Studying and understanding the case 

As it has been said in the previous model 3.5, from now on we will redirect the adaptation of the 

system by using another technique. Firstly, we have evaluated different ways of adapting the system 

based on different documents and examining the existing model. We are looking for a system which 



Alfredo Francés Galiana PERFORMANCE ANALYSIS OF DUTY-CYCLE MAC PROTOCOLS IN WIRELESS SENSOR NETWORKS 

 

45 

anticipates the massive influx of packages in a very short time and that would be able to anticipate the 

collapse of the system. Also, we are looking for a model that does not change its characteristics if it is 

not necessary, this means that if the system is getting good performance, it has not to be modified 

neither its variables. If the system is working well, this will remain working in the same way until the 

yield system falls down. 

 

After several studies and several studied options, finally we have decided that our new model will base 

on listening to the system and it will be adapted according to the obtained information. That is, before 

adapting the nodes by changing some of their parameters, nodes will listen to the system and they will 

get some samples of their behaviour. After that, depending on the obtained values, we will modify the 

parameters of the node or it will remain with the same parameters. Initially, nodes will adapt according 

to the probability of collision that they have at each moment. In a first model, we will work with 

variables that only depend on software. Like in the previous model, we are going to study the system 

with only one variable: the MxPKT (according to the results seen in the previous model is considered 

MxPKT = MnPKC).  

 

Firstly we are going to explain the changes made to the code to understand the new model. The model 

used is based on the management of tokens and the management of packages. With this model it will 

keep track of all packets entering each node with the help of the token which is assigned to each 

packet. That means, it will be assigned to each new package the next consecutive token. When a 

packet is sent successfully or it has exceeded the allowed number of retransmissions, the packet is 

considered killed and so the token assigned to this packet is also considered killed and this token 

becomes free. The number of tokens is limited whereby tokens are re-utilized for future packets. As 

tokens are assigned consecutively to the previous, in our system the maximum number of tokens 

which are assigned at the same time is 100 (considering that the maximum number of packets at the 

same time to the system are 100, because there are 10 nodes and each node can only have 10 packets 

at its queue). 

 

It has been considered using 500 tokens, values ranging from 0 to 499. Once you have assigned the 

token 499, the following one might be 0, since there will be supposedly no package assigned to this 

token because this should have been released previously. With this model, we can know at any 

moment how many packages are in each node and in particular when the package has reached the 

node. The model keeps track of each token and it registers the arrival time of each packet and the 

moment when the packet leaves the system. This model will allow us to know more accurately the 

delay of each packet at any given time. To perform this control and to store documentation of the 

packets it has been necessary to use arrays. It is very important to implement correctly this token 

management since the system cannot have any mistakes. If an error occurs and one token is not 
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released, the delay of this token (the delay of the assigned packet) would be very large so the result 

would not be correct and true values are not obtained. In addition, the system should keep a proper 

monitoring of tokens. To do this, some new variables have been introduced and all of them are 

presented below: 

a) tk_first_free: first token free. Next token to be assigned.  

b) tk_last_free: it is not the value of the last token released; it is the value of the oldest token 

used. 

c) tk_num_ocup: number of tokens use in the system at any given time.  

d) TKMAX: constant which determines the number of tokens at the system. As mentioned, it is 

defined to 500. 

e) queue_head[sens]: array where the tokens that are at the beginning of the queue of each node 

are saved. The packets assigned to these tokens are the first ones to be transmitted 

f) queue_tail[sens]: array where the tokens that are at the end of the queue of each node saved. 

The packets of these tokens are the last ones to be transmitted. 

g) tk_free: number of tokens that are not use at any given time.  

h) tk_busy: number of tokens which is used at any given time. The sum of the value of this 

variable and the value of the variable mentioned above, at all times must be 500 

(tk_free+tk_busy=500) 

i) arrival_tk[TKMAX]: array where is saved the cycle when each token has been assigned to a 

packet. If the token has already not been assigned, the value for this token is 0.  

j) queue_tk[TKMAX]: array used as a pointer for marking the next queue packet. 

 

The explained management token model has been programmed and added to the existing code to 

develop a model with greater precision in managing the probability of collision and delay in the 

system. The new model as any of the above models is based on the adaptation of the system according 

to the probability of collision. In this first version of the model, it has been considered that the system 

works with infinite retransmissions. The system will be adapted by comparing the collision 

probabilities for different values of MxPKT. After obtaining the results, the system will remain with 

the variable which has got better results. The allocation model of MxPKT has been programmed and it 

works as follows: 

 

Firstly, it is noteworthy that each node works independently from its neighbouring nodes. That is, a 

node can work with MxPKT equal to 1 and its neighbouring node may be working with MxPKT equal 

to 5. To set the time for getting the information, two constants that remain unchanged throughout the 

simulation have been defined. These constants define the number of cycles that a node has won the 

contention (alone or with others nodes) and a node should arrive to this number for comparing the 

obtained values. These constants are: 
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a) Rc1: total number of cycles in which a node has won the contention and remains in this state 

taking samples of the channel. This constant defines the number of cycles that the node will 

remain at the state that has won the previous contention. This value will be greater than Rc2 

because theoretically the node works more stable in this state. At the previous contention, this 

state is the one that has obtained less collision probability. 

 

b) Rc2: total number of cycles in which a node has won the contention and remains in this state 

taking samples of the channel. This constant defines the number of cycles that the node will 

remain taking samples of the channel for MxPKT-1 and MxPKT + 1. When a node works in 

this variable means that it is getting information from the channel to adapt it for better 

performance. 

 

Then we will explained the model process with an example: at some point a node begins to work with 

MxPKT equal to 3, over the next Rc1 cycles in which the node will win the contention for 

transmitting, it is going to work with this MxPKT and it is going to take samples from the collision 

probability with this MxPKT. When this node has won the constest Rc1 cycles (Working with 

MxPKT=3), the system will save the obtained collision probability and the node will change to 

MxPKT-1, i.e. now it is going to work with MxPKT equal to 2. In this state, the node is going to work 

until it will win the contention during Rc2 cycles. After expiring these Rc2 cycles, the node will save 

the obtained new collision probability and it will change its MxPKT to 4 (MxPKT equal to 3 plus 1). 

Likewise, with this MxPKT the node will stay Rc2 cycles in which the node will win the contention. 

Once the Rc2 cycles have elapsed, the system will obtain the value of collision probability for MxPKT 

equal to 4. At this point, the system has 3 values of collision probability for each one of the three 

MxPKT tested for this node. Once the node has obtained 3 probabilities, the system will compare all 

three values. From this moment on, the node will start to work with the MxPKT which has obtained 

the lowest collision probability. The cycle will continue and from this moment on, the node will work 

Rc1 cycles (in which the node will win the contention) with the MxPKT with lower probability. After 

this Rc1 cycles, the system will save the obtained probability and the node will change its MxPKT and 

it will work with MxPKT- 1. After that, the node will work Rc2 cycles with MxPKT+1 and the system 

once again will compare all three obtained collision probability values and it will choose the best 

MxPKT for the system (the MxPKT with lower collision probability). And so on until simulation 

arrives to the end. This process is done in the same way for all system sensors.  

 

To carry out this adaptation model, new variables have been declared. These are set out below: 
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a) Prob_MxPKT [NSEN]: array where the collision probability obtained with MxPKT of all 

nodes is saved. 

b) Prob_sup [NSEN]: array where the collision probability obtained with MxPKT+1 for all nodes 

is saved. 

c) Prob_inf [NSEN]: array where the collision probability obtained with MxPKT-1 for all nodes 

is saved. 

d) Prob [NSEN]: array where the number of times that each node wins the contention without 

collision is saved. These obtained values will be used later to calculate the collision 

probability. Every time which is changed to a new MxPKT, the value belonging to this node is 

set to 0. 

e) cont [NSEN]: array where the number of times that each node wins the contention with or 

without collision is saved. When this value arrives to Rc1 or Rc2, it is time to change the 

MxPKT or to compare the obtained collision probabilities. Every time which is changed 

MxPKT, the value belonging to this node is set to 0. 

f) aa[NSEN]: array where the state of MxPKT, MxPKT+1 and MxPKT-1 for each node is saved.  

 

It has to be noteworthy that when one node works with MxPKT equal to 1, the node will not pass the 

MxPKT-1 status because MxPKT equal to 0 does not exist. In this case, the system only compares the 

collision probability of this node for MxPKT=1 and for MxPKT=2. Similarly, it has been established 

that the maximum value of MxPKT is 6, whereby when a node is working with MxPKT equal to 6, the 

system will compare the probability of collision for MxPKT=5 and MxPKT=6. 

 

These changes to the model allow us to improve the existing calculation of the delay. With these 

changes, now we will know precisely the cycle in which a packet has entered into the node queue and 

also the exact moment when the packet came out. Thanks to some new parameters, as arrival_tk 

[TKmax] (it saves the cycle that the packet has entered to the system), we can know how many cycles 

each package has been inside the system. Once the packet is transmitted, for calculating the delay, it is 

subtracted the current cycle less the saved value of the package in the arrival_tk [TKmax] array. So the 

exact number of cycles that the package has been inside the system is obtained. After having this 

value, it is multiplied by the constants defined time and we obtain the delay for each packet. Once the 

delay for each packet has been calculated, the average delay is calculated. This model change will 

provide more accurate delay calculation and the represented results will be more accurate as well. 

3.6.2 Simulations and results 

Once the programme has been exposed and understood, it is time to move on to the simulations. For 

comparing this model with the previous ones, as in previous models are going to simulate and 

represent all three studied parameters: the collision probability, the probability of empty queue and the 
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delay. These simulations have been conducted for different values of Rc1 and Rc2. It is worthily to 

distinguish that the simulations that have been made and that are shown below, have been obtained 

after testing with different values and different strategies. All three studied parameters have been 

compared with the results obtained in the previous model. For this reason, in all three figures, the 

previous results also appear. This helps us to know if the new model is correct and if it has better or 

worse response. 

 

After making different simulations and observing their results, it has been deemed an appropriate 

representation for four different values of Rc1 and Rc2. There is the same relationship between Rc1 

and Rc2 for all four simulations. The relationship is Rc1 = 4 * Rc2. The chosen values are: 

 

a) Rc1=600 and Rc2=150. 

b) Rc1=400 and Rc2=100. 

c) Rc1=200 and Rc2=50. 

d) Rc1=100 and Rc2=25. 

 

The first studied figure is the collision probability. As we saw in previous simulations, this parameter 

has to be as low as possible. We have already done some simulations in which we considered the 

system should have a probability of collision around 2% (of 100 times that a node wins the contention, 

only 2 of them it wins together with other nodes). Another important fact of this parameter is the 

linearity because it should be as linear as possible for the entire arrival rate range. 

 

The next picture shows the obtained collision probability with this model for different values of Rc1 

and Rc2 and also the results obtained with some previous models, see Fig. 31. 
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Fig. 31. Collision Probability 

As it can be deduced from the previous figure, in general the obtained values are similar to those 

obtained with previous models. From the figure we obtain the following characteristics 

 

a) With high values of Rc1 and Rc2, the system has better performance than with small values. 

b) In general, with large values of Rc1 and Rc2 the system has better results than with some of 

the previous models. 

c) For small values of Rc1 and Rc2 and for high values of arrival rate, the collision probability is 

very high. 

d) For large values of Rc1 and Rc2, the difference and deviations between the collision 

probability obtained results are less than for small values. 

e) In general, the system which has better results is the model which adapts the system according 

the arrival rate. As mentioned before, this model is not quite right, the other two models that 

offer better results are when Rc1 are 600 and 400 and Rc2 are 150 and 100, respectively. They 

are the models with higher values of Rc1 and Rc2. 

 

The following figure shows the study and behaviour of the delay, Fig. 32. The delay now is calculated 

using the way mentioned before. Having changed the adaptation of the system according to the 

collision probability and listening to the channel, the delay has not undergone major changes. 

 

 

Fig. 32. Delay 

 

In general, from this figure we can see that with some values of Rc1 and Rc2 the delay has better 

results than in some of the previous models. Discarding the model adaptation according to the arrival 

rate (second model adaptive b), both red and blue figures have better performance than the other 

represented figures. An important factor to consider is the difference between the figures for high and 

low values of the arrival rate: 
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a) For low values of arrival rate (λ <2.5 packets / cycle), models with lower values of Rc1 and 

Rc2 have lower delay than models with large values of these two constants. The difference is 

not great but it is a few tens of milliseconds per cycle. 

 

b) However, for high values of arrival rate (λ> 2.5 packets / cycle) the difference between figures 

is greater. Like previously, nodes work better (with less Delay) if Rc1 and Rc2 are big values, 

because the calculation of the probability is more exact. Also if these results are compared 

with the previous results, the delay of this model for small arrival rates is lower than the 

obtained with previous models. We are looking for a model that gives us as much constant 

delay and good results as possible for all the arrival rate range. 

 

The last figure studied for this model is the probability of empty queues. Fig .33, the figure has the 

same characteristics and properties as the previous two figures (Figure for the delay and for the 

collision probability). The performed model has similar behaviour for all three parameters (all of them 

are strongly related).  

 

 

Fig.33. Pi_0 

 

As in previous parameters, for small values of the arrival rate, the system has almost equal results with 

small and large values of Rc1 and Rc2 and for large values of the arrival rate, large values are 

preferred. For very high values of arrival rate and for Rc1 and Rc2 with the smallest value, the empty 

queue probability is too high. It is around 30%. This fact means that packets stay too much time at the 

queue and this produces high delay. 
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3.6.3 Analysis and Conclusion 

It is important not to focus on the colours of the figure and compare them with great detail. It is 

important to see the general behaviour of the system. We should remember that Rc1 and Rc2 values 

have been chosen to observe and to get some different figures in order to check the behaviour and the 

characteristics of the system. They have not been chosen to obtain the results with which the system 

has the best performance. 

 

The conclusions after seeing the previous obtained figures are that there are different ways of adapting 

the system. The way used in this model is adapting the system by trying to anticipate to the possible 

changes and jumps of the arrival rate value. The arrival rate is a parameter which in a normal system, 

its value changes drastically in a very short time. Therefore, before a node is adapted, it should 

evaluate all three options and then, it has to be able to select which of the three options is the most 

appropriate. 

 

Generally, the obtained figures show that this model can adapt the system and we can get better values 

than with previous models. For getting better performance, we just should see which Rc1 and Rc2 

constant values are better suited. The figures show that high values are preferred rather than small 

ones. With large number of samples, each node gets more exact value of the collision probability for 

the different values of MxPKT. It is better not to have very large values of these constants, because a 

node takes too much samples to get a collision probability value and the node could be working for 

many cycles with values that are not the best ones in that moment. Another value to consider is the 

ratio between Rc1 and Rc2, because: if the difference between them is very large, a node might not 

take sufficient values for MxPKT-1 and MxPKT+1 and the obtained collision probability values 

would not be correct. On the other hand, if the difference is very small, the nodes may spend a lot of 

time working with a bad value of MxPKT and the node would be working with very high collision 

probability rate and packets are transmitted with too much delay. 

 

The following model is a continuation of this one but now it is considered a fixed Rc1 and a variable 

Rc2. This model will allow us to see the trend and characteristic of the system for different values. 

3.7 System adapted according to the obtained collision 

probability values: Simulations for fixed Rc1 and variable Rc2 

3.7.1 Studying and understanding the case 

The simulations which are going to be studied in this section do not come from a new model, they 

come from the analysis and study in detail of the previous model. We have previously seen that the 
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proposed model can improve previous models, so now we are going to improve the results from this 

model. As we have seen, the model is based on the time which the nodes take to collect enough 

samples in order to make a safe and reliable decision of the MxPKT value. The choice of Rc1 and Rc2 

values must be correct and as accurate as possible because the system is based on these two constants. 

Making a good decision, the system can work very well but with erroneous parameters the system has 

very bad performance. 

 

In this model it is going to be studied the system behaviour for different values of Rc2 and for a fixed 

value of Rc1. It has been considered Rc1 equal to 600 because in the previous figures with this value, 

successful behaviour has been obtained. This value has been considered based on 600 samples, nodes 

can obtain the average collision probability with sufficient accuracy. 

 

The analysis done of this value is as follows: a simulation has 5000000 cycles and in a cycle only can 

transmit one node. The system operates with 10 nodes and with these parameters, for an average 

arrival rate (λ = 2.5 packets / cycle) the collision probability is 1% (99% of the packets are transmitted 

without collisions) and the average probability of a node has empty queue is 8% (92% of cycles, the 

node has packets in its queue). If it is considered that Rc2 is 150 like previously, with these parameters 

the average times that a node has used for comparing all three obtained collision probability values is 

Eq.(11): 

 

5000000 ∗
1

10 
∗

99

100
∗

92

100
∗

1

600+150+150
=506 times                                                                          (11) 

 

More or less for each represented point at the figure (considering Rc1=600 and Rc2=150), each node 

has compared 500 times the three obtained collision probabilities for adapting the system in a 

simulation (each 10000 cycles each node compare one time their collision probability). 

 

We have taken five different values of Rc2 for representing the figures. We are not going to see the 

values themselves, but we are going to see them in relation to Rc1. The five relationships are: 

 

a) 50%: Rc1=600 and Rc2=300; 

b) 25%: Rc1=600 and Rc2=150; 

c) 16.67%: Rc1=600 and Rc2=100; 

d) 12.5%: Rc1=600 and Rc2=75; 

e) 8.33%: Rc1=600 and Rc2=50; 
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3.7.2 Simulations and results 

To perform these simulations, the used code in the previous model has not been modified, it has only 

been introduced the values of the two constants. The first figure to be studied is the collision 

probability, see Fig. 34. 

In the next image it is observed that the higher the difference between Rc1 and Rc2 is, the greater the 

collision probability is. It is also noted that for higher values of arrival rate, the collision probability 

grows exponentially. The system behaves in a linear and predictable way. To have a lower collision 

probability than 2%, the ratio Rc1 and Rc2 has to be 1/2 or 1/4, or higher relation. 

 

 

Fig.34. Collision Probability 

 

Regarding to the delay Fig. 35., the performed simulation with the system also has a linear behaviour. 

This figure clearly shows how for low arrival rates (λ <3.5 packets/cycle) the system has a nearly 

constant and low delay for all relations between Rc1 and Rc2. But for lower ratios of 1/4 between Rc1 

and Rc2, when the arrival rate is higher than 3.5 packets/cycle, nodes go into lock state. This fact is 

due to the small amount of sample that the nodes catch when they are in MxPKT + 1 and MxPKT-1. 

For these MxPKT, the collision probability is lower than for MxPKT and the system does not fit 

properly. Here, nodes have very great delays. 
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Fig.35. Delay 

 

In the figure in which it is shown the probability of empty queue Fig. 36, the same behaviour of the 

system that in above charts is shown. The system does not have any expected change. For higher 

arrival rate, nodes are less likely to remain empty. This fact is normal as there are more packages in 

the system and they are stacked. Just like the previous two figures, for higher relations between Rc1 

and Rc2, the system has better performance. 

 

 

Fig.36. Pi_0 

 

3.7.3 Analysis and Conclusion 

Once we have seen the results of this model, it is time to draw conclusions. Firstly, if values of the 

variables are properly chosen, the system is adapted with good behaviour and results. This model of 

listening to the channel and testing possible changes of variables has better results compared with the 

previous models. The results have not been improved drastically if they are compared with results of 
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the previous models but: this model can be implemented in a real deployment scenarios, the obtained 

results are a little bit better than with other models and of course, this model improves greatly the 

system without adaptation. 

 

It is clear that for high values of Rc1 and Rc2 the system has better performance. This feature can be 

further studied and possible improvements can be searched but they will be small. From now on, it 

will be considered that Rc1 and Rc2 parameters are going to be  600 and 300 respectively. We 

consider that for larger values, nodes are adapted with too much cycles and with smaller values, as we 

have seen, the obtained results are worse. With Rc1=600 and Rc2=300, the collision probability for 

the entire range of the arrival rate is less than 2%. Furthermore, it is the model which is most likely to 

have empty queue and we consider that the obtained values of delay are acceptable. 

 

From now on, we will use this model to study how the system will adapt for possible changes of the 

arrival rate. The system will be run with an established arrival rate and in a specific moment, in which 

the system works correctly, the arrival rate will change and the system will have to adapt to the new 

environment. The system must adapt as quickly as possible without dropping too many packets and 

without introducing excessive delay. 

3.8 System adapted according to the obtained collision 

probability values: in the middle of the simulation some nodes 

change their arrival rate  

3.8.1 Studying and understanding the case 

From this point of view, the investigation will change slightly. Previously, we focused on finding a 

model that adapted the system with the best results. From now on, we will focus on developing and 

studying in more detail the previous model. As we have seen, this model has good answers in its 

adaptation to the environment and the obtained results are good for all three studied parameters. Now, 

we are going to study the response of nodes when they are adapted in in a specific number of 

simulations, some nodes of the system are going to change their arrival rate without stopping their 

operation and the rest of them will remain with the same arrival rate that they had. Once the change 

takes place, nodes with high arrival rates will have more packets in their queues and they will attempt 

to access the channel more times. This can affect nodes with low arrival rates since this fact will cost 

them more cycles to access to transmit. 
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First of all, in order to see the behaviour of the system we will only study the system delay. As it 

mentioned in section 3.7.1, the way of calculating the delay has changed and the represented figures 

will show us the delay with more accurate detail. 

 

Now the nodes have been classified into two groups. On one hand, we have the nodes with fixed 

arrival rate and on the other hand, the nodes that change their arrival rate. As the system has 10 nodes, 

we are going to consider the nodes from 0 to 4 does not change their arrival rate and nodes from 5 to 9 

are going to change their arrival rate. In all previous models, the picked reference node was the 0, and 

now the picked reference nodes will be the 0 and 5. We have duplicated some sections of the code 

because the current system has two arrival rates so that it has two different process of introducing 

packets into the nodes. 

 

We will try to study and understand how the system is adapted to the environment and when the 

arrival rate change occurs for some nodes, all nodes are going to try to adapt to the new environment 

as fast as possible. In a real deployment scenarios, the arrival rate can change in a short cycle of time 

and only for a node. This can affect the whole system. If a node has full packet in its queue, it is 

probable that this information will be the most essential and more urgently to be transmitted. It is not 

desirable that the system collapses. It is desirable the system can adapt to all possibilities of the 

environment and that any node stops working. 

 

Before analysing the represented results in the next section, we had done several tests and previous 

simulations. The values of the arrival rate have been chosen with great differences between them to 

see clearly the behaviour of the system. The three chosen values of arrivals rates are: 0.5, 2.5 and 5 

packets/mseg. A very small arrival rate (0.5), an intermediate rate (2.5) and a very large value of 

arrival rate (5) where the system works in an overloaded state have been taken. 

 

At the beginning of each simulation, all nodes work with the same arrival rate and once reached 2.5e6 

of simulations (the entire number of simulations is 5e6) is reached, the system will change and nodes 

from 0 to 4 will remain with the same arrival rate and nodes from 5 to 9 will change their arrival rate. 

3.8.2 Simulations and results 

Now, we will see and study the obtained simulations. It is only represented the delay because it is the 

parameter which best represent the state of the system. The first simulation has been done with 0.5 

packets / cycle of the fixed arrival rate and 2.5 packets/cycle of the variable arrival rate. The other 

parameters of the system have not changed and they are the same that have been used in previous 

simulations: number of nodes 10, number of packages at the queue 10, CW = 128, R1 = 600, R2 = 300 

and infinite number of retransmissions. 
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In the following figures, it is represented the obtained figure with fixed arrival rate 0.5 packets/cycle 

and the varying arrival rate is 2.5 packets/cycle respectively, see Fig. 37. At the figure we can see 

clearly two parts: the part where all nodes have an arrival rate of 0.5 and the part where five nodes 

have higher arrival rates. At the figure, two simulations are shown, the red line represents the delay for 

the reference node 5 (for higher value of 2.5e6 simulations, its arrival rate has changed) and the blue 

one represents the delay to the reference node 0 (arrival rate is fixed to 0.5 for all simulation range). 

When all nodes have the arrival rate to 0.5, all nodes have very little delay (this is around 0.5 sec). 

This is because the service rate is higher than the arrival rate (λ <μ) and the system works without 

accumulating many packages. However, when the arrival rate of the 5 nodes has changed, the system 

works with half of the nodes with λ= μ and the other half with λ <μ. As it can be seen, in nodes with 

λ= μ the delay rises. The higher the arrival rate and difference between the arrival rate and the service 

rate is, the higher the delay will be. For the nodes which have not changed their arrival rate, the delay 

in this case remains constant. So, as the arrival rate is equal to the service rate, the nodes which have 

changed their arrival rate, have incremented their delay. This is because their nodes have more packets 

and they are accumulated at their queues. Another important characteristic is that the system needs a 

range of simulations to get constant delay and get stability. This fact often happens with small arrival 

rates (at the beginning of the figure two peaks of high delay appear). 

 

 

Fig.37. Delay for Continuous λ=0.5 and variable λ=2.5 

 

Now let's analyse the delay when the fixed arrival rate is 2.5 packets/msec and it changes to 0.5 for 

some nodes in the middle of the simulation, see Fig. 38. As the system changes the arrival rate 

variable to a lower value, the blue figure remains unchanged and the red one decreases significantly. 

Unlike the previous simulation, now the nodes, which change their arrival rate, have gone from an 

average rate to a low arrival rate. Before getting this figure, we expected to get the red figure like the 
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obtained one (when some nodes change their arrival rate, the delay of these nodes decrease), but we 

also expected to get the blue figure with a little bit less delay because the system now has fewer 

packages and 5 nodes will access to the channel with less frequently. This decrease has not occurred. 

It seems that nodes work independently from each other and do not affect to the state of the others 

nodes. The nodes, which have not changed their arrival rate, work with the same delay. This fact can 

occur because nodes with low arrival rate are working with small value of MxPKT and MnPKC and 

nodes with high arrival rate are working with high values of these parameters. If this occurs, the nodes 

with high arrival rate have to wait some cycles to have enough packets and nodes with small arrival 

rate have to wait fewer cycles.     

 

Fig.38. Delay for Continuous λ=2.5 and variable λ=0.5 

 

In the next figure, Fig. 39., the same behaviour is observed but with higher delay when the constant 

arrival rate is 5 and in the middle of the simulation, the variable arrival rate changes to 2.5. The blue 

figure remains constant or with a little bit more delay and the red figure has decreased significantly. 

The behaviour of the nodes is the same that previously but now the delay is higher.  
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Fig. 39. Delay for Continuous λ=5 and variable λ=2.5 

 

In the next simulation it is also shown clearly the fact mentioned before, see Fig. 40. During the time 

when both arrival rates are different, the nodes with small arrival rate decrease their delay but the 

nodes with high arrival rate increase their delay. These nodes have to wait more cycles to transmit 

their packets. For example if MxPKT and MNPKC are 5, the packet which has arrived first at the 

queue has to wait at least 5 cycles to be transmitted. In the next figure, it is represented the delay for 

continuous arrival rate of 2.5 and in the middle of the simulation, the variable arrival rate changes to 5. 

In this moment some nodes start to work in an overloaded state. The obtained delays are very large. 

With this figure we can get the idea that in this state the probability of empty queue is very small. 

Furthermore, nodes with high arrival rate should have lost some packages since they cannot enter to 

the queues because the queues are already full of packages. When the arrival rate has changed, the 

nodes with low arrival rate decrease their delay since they do not have to wait so much for transmitting 

their packets. 
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Fig.40. Delay for Continuous λ=2.5 and variable λ=5 

 

For a better understanding of the previous figures, it has also been analyzed the cycles that need each 

arrival rate to have enough information to compare the collision probability and the nodes have the 

possibility to change their MxPKT and MnPKC, see Fig. 41. In general, nodes need to have access to 

transmit 1200 cycles for doing the comparison (600 samples of the collision probability of the actual 

MxPKT and 600 samples more to get the probabilities for MxPKT-1 and MxPKT+1). Having into 

account this value and the fact that the system has 10 nodes, independently of the arrival rate, nodes 

have to wait at least 12000 cycles (1200*10) to compare the collision probability. This value changes 

depending on the arrival rate and the collision of the system. The values represented in the figure show 

that for a small arrival rate, nodes need more or less 70000 or 80000 cycles to do the collision probability 

comparison (in this case, for some cycle no node has packets in its queue). However, for medium arrival 

rate (when arrival rate is equal to service rate, both are 2.5 packets/cycle·N) this value decreases 

significantly. In this case it only is necessary to wait 25000 cycles. And for higher value of arrival rate 

(λ=5) this value decreases to 15000 cycles. This means that for higher arrival rate, nodes spend less time 

to choose a correct MxPKT and MnPKC value and the channel is always full of transmissions. 

 

 

Fig. 41.Number of cycles that nodes must wait to get enough samples for compares the collision probability. 

 

3.8.3 Analysis and Conclusion 

The main reason why we have made these simulations is to see how the system is adapted to any 

changes in the arrival rate in a specific moment. When the variable arrival rate is increased, the delay 

in the nodes with fixed arrival rate is decreased. This fact is explained because nodes, which have not 

changed λ, will win more times the contention for transmitting. This is undesirable because it is 

preferable that all nodes have roughly the same delay regardless the arrival rate. If the arrival rate 
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increases significantly in some nodes, the delay of these nodes increases but the delay for the other 

nodes decreases. In these cases, it is needed that nodes must be adapted correctly and nodes which had 

incremented their arrival rate, must be adapted increasing their MxPKT and also their MnPKC but the 

delay cannot increase so much. Nodes with high arrival rates will access to the channel less times and 

once they win the contention, all their packets will be transmitted and their queues will be empty. But 

in contrast, the packets which have arrived first are going to stay at the queue a lot of time. 

 

In the next section we will study the same model we have seen in this section, but with different 

represented parameters. The studied parameters will be such as the average value of the MxPKT and 

MnPKC and the probability of the empty queue. Any parameter and variable of the code has not been 

changed, but it has only been simulated the previous model with other output parameters. After 

studying the next figures, we will be able to get better conclusions and understand better the proposed 

model. 

 

3.9 System adapted according to the obtained collision 

probability values: in the middle of the simulation some nodes 

change their arrival rate (2)  

3.9.1 Studying and understanding the case 

In this section we are going to study in more detail the model that has been seen in the previous 

section. Now the represented values are the maximum number of packets transmitted when winning 

the contention (MxPKT), minimum number of packets for a node to content (MnPKC) and other 

figures will show the probability of non-collision. As the model has not change, like in the previous 

model the represented simulations are for two different value of arrival rate. At the beginning of each 

simulation all nodes have the same arrival rate but in the middle of the simulation, half of the nodes 

will change their arrival rate and the other half will remain with the same value. The used values of the 

arrival rate are the same as in the previous section. To represent low values of the arrival rate is used 

λ=0.5, to represent the average rate is used λ = 2.5 and to represent large values of arrival rate is used 

λ=5. 

 

As it has been seen in previous sections of this paper, the two parameters that are going to be 

displayed (MxPKT and MnPKT) give us great information to understand the models and how the 

system is working in each moment. As the system is being adapted by comparing the collision 

probability and according to the values obtained after the comparison a value of MxPKT is chosen, it 

is important to know how these two parameters vary according to the arrival rate. It is clear that for 
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higher value of arrival rate, higher value will be MxPKT and MnPKC parameters. But when the 

system works with two different arrival rates, it is important to see how the arrival rate affects these 

values since the system will have plus or minus delay and nodes will have different value of empty 

queue probability. It is important to remember that the system can be adapted with 6 different values 

of MxPKT as it has been explained in section 3.9 of this paper. This range is from 1 to 6 and is always 

considered  the same value for MxPKT than for MnPKC 

3.9.2 Simulations and results 

As it has been done in the previous section, 3 different values of arrival rate have been considered and 

with these 3 values, we have checked 4 changes of this arrival rate. The changes are from 0.5 to 2.5, 

from 2.5 to 5, from 2.5 to 0.5 and the change from 5 to 2.5. 

 

Firstly it is shown the results of MxPKT and collision probability when the change is 0.5 to 2.5 

pack/mseg. The following figure is observed as the MxPKT varies when initially all nodes are 

working with arrival rate of 0.5 and in the middle of the simulation 5 nodes change at a rate of 2.5, see 

Fig 42. In the first part, as the arrival rate is low, all nodes work with very low MxPKT, with an 

average of 2 packs. Once the change has occurred, nodes with a higher rate increase their MxPKT. In 

this moment nodes with arrival rate of 2.5 have an average MxPKT of 3.5 (this means that the MxPKT 

is 3 or 4 packets). As it has been seen in the figures of the previous section 3.10.1, the delay for these 

arrivals rate values increases. An important fact is that MxPKT for nodes that have not changed their 

arrival rate has not been much affected for the change and it continues with an average of 2. 

 

 

Fig.42. Value of MxPKT for Continuous λ=0.5 and variable λ=2.5 
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The next simulations show the same two parameters studied previously but now in the first part of the 

simulation all nodes have an arrival rate of 2.5 and then 5 of them change their arrival rate to 5, see 

Fig. 43. We are not going to explain in detail these two figures since the obtained results are similar to 

the obtained figures. In both cases, the second arrival rate is greater than the first one. The main 

feature of these two figures is that as the first arrival rate is equal to the service rate and the second 

arrival rate is much larger, the average MxPKT in both cases is approximately the same. This fact is 

different that the one shown previously because for these values of the arrival rate, all nodes have its 

queue almost full of packets and the system have a lot of transmissions. In this case MxPKT has an 

average value of 3.5 in both cases. As expected, the non-collision probability has decreased 

significantly but it has happened the same fact as previously, this parameter is independent of the 

difference between the arrival rates which have the nodes of the system. 

 

 

Fig.43. Value of Non-collision probability for Continuous λ=0.5 and variable λ=2.5 

 

The next simulations show the same two parameters studied previously but now at the first part of the 

simulation all nodes have an arrival rate of 2.5 and then 5 of them change their arrival rate to 5, see 

Fig. 44 and Fig. 45. There are not going to explain in detail these two figures since the obtained results 

are similar to the obtained figures. In both cases, the second arrival rate is greater than the first. The 

main feature of these two figures is that as the first arrival rate is equal to the service rate and the 

second arrival rate is much larger, the average MxPKT in both cases is approximately the same. This 

fact is different that shown previously because for these values of the arrival rate, all nodes have its 

queue almost full of packets and the system have a lot of transmissions. In this case MxPKT has an 

average value of 3.5 in both cases. As expected, the not collision probability has decreased 

significantly but the same fact has happened as previously, this parameter is independent of the arrival 

rate difference between the nodes of the system. 
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Fig. 44. MnPKT for Continuous λ=2.5 and variable λ=5         

        

 

Fig. 45. Value of Non-collision probability for Continuous λ=2.5 and variable λ=5 

 

Now it is going to be studied the behaviour of the system when the change of the arrival rate is 

downward. At the beginning, all nodes start with arrival rate of 2.5. As previously, in the middle of the 

simulation, half of the nodes change their arrival rate but now it is 0.5. When the change occurs, the 

variable MxPKT suffers a slight decrease for all nodes: for the nodes which have changed their arrival 

rate and for the nodes which do not change it, see Fig.46. and Fig. 47. This decrease as usual is more 

pronounced for nodes that have changed the arrival rate, since these nodes works with an arrival rate 

lower than the service rate. It is also seen a logical behaviour in the figure of probability of not locking 

because when the change occurs, all nodes are less likely to collide. This is because five of the nodes 

have fewer packets and they will access to the channel fewer times than previously. When nodes with 
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higher arrival rate try to transmit, they will have fewer competitors. This produces fewer collisions but 

on the contrary the delay increases. 

 

 

Fig. 46. MxPKT for Continuous λ=2.5 and variable λ=0.5              

 

 

  Fig.47. Value of Non-collision probability for Continuous λ=2.5 and variable λ=0.5 

 

Finally, in the last simulation that has been performed, all nodes start with arrival rate of 5 and in the 

middle of the simulation, half of the nodes change their arrival rate to 2.5, see Fig 48 and Fig. 49. 

When this change occurs, the behaviour of the nodes does not undergo greater changes because both 

arrival rates are very high and the system has many packages. This fact is reflected since all nodes 

work with a high value of MxPKT and non-collision probability has increased if it is compared with 

the probability observed at the figure above. Generally, these figures do not shown a clear value for 

MxPKT variable because nodes are not comfortable in a determined value but the system has a small 

improvement of its non-collision probability when the system works with two arrival rates, since five 

nodes have fewer packets at their queues.  
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Fig. 48. MnPKT for Continuous λ=5 and variable λ=2.5           

   

    

Fig.49. Value of Non-collision probability for Continuous λ=5 and variable λ=2.5 

 

3.9.3 Analysis and Conclusion 

Once analysed all simulations done, it is time to draw conclusions. These simulations have not been 

for a new model, these simulations have been done for understanding and studying more parameters 

for the model analysed at point 3.9. Generally, we can conclude that done simulations have not 

provided us great information. The obtained results are the results which we could have imagined. The 

system is not adapted well enough for high arrival rates (this had already been seen in previous 

models) as MxPKT variable is not fixed for the entire range of the arrival rate, it changes a lot. Instead 

we see that the proposed system improves (hundredths) the collision probability. The system improves 
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in this aspect because it makes that nodes with large arrival rates attempt less times to access to the 

channel for transmitting. This causes the channel does not collapse. 

 

Another important aspect observed at the previous models is the importance of the arrival rate. The 

system works relatively well with small arrival rates (when the arrival rate is less than the service 

rate). If the system is not saturated, the comparison between the collision probabilities (obtained with 

different MxPKT) is more accurate. For greatest arrival rates than the service rate, the system has 

always the same behaviour because all nodes have their queues filled and every node wants to be the 

first to transmit. At this stage is when the system has the worst behaviour. This is due to fact that: there 

are many collisions, all nodes want to transmit, the delay increases, many important packets do not 

enter at queues and they are lost, etc. As it has been observed in different points of this work, this 

problem cannot be solved if only some parameters of the system are modified. To solve this problem 

the system has to change and the used model has to be different. 
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4 Discussion 

After seeing all the models presented at the different sections of the work, it's time to discuss and see 

the achieved improvements. We started the work with a code already defined and tested in previous 

researches. During our research, we have tried to improve this code and detect possible new methods to 

improve the existing code for a sensor network with more features and better performance. During the 

work, we have mentioned several times the impossibility to define an adaptation model which works 

well in all environments and with good performance in all parameters. The parameters that we analyzed 

were: the delay, probability of collision and probability of empty queue, which are all related to each 

other, thereby, improving one of this parameters may affect other parameter. We have seen in several 

models very good results in a parameter, despite getting very bad results in the remaining ones. This is 

an undesirable factor. 

 

During the different sections of this work, we can observe the continuous improvement that the initial 

model has suffered. Comparing the first simulations in section 3.02.2 with the simulations obtained in 

sections 3.9.2 and 3.10.2, the system has considerably improved its results. Using delay as an example, 

when the arrival rate is 2.5 packets / cycle, for the first model with infinite retransmissions the getting 

delay is 8.5 ms. However, the obtained results at the proposed model in section 3.9.2, for the same value 

of arrival rate the obtained delay is 1.7 ms. The difference between both values is significant, whereby 

it is clear that the system has improved its performance with our adaptation. This comparison cannot be 

performed for all system parameters and for all models because, for each model, the relevance of the 

values represented were considered according to the model adaptation. In the first models, our study 

was focused on the packets lost, since this parameter gave us an idea of how the system worked. With 

the latest models, we have been studying in more detail the collision probability because according to 

the model, this parameter becomes more relevant. 

 

As we have been seeing, at the simulations, we are not interested that the system transmit the maximum 

amount of packets, but we want that the system works linearly, and that the really important packets 

arrived successfully at destiny. Working linearly means that the system can adapt to all environments 

and problems, making sure that some packets will always reach their destination. Using as an example 

the one that we have described during the work, the forest fire, we are not interested that the system 

transmit correctly the packages during a low arrival rate, but instead when a fire starts and the nodes 

gets full of packages, the system collapses and the packets do not transmit. It is important that the system 

works better for higher arrival rates. It has to transmit the maximum number of packets with the least 

possible delay. 
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Reviewing the proposed models, the legacy system operates without retransmissions and it works with 

the ability to transmit only one packet on each cycle. The first model to be studied (model studied at 

section 3.2) was the legacy code. First of all, we simulated the code to understand it and after that, we 

include to it, the ability of retransmissions. Different system parameters were simulated and studied. 

Such as: the delay, the relationship between the number of sent packets/  number of received packets, 

the relationship between the number of lost packets/ number of received packets and the total number 

of lost packets. These four simulations were performed for different values of retransmitted packets, in 

particular it was simulated for 0, 1, 2 and without any retransmission. As we saw at this section, the 

system generally works well for small arrival rates but for high values of arrival rate, the system presents 

many collisions and the delay increases significantly. Furthermore, after performing these simulations 

we checked the retransmission parameter. Having the system working with retransmissions is important 

but they do not introduce large variation at the results. That means, that there is a small improvement in 

the system when retransmissions occurred, but this difference is not relatively large. The difference to 

work with one retransmission, two retransmissions or infinite retransmissions is irrelevant. After this 

model, at the following section, the fact to transmit more than one packet in a cycle was reassured.  

 

In the following proposed model, also seen in section 3.3, the values of MxPKT were simulated with 

different values on the system (it was considered MxPKT = MnPKC). The MxPKT values chosen were 

1,2,3,5 and 10. The system was simulated with the MxPKT chosen values and with the four studied 

parameters: the probability of lost packets, the total number of transmitted packets, the delay and the 

likelihood of empty queues. As it was seen, depending to which parameter is analyzed and depending 

the arrival rate, the preference is that the system works with a one specific value of MxPKT at each 

moment. It was also found that for low arrival rates, the system generally works better with small values 

of MxPKT and with high arrival rates, it is preferable high values. For high values of MxPKT, the 

system has low collision probability, it transmits more packets and empty queue probability is higher 

than with small values of MxPKT. On the other hand, with high values of MxPKT, the system delay is 

much higher. In general, the system has better performance with average values of MxPKT. Due to this 

analysis, it was decided to adapt the system for different values of MxPKT. So, according the 

characteristics at each moment, the nodes would work with a value of MxPKT or with another value. 

 

In section 3.4, the first version of the system adaptation was performed. This adaptation was done 

according to the collision probability. The parameters used for the adaptation were MxPKT and CW. 

As it was explained in the section, adapting the system with these two parameters bring us to do changes 

in software and hardware levels. Specifically, the system was simulated establishing the collision 

probability to 2%, 4% and 8%. Once we simulated the system with the three probabilities, we checked 

the systems with 4% and 8% of collision probability, the obtained results were so high, that we only 

continue with the study of the 2%. For this probability it was simulated the delay and the likelihood of 
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empty queues. With these two simulations we noted that the adapted system got better results than the 

system without adaptation. In general, for the whole arrival rate range, it works with better results, but 

especially for certain arrival rate parameters, some system parameters have improved significantly. 

Therefore, in the following sections we continued adapting the system according to the collision 

probability. 

 

On the next section, 3.6, we didn't expose a model on itself, but we studied on depth the difference 

between the parameters MxPKT and MnPKC. With these two parameters, we can adapt the system 

with more flexibility to adaptation. Until this moment, all the models worked with an MxPKT equal to 

MnPKC, and on this model we studied the behavior of the system leaving a fixed parameter of 

MnPKC and simulating different values of MxPKT. The values chosen for MnPKC were 1, 2 and 3, 

and the ones chosen for MxPKT were 1, 2, 4, 6 and 10. As we concluded on section 3.6.3, the study 

broughts knowledge of the system, but we could not arrive to a conclusion on which parameters made 

the system works best.  We represented the system behavior with delay and also with empty queues, 

and we saw how, depending on the characteristics of the system on each moment, and on the arrival 

rate on each moment, it is preferable having high or low values of this two variables. Due to this, after 

performing this study, we changed the way of adapting the system, and we started to adapt it 

according to the test of the collision probability.  

 

On section 3.7, we changed the way of adapting the system, introducing new parameters, and a new 

model. On this section we proposed adapting the system making a continuous study of the collision 

probability on every instant. We considered again a MnPKC equal to MxPKT and we introduced the 

constants Rc1 and Rc2. The model is based on studying the probability of collision for each node with 

an initial MxPKT, on these RC1 cycles, the node succeed, and following the node starts to work first 

with MxPKT+1 and then with MxPKT -1, on these Rc2 cycles the node also succeed. After this, we 

compare the three collision probabilities and the MxPKT that had the least probability of collision, 

will be the one that works with the node another Rc1 cycles of time of the node succeeding.  Once we 

analyzed the three parameters in study, delay, collision probability and empty queue probability, we 

represented the model for different Rc1 and Rc2 values. That model improved the two previous 

models in most of the cases and parameters. Due to this reason, the studies that followed, were decided 

to be made using this model in order to be able to improve the system adaptation. 

 

On Section 3.8, we continue to develop the model seen on section 3.7. We conducted a study of the 

system behavior for different values of Rc1 and Rc2. The system behaves correctly with a value of 

600 for Rc1, but we were looking for a correct proportion between Rc1 and Rc2. Such proportion 

between both parameters must be enough higher to the node, so it can get enough samples of 

MxPKT+1 and MxPKT-1, but also  it must be lower enough so if the behavior of MxPKT+1 and 
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MxPKT-1 is not optimum, the node does not lose too many packets introducing too much delay on the 

node. As we concluded on that section, an optimal relation is Rc2=Rc1/2. With this proportion we 

achieved in most of the range of arrival rates, a lower delay, less probability of having an empty 

queue, and less collision probability. The study helped us to define the previous model, and also to 

develop the model with more details on the following sections. 

 

On section 3.9 and 3.10, we continue to study the model seen on section 3.8, considering the variables 

Rc1=600 and Rc2=300. This model was the one that better adapted and the one that got better results. 

On the last two sections of the work, we studied the model with the particularity of the change of 

arrival rate on some nodes at the middle of the simulation. Previously we verified that the system 

works correctly with all the nodes working with the same arrival rate, but on a normal system this does 

not happen, the arrival rate is always changing. For this reason, we verified the system behavior when 

at the middle of the simulation, some nodes changes it arrival rates without stopping the simulation. 

The obtained values could be predicted, as  at low rates, the system adapts ok, but at high rates, the 

systems finds difficulties adapting and the difference between the nodes working with one arrival rate 

and other working with different ones increased considerably. The parameters studied during both 

sections were: the delay, the number of simulations that takes the nodes to perform the comparison 

between the three probabilities of collision obtained, the average value of MxPKT and MnPKC and 

the value of non collision probability. All this parameters are related and if one of them is increased, 

the others are affected by this behavior, increasing their value as well. 

 

The proposed final model is the one that obtained the best results, because the model compares the 

probabilities of collision, and after that comparison we get different values of the MxPKT Variable.  

Once the model with best results was found, we adapted the system so it looked like the most to a real 

deployment scenario. Introducing changes on the arrival rate produces the system had to adapt to the 

new situation and the new environment. With all it has been seen on that section, the model can still be 

studied in more depth so we can obtain a better adaptation and behavior. 

 

The work system used during the developing of the research paper, it was not established and defined 

that the beginning, because the simulation and models has been researched and guided according to 

the results obtained.  During the different work sections, we have considered different options and 

proposals to adapt the system and finally, we have studied with more details the model that obtained 

the best results.  As we have seen, the best parameter to adapt the system is the collision probability, 

because it establishes conditions and limits on the system. To decrease the collision probability we can 

modify different parameters of the system because each parameter has different characteristics with 

advantages and disadvantages, making imperative knowing all of them and to know how to apply 

them correctly on each model and moment. 
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As we could verify, we have obtained several limitations of systems adaptations. We cannot adapt the 

system with parameters that depends on the node's hardware, as this is much harder to implement than 

a deployment scenarios. Also, we cannot adapt the system to the arrival rate parameter, because in a 

real sensor's network, this value is constantly changing. We found these two limitations during 

different sections, and we had to go back with several models, as it was not optimum to implement on 

a real deployment scenarios.  

  

Proposing an adaptation model has not been an easy task. We had to take on measure lot of system's 

aspects, and we could not design having in mind improving the system depending only on one 

parameter discarding the rest. On the different models, we have seen how some parameters obtained 

very good results and on the contrary the other system parameters obtained worst results. This is not 

desirable, the same as designing the system thinking only on one arrival rate value, because it will 

probably have good behavior on that value and worst results on the remaining ones.  
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5 Conclusions 

Using as starting point a model inheritanced from other studies but with a lot of improvements 

opportunities, we have been able to develop several adaptation models of the main system. We have 

verified that the behavior of the system has improved significantly from the first to the last model. On 

the present study it there is no detailed explanation of all the models and studies performed, due to 

many of them, once developed and simulated were discarded, as they did not reflected the real 

deployment scenarios and they were not optimum. The results did not improve the previously obtained 

data, or simply it was not a serious model with a good foundation.  

 

While we continue investigating the models, these have been improving to finally be able to create a 

more robust model. On the last one seen, we have tried to simulate with a more real environment, 

including changes on the arrival rates and with the nodes working with different arrivals rates in 

comparison with their neighbors.  It is clear that on a real deployment scenarios, the arrival rate 

changes constantly and can be big differences between different values and between nodes, but with 

the proposed model, we can see which is the behavior during the change of arrival rate.  This aspect 

could be studied with more details on future studies, also developing the model introducing continuous 

changes on the arrival rate, independence of the arrival rate introducing continuous changes, 

independence of the arrival rates between nodes.  There are several improvement opportunities and a 

lot of testing paths, because the proposed model is a starting point to a way of adapting the system and 

not a close model detailed tested.  

 

This work is not closed and without possible models to test. As we have explained, the work and the 

proposed models stays on improvement opportunity status. Also there are several MAC (Medium 

Access Control) protocols proposed, and many of them can be studied, improved and compared with 

the proposed one in this study. Another possibility of continue the current work is to study and 

compare the proposed models with asynchronous models. This comparison can be interesting, as it can 

provide differences between protocols, improvements for the synchronous as well as for the 

asynchronous, and a better knowledge of the differences between them. All the models seen, can be 

implemented on an asynchronous system and the obtained results can compared with our results. Also, 

the proposed model can be compared with several MAC protocols and find possible improvements, 

possible hybrid models between protocols, extend them to wider networks with different 

characteristics. 

 

This work has helped us to understand the importance of having a structured adaptation model and the 

necessity of adapting the system, depending of the objectives proposed.  It is impossible to adapt a 
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system that obtains good results for all the parameters tested, but it is possible to adapt the system so it 

can work ok on the average of all the parameters. Those parameters are related to each other, and 

adapting the system considering only one of them is a mistake because it will lead us to obtain bad 

results on the remaining ones.  

 

In conclusion, we have seen several models and we have developed with greater depth and with more 

details the last model, which it was considered more real, with better possibilities of being adapted to a 

real sensor's network and with good behavior in all the arrival rate range, and for all the parameters. 

We consider that adapting the system according to the collision probability is a good decision, because 

is one of the parameters that measure with better precision the status of the system. Also it is 

considered a good strategy comparing periodically the probability obtained with different 

configurations of the system, so each node works with the best of them. We cannot forget that the 

objective of all this proposed models is to adapt the initial model to obtain better behaviors and 

performances. This behavior has been reached since the first models seen, and finally with the last of 

them, we have been able to represent it with more similarity to a real model and see how would be it 

behavior.  
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