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Abstract 

 
Machine-to-Machine Communication (M2M) is the communications between wireless devices without 
human interventions. As a fundamental enabler of Internet of Things, M2M is growing fast and implemented 
in many areas. The number of M2M devices is expected to be extremely large in the future. In most cases 
they are battery driven and positioned in broad areas so that it would be costly to frequently replace or charge 
their batteries. To save the cost of maintaining M2M systems in the long term, energy consumption needs to 
be minimized so that battery lives of M2M devices can be maximized, which motivates the design of a low-
power MAC protocol in this thesis. The related works have indicated that idle listening and collisions are the 
main sources of power waste. In the proposed low-power MAC protocol design, various methods that would 
help preserving energy are considered.   

We first analyze the performance of three conventional protocols, TDMA, CSMA, and reservation-based 
protocol. The packet delay, energy consumption, and system throughput performances of these protocols are 
evaluated with both theoretical analysis and numerical simulations. Our results show that CSMA has better 
packet delay and throughput performances while static and dynamic TDMAs are more energy efficient.  

Furthermore, we design a hybrid energy-efficient MAC protocol for M2M communications. This solution not 
only improves existing protocols, but also takes the advantage of clustering in cellular networks to save 
energy. We show by simulation results that the proposed MAC protocol outperforms others in energy saving, 
without sacrificing much on delay or throughput. This is because with clustering, transmission power of 
remote nodes can be greatly reduced after they become members of clusters. With the proposed MAC 
protocol, the lifetimes of both individual nodes and the whole M2M network are significantly extended. 
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Chapter 1  

Introduction 

This chapter describes the background where the thesis work is carried out and the problems exist. It also 
illustrates the purposes and goals of the thesis work, and by what methods the thesis work is implemented. 
The scenario part specifies the restrictions on the scope of research of the thesis work. The outline part 
explains how the remainder of the thesis is organized.  

1.1 Background 
Machine-to-Machine (M2M) communication, also known as Machine-Type Communication (MTC), is 
generally defined as the ability of machines to communicate without human interventions [1]. It is one of the 
newly developed communication technologies with fast growing in recent years, which can be widely 
applied in many areas. Especially for the implementation of the Internet of Things (IoT), M2M 
communications in cellular networks are seen as one of the most important approaches and enablers [2]. 
M2M systems are supposed to support a huge amount of nodes and be capable of autonomous operation and 
self-organization. 

3rd Generation Partnership Project (3GPP), which is currently working on the evolution of LTE, has 
identified MTC as an important area to investigate [3]. Nowadays, the wireless communication systems are 
facing three main challenges. First of all, there is a massive growth in the number of connected devices. The 
development of 4G systems based on 3GPP LTE radio-access technology is progressing on a large scale 
with 55 million users in November 2012 and nearly 1.6 billion in 2018. Although Human-Type 
Communication (HTC) devices are dominant currently, they are going to be exceeded tenfold by MTC ones 
in the future. Moreover, the explosion of MTC population will result in a dramatic increase of traffic volume, 
which will be further accelerated by the continued growth in mobile broadband use. Compared to HTC 
devices, MTC nodes do not necessarily produce more data, but they generate small sporadic packets instead. 
For infrequent transmissions of this kind of packets, control signaling, e.g. radio-bearer establishment, are 
more costly in energy consumption than the data transfer itself. For that reason, light signaling procedures 
are preferred to implement. One more challenge is that the range of M2M applications is fast expanding and 
their requirements and features are varying tremendously. For example, applications of smart metering, 
home security and video surveillance have different packet sizes, frequencies of date report and latencies of 
messages [4]. The future wireless communication systems should be capable of providing mobile-broadband 
services at rates of multi-Gbps locally and tens of Mbps in other places.   
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Furthermore, the huge number of M2M devices will consume enormous amount of energy, which poses a 
big challenge on system sustainability and battery lives of devices. In special, some of the devices are 
probably positioned in remote areas like mountains and forests so that it would be difficult to have their 
batteries replaced or charged frequently. To extend battery life, the energy consumption caused by data 
transfers needs to be minimized. 

Since the number of machines is anticipated to rise significantly, mechanisms desired to handle a large 
number of devices in a single cell are necessary. One of them worth studying is Media Access Control 
(MAC) protocol. In M2M communications, a robust MAC protocol is crucial to coordinate all the devices 
talking in a proper manner in order to avoid as many collisions as possible. MAC can be also designed to 
enhance the system energy efficiency. Recently, a wide range of MAC protocols, from 802.15.4 standard to 
Wireless Sensor Network (WSN) MACs, have been put into practice. They take advantage of various 
schemes against possible sources of energy waste, such as collision and idle listening. However, at the same 
time they have constraints on the scope where they can be applied. For example, 802.15.4 is a short-range 
protocol that can only work within tens of meters. Individual WSN applications have different requirements 
in throughput, delay, network topology and so forth [5]. Therefore, the design of M2M MAC protocol should 
take into consideration all these facts and friendly serve specific M2M applications. 

1.2 Purposes and Goals 
The most significant characteristics of M2M communication systems are a vast number of machines and 
accordingly dense channel access attempts from these machines. As a consequence, M2M systems consume 
a huge amount of energy to handle massive data transfers, which exhausts the devices too fast to maintain 
the system in a long term. It is this reason that motivates the proposal of an energy-efficient MAC protocol. 
To support this overarching goal, the content of the thesis work is decided as follow: 

• Research on existing MAC protocols for M2M networks. Focus on the power-efficient ones, make a 
summary on the advantages and disadvantages of each and analyze how these protocols can be 
improved. 

• Implement a simulation platform, including modules of basic MAC protocols like TDMA, CSMA, 
etc. This simulator should be able to support the development and design in the thesis work. 

• Choose an appropriate scenario to start with. For example, from the perspective of the system, the 
object of study can be a single cell or multiple cells; the communication between nodes and the base 
station can be of one hop, two hops, or multiple hops; and so forth. This will be specified in chapter 
1.4. 

• Design an energy-efficient MAC protocol to improve existing protocols and enhance system energy 
efficiency based on clustering. It can be a hybrid solution which should significantly extend battery 
life of individual device and the system, without affecting packet delay and system throughput too 
much.  

The purpose of the thesis report is to: 

• Briefly introduce some existing MAC protocols of different types (contention-free and contention 
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based protocols, etc.) of M2M networks. These materials will show the current situation on M2M 
MAC protocols and can facilitate readers to get started with M2M MAC studies.  

• Describe the scenario and delimitations so that readers can understand the scope of the thesis work 
and choose the solution for specific purposes and applicable fields. 

• Present the design and implementation of the thesis work, with literal descriptions, necessary 
mathematical derivations and graphical simulation results. This is the most important part to 
measure the quality and contribution of the thesis work. With this part, readers will get to know how 
the solution solves the problem, how much improvement the solution offers and maybe where the 
solution can be further improved.  

• Summarize the thesis work and plan for future work. Those that have not been considered, included 
or successfully implemented in the thesis work can be achieved in the future research. 

1.3 Method 
In the thesis work, we organize the research by using the following scientific methods: 

Literature study. The Internet provides a powerful platform for searching for a variety of industry-related 
materials. Google Scholar is an outstanding search engine for materials of all kinds, like conference papers, 
journals, thesis papers, publications and presentations. KTH students also have a free access to IEEE digital 
library where thousands of papers on a chosen topic are available. Besides, in the thesis some books are 
referred to for fundamental knowledge. 

Deductive approach. The goal of the thesis is to design an energy-efficient MAC protocol for M2M 
communication systems. Based on a mature theory that reducing idle listening and collisions can save 
energy consumption of M2M systems, the thesis design is actually a hypothesis that the proposed channel 
access control on the same devices can efficiently enhance the system energy efficiency, compared to 
traditional MAC protocols. The proof on the hypothesis is implemented through the observation of 
theoretical and experimental results. Finally we will conclude the quality of the design and make 
confirmation or rejection on the hypothesis. 

Quantitative method. The thesis deals with various measurable data. In the experiment, numeric results 
will be observed in aspects like average delay per packet sent, energy consumption, system throughput and 
battery life. The data directly indicates the performance of the system. The improvement provided by the 
thesis can be simply measured via the amount of difference on certain variables. 

Experiments. In reality, the test of the design involves a complicated procedure of collaboration between 
real base station and machine nodes, which is expensive and unpractical to repeat for many times. This 
problem has been easily solved by simulation tools. Matlab is such a simulation platform professional in 
many fields like communications, biology, etc. It has an excellent ability in matrix computation, which is 
quite suitable for this thesis work.  
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1.4 Scope and Scenario  
The object of the study is a single cell with one base station (BS) and thousands of machine nodes uniformly 
distributed in it. The base station only serves the nodes within its maximum radiation range. The nodes out 
of service and multiple cells are not considered in the thesis work. 

All the nodes can reach the base station within no more than two hops. That means when the number of 
nodes is small, each node will talk to the BS directly. While for a large number of nodes, they may be firstly 
divided into several clusters with each talking to the cluster head (CH). Then the packets from cluster 
members are collected at the CHs and forwarded to the BS, which cost two hops to be delivered. Topologies 
with more than two hops, for instance, mesh topology, are not within the scope of the thesis work. 

The research and protocol design is focused on the MAC layer of OSI model. Layers below or above are not 
included in the thesis work. All the simulations are based on system level, which means the minimum 
observation object is single data packets. The link features such as modulation, coding and sampling are not 
within consideration. The structure and content of packets are not taken into account. The payload and 
headings of each layer are just simply assumed as a packet of a fixed size. 

1.5 Outline 
The part above gives an introduction to the background, problem, goals and methods of the thesis work. The 
remainder will be organized as follow: 

In Chapter 2, we have done a literature study on a series of previous work done in the related field: WSN 
MAC protocol, IEEE 802.15.4 and low-power Wi-Fi. WSN MAC protocol properly fits the scenario of 
M2M communications and offers a good basis where a low-power M2M MAC can be built on. Therefore, 
this chapter discusses about WSN MAC protocols in details while gives brief introductions to the rest. 

Chapter 3 introduces three types of traditional MAC protocols. It has been specifically stated how they are 
designed and adapted for M2M use. The chapter gives a theoretical analysis on their performances, which 
has been tested by simulation results as well. 

Chapter 4 is a presentation of the proposed MAC protocol. It is explained in details how the protocol is 
designed and implemented. 

Chapter 5 describes the numerical simulation of the proposed protocol. It lists all simulation parameters and 
briefly introduces how the simulation modules are implemented in Matlab. In the end there is a detailed 
discussion about the simulation results. 

Chapter 6 summarizes all the findings, developments and theories of the thesis. It makes a conclusion on 
previous works and the performances of the designed MAC protocols. 

Chapter 7 illustrates the work excluded or partly included by the thesis, which is also beneficial for M2M 
MAC protocol design. Due to the limitation of the scope, some potentially useful objects and directions are 
discarded. However, it is necessary to take them into consideration in the future work.  
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Chapter 2  

Previous Work 

In this chapter, a series of energy-efficient MAC protocols are discussed. They are categorized into three 
types: WSN MAC protocol, IEEE 802.15.4 and low-power Wi-Fi. This chapter emphasizes on the first one 
since it is more similar and feasible for M2M MAC protocol design while the rest are briefly introduced. 

2.1 WSN MAC Protocols 
Namely, Wireless Sensor Network (WSN) MAC protocol makes efforts to maintain a system composing of 
a large number of wireless sensors. Maximizing the network lifetime is a common goal of sensor network 
implementation because the sensors are judged to be dead if they run out of battery [6]. A couple of facts are 
seen as the major sources of energy waste: 

• Collision: If multiple packets are received at one node at the same time, they will be discarded and 
retransmitted. 

• Overhearing: One is overhearing when it receives packets destined to other nodes. 

• Control packet overhead: Sending and receiving control signals don’t directly contribute to the 
system throughput. The number of control packets should be minimized. 

• Idle listening: One is listening to an idle channel and doesn’t get any packet. 

• Overemitting: A packet is transmitted while the destination is not ready to receive. 

Especially for idle listening, in many conventional MAC protocols such as IEEE 802.11 or CDMA nodes 
keep listening for potential packets, which consumes 50-100% of the energy needed for receiving [7]. In the 
following part, a broad range of MAC protocols for wireless sensor networks are introduced to solve the 
problems stated above and hence reduce energy consumption of the network. 

2.1.1 Contention-based Protocols 

Contention-based protocols allow nodes to contend for and access the channel in a random manner. All the 
nodes are equally competing once they have packets to send and no one is prioritized to occupy the media. 
None of them controls or is controlled by other peers. Contention-based MAC protocols are easy to 
implement and configure [8]. However, carrier sense is expensive since it spends much listening power which 
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doesn’t directly help to increase system throughput. Collisions can be avoided via handshaking signaling 
while more carrier sense will be needed.  

Sensor-MAC 

The core concept of this protocol is to decrease the listen time by making nodes sleep periodically and listen 
when they wake up. During sleep, the radio is shut down and a timer is set to awake the node. Every node 
can choose the sleep schedule optionally, while they are preferred to synchronize their neighbors’ schedule. 
The schedule of each node is broadcasted to its immediate neighbors, which guarantees that even with 
different schedules, all the adjacent nodes can talk to each other [7]. 

 

Figure 1 Sensor-MAC messaging. CS stands for carrier sense. 

As shown in Figure 1, in the first phase of the sender, a SYNC packet is sent to update the receiver’s 
schedule, which composes of the address and the next sleep time of the sender. It always happens that a 
packet is received by every neighbor of the sender while it is only destined to one neighboring node, which 
makes contention-based protocols less efficient in energy than TDMA protocols [7]. Besides, collision has to 
be avoided as well. Sensor-MAC is capable of a series of energy-saving functionalities to solve the problem: 

• Network Allocation Vector (NAV): In each sent packet there is a part indicating the remained 
transmission time. Others not involved in this session though will get the packets, read how long 
they have to keep silent and put the value in the NAV. If the NAV value counts down to zero, the 
node will go for physical carrier sense. 

• Physical Carrier Sense: Compared to the NAV method, namely virtual carrier sense, physical carrier 
sense is done physically by listening to the channel where the carrier is accommodated. The channel 
is decided as idle only if it is proved by both virtual and physical carrier sense. 

• RTS/CTS: RTS/CTS is used for unicast packet transmission and helps solve the hidden terminal 
problem. Overhearing is avoided with help of RTS/CTS. Other nodes which are potentially 
disturbing will fall asleep after they receive any RTS or CTS packet. 

• Message passing. A message is a series of meaningful, interrelated units of data [7]. In a normal case, 
a log message is treated as a single packet will probably cost a lot in re-transmission and control 
signaling. In Sensor-MAC protocol, a long message is segmented into small pieces and transmitted 
in burst, which achieves application-level fairness in sacrifice of per-node fairness.    

Wise-MAC 

Wise-MAC protocol uses non-persistent CSMA with preamble sampling to decline idle listening [6]. The 
control and data channel are accessed by CSMA and TDMA respectively. The messaging procedure is 
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sketched in Figure 2. 

 

Figure 2 Wise-MAC messaging. P and A stand for preamble and acknowledgement respectively. 

As shown in Figure 2, every data packet is added with a preamble in the front. Each node has its own sleep 
schedule and keeps a table of others’ schedules by extracting the schedule part from the acknowledgement 
packet during each transmission. Based on neighbor’s schedule, if a node has a packet to send, it knows 
when to send the preamble in order that the intended receiver wakes up right in middle of the preamble and 
hence sense the channel busy. 

It is worth mentioning that the preamble should be long enough to have itself sensed by the receiver. The 
smallest length is defined as the minimum of the receiver’s sampling period (seen in Figure 2) and the 
potential clock drift between the sender and receiver. 

DSMAC 

DSMAC (Dynamic Sensor-MAC) better fits latency-sensitive applications by implementing an additional 
dynamic feature in Sensor-MAC. In the SYNC packet of DSMAC, every node announces its one-hop 
latency value to the neighbors. Also, if a receiver realizes that value is high, it will halve its sleep time and 
put this notification in SYNC. The transmitter who gets the SYNC will change its schedule accordingly. 

Since the duty cycle is doubled so the neighbors will not be affected [6]. The latency performance of 
DSMAC is better than that of Sensor-MAC. Though the power consumption is higher, the average power 
cost for per packet is lower.  

2.1.2 Contention-free Protocols 

Contention-free protocols split the resource and assigned each node predetermined timeslot, frequency or 
code. There is no conflict between nodes in using the channel so that collision will not happen. Idle listening 
and overhearing can be avoided since each node is only active during given timeslots and goes to sleep 
during others’ timeslots. Nevertheless, due to very short timeslots, contention-free protocols require strict 
time synchronization. A central station is needed to coordinate the operation of the protocol. 

TRAMA 

TRAMA [9] (Traffic-Adaptive MAC) is a contention-free and reservation-based MAC protocol. It utilizes a 
distributed election algorithm according to information on the traffic at each node to make a decision on the 
allocation of time slots.  

Time is divided into reservation period and transmission period [6]. In the reservation period, nodes contend 
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to access the channel with a map containing the two-hop neighbors’ priorities of each node. For each time 
slot in the transmit period, the two-hope priority will be calculated for each node and the node with highest 
priority will be assign with that time slot accordingly. In the transmission period, nodes only transmit 
packets in different allowed time slots so that the channel is accessed in a TDMA manner and free of 
collision. 

TRAMA can effectively reduce power consumption by allocating time slots only to those who have packets 
to send and switching the idle nodes to sleep mode. That is, it tries to make no idle node an intended receiver 
and no receiver suffers collisions [10]. 

[11] raises a scalable hybrid MAC protocol which is similar with TRAMA while different in reservation 
period: 

 

Figure 3 Frame structure of the hybrid solution 

As is shown in Figure 3, the reservation phase is divided into three periods: notification, contention and 
announcement period. Notification phase comes at the very beginning of each frame and is broadcasted by 
the base station to declare the beginning of contention phase. In contention phase, those who have packets to 
send will contend to send reservation packet, based on p-persistent CSMA. The announcement phase is used 
by the base station to publish the result of contention who have successfully contended the timeslots for 
transmission phase. 

ER-MAC 

Like other MAC protocols, ER-MAC periodically lets nodes sleep to reduce energy consumption [10]. While 
what is different is that ER-MAC doesn’t treat nodes equally but chooses nodes to sleep according to their 
criticality. The criticality can be based on the relative energy level and flow rate [12]. In this case, the 
criticality Ci  of node i  is defined in the following way: 

 Ci =
Ei

max{Ej}
+ Fi
max{Fj}

 (2.1) 

Ei  is the rest energy of node i . The data rate of node i  is denoted as Fi . A node will be treated as critical if 

it has more battery left or more packets to send, compared to other nodes. A critical node will be assigned 
more time slots for transmission. Then the duty cycle is flexible and based on the criticalities of all the nodes, 
which are checked periodically. Hence, with ER-MAC, the system achieves an overall energy efficiency and 
a long lifetime.  
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DMAC 

DMAC [13] is designed specially for low-latency and energy-efficient convergecast in sensor networks. In 
DMAC protocol, data is gathered from the bottom (source) to the top (sink) of a data gathering tree, as is 
shown in Figure 4: 

 

Figure 4 DMAC messaging and its data tree topology. Rx and Tx stand for reception and transmission respectively. 

In a sense, DMAC can be considered as an improved Slotted ALOHA where timeslots are allocated 
according to different levels of the data-gathering tree. DMAC achieves quite low delay while collision 
avoidance mechanism is not used. 

2.2 The IEEE 802.15.4e MAC 
Maintained by the IEEE 802.15.4 working group, the IEEE 802.15.4-2006 standard specifies the physical 
layer for low-rate wireless personal area networks (LR-WPANs), which is the basis for the ZigBee [14], 
ISA100.11a [15], WirelessHART and MiWi specifications. It emphasizes on very low cost communication 
between near devices almost without underlying infrastructure. 

However, the IEEE 802.15.4-2006 MAC was designed for one-hop, which is not suitable for multihop and 
mesh networking required by the growing industry in the past years [16]. The IEEE 802.15.4e working group 
was created in 2008 to design the more advanced 802.15.4e protocol to offer a multihop MAC and support 
higher-layer applications at quite low energy cost. 

2.2.1 Node 

In the IEEE 802.15.4e standard, two types of devices are defined: 

• Full-Function Device (FFD), which can either serve as a network coordinator or an ordinary mote. 
As the former, an FFD can talk to any other motes in the network. 

• Reduced-Function Device (RFD), which can never become a coordinator and can only talk to the 
FFD. 

2.2.2 Topology and Network Formation 
The IEEE 802.15.4e standard topology consists of two types: star and peer-to-peer networks, shown in 
Figure 5: 



! 10!

 

Figure 5 Topology of 802.15.4e network 

There should be at least one FFD in one network. 

• In the star pattern, the central node of the network will necessarily be the coordinator. From the very 
beginning, an FFD initials a PAN (Personal Access Network) identifier that is unique and 
broadcasted to other devices. The FFD then acts as the coordinator and the PAN is built up and 
independent from others. 

• In the peer-to-peer pattern, modes are working in an ad hoc way. The network is randomly formed 
and capable of performing self-management and organization, whose scale is only restricted by the 
distance between the nodes. 

As for the network formation, only FFDs in the network can advertise the existence of the network by 
sending advertisement command frames. If a new device that wants to join the network receives one of them, 
it will respond to the advertiser with a join request command frame. After the new device is accepted, the 
advertiser will allocate slotframes and establishes links between it and other members. 

2.2.3 Typical Functionalities 
Time slotted Channel Hopping (TSCH): By minimizing the probability of packet collisions, time slotted 
communication is seen to potentially increase the throughput. It also offers flexible bandwidth for various 
applications. In an IEEE 802.15.4e network, 16 channels are available for hopping during timeslot access [16]. 
TSCH is independent of topology, which means it is applicable for any topology, from a star to a full mesh 
[17]. 

Low Latency Deterministic Networks (LLDN): In this mode, packets and timeslots are made short. As a 
result, the superframe lasts only for 10 ms. The high reliability of the system is maintained by DSSS coding 
and the exclusive channel access. To meet the strict requirements of the low-latency applications, the star 
topology and an extremely simplified superframe structure (short MAC payload with 8-bit header) are used 
in this mode for shortening transmission time at a large scale. 

Deterministic and Synchronous Multi-channel Extension (DSME): The DSME mode extends the IEEE 
802.15.4-2011 in two aspects: increase in the number of guaranteed timeslots (GTS) and the number of 
channels. As a result, it has to improve the frame structure, reducing the Contention Access Period (CAP) to 
save power. It is important to mention that with DSME, GTS service can be enhanced to cover multihop 
mesh networks with deterministic latency [17].  

Asymmetric Multi-channel Adaptation (AMCA): The AMCA mode is used in a nonbeacon-enabled PAN [17]. 
The quality of the channel varies all the time and sometimes it can change a lot. Also link asymmetry can 
happen between a pair of communicating neighbors, leading to a failure in the transmission of one direction. 
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The AMCA mode is defined to solve the problems. Beacon request, hello together with channel probe 
commands are used for the mode operation. 

Low Energy (LE): There are two low-energy mechanisms: coordinated sampled listening (CSL) and receiver 
initiated transmissions (RIT) [17]. The former is suitable for low-latency (shorter than 1s) applications while 
the latter serves better for the applications tolerant with high latency (tens of seconds). The core idea behind 
this mode is to trade low latency for low power consumption. Devices at LE mode can work down to 1% 
duty cycles and perform an always-on illusion at the same time. 

2.3 Low-power Wi-Fi 
Low-power Wi-Fi conforms to the IEEE 802.11 standard and provides the same functionality as Wi-Fi [18]. 
Like the wireless sensor network MAC mentioned above, it adds a sleep scheme to the conventional Wi-Fi, 
where the device follows a sleep schedule and wakes up periodically for application or network tasks. For 
example, in order to maintain the association, a device wakes up every minute and sends a packet to the 
access point. Besides, a low-power Wi-Fi device can be configured remotely and periodically by Simple 
Network Management Protocol (SNMP). With these simple operations, the device works in a low-power 
standby state and spends only a small part of the time in data transmission. 

2.4 Summary 
In this chapter, three types of MAC protocol which can be used for wireless sensor networks have been 
discussed. Compared to 802.15.4e MAC and low-power Wi-Fi, WSN MAC protocols are much easier to 
implement and configure as they rely relatively less on device specifications or are less limited by higher 
layers of protocol stack. Since the requirements of applications and networks vary a lot, the user can take 
advantages from different protocols.  

Within the scope of MAC protocols for wireless sensor networks, Table 1 compares the five protocols in 
four aspects: whether external time synchronization is needed, what communication pattern the protocol 
supports, what type the protocol belongs to and how well the protocol reacts to topology change. Since 
DSMAC basically just doubles the duty cycle of Sensor-MAC, which doesn’t make big difference between 
them, we can combine it with Sensor-MAC in Table 1: 

 External 
time sync 
needed 

Comm. 
Pattern 
support 

Type Ability to handle 
topology changes 

Sensor-
MAC/DSMAC 

No All CSMA Good 

WiseMAC No All Nonpersistent-
CSMA 

Good 

TRAMA Yes All TDMA / 
CSMA 

Good 

ER-MAC Yes All TDMA Good 
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DMAC Yes Only 
Convergecast 

TDMA/Slotted 
ALOHA 

Weak 

Table 1 Comparison of six WSN MAC protocols [6]. 

Sensor-MAC gets quite high power efficiency with sleep mechanism while collision is a problem because 
RTS/CTS is not used in broadcast packets transmission. WiseMAC performs similarly even better in some 
variants [19], but the main disadvantage comes from the fact that broadcast packets are always stuck because 
neighbors follow different sleep schedules. TRAMA and ER-MAC are based on reservation so that they can 
react instantly to any topology change. On the other hand, strict centralized time synchronization is required. 
The performance of DMAC is limited compared to others. However, it is the optimal solution for 
convergecast. In a word, none of them can be a fixed standard for wireless sensor networks. Choosing of one 
MAC protocol relies on various conditions, such as hardware specifications, network status and application 
requirement. 

Compared with conventional Wi-Fi, the power consumption of low-power Wi-Fi is saved by 40%. The 
average power consumption of the latter with start-up and stand-by status is smaller than ZigBee (802.15.4), 
but the peak current at start-up is larger than ZigBee [20]. Besides, 802.15.4 device costs one third of sleep-
status power needed by low-power device. 
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Chapter 3  

Development 

This chapter presents one of the main parts of the thesis work design. Three types of traditional MAC 
protocols adapted for M2M communications are described in details how they are designed and 
implemented. Their performances are measured in delay, energy and throughput, and have been compared 
through both theoretical analysis and simulation results. 

3.1 Performance Measures 
Commonly, the performance of MAC protocols is measured in three aspects:  

3.1.1 Delay 

The delay of packet i , denoted as Di , is defined as the interval between the arrival instant tai  of the packet 

and the time tri  when it is successfully received by the expected receiver: 

 Di = tri − tai  (3.1) 

Delay performance is used to measure the speed of the system in information delivery. In wireless 
communications, it generally composes of three parts: 

 Di = ai +δ i +τ i  (3.2) 

where ai  stands for access delay caused by MAC protocol. For instance, in TDMA, packets wait in queues 

for designated time slots; in CSMA, colliding packets will be retransmitted after a random back-off time. δ i  

represents propagation delay. It is the time taken in transmitting radio signals along the link, equal to the 
propagation distance di  (between node i  and the BS) over the speed of light c : 

 δ i =
di
c

 (3.3) 

With assumption that the data rate is stable at most time, transmission delay τ i  is obtained through packet 

size α i  (in bit) and average data rate R  (in bit/s): 
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 τ i =
α i

R
 (3.4) 

For example, a 100-bit packet needs 10 seconds to be transmitted at the rate of 10 bit/s. However, the 
average data rate R  and peak data rate ri  are limited by Shannon Capacity Formula: 

 R ≤ ri ≤C =W log2(1+ SNR)  (3.5) 

where C , W , SNR  stand for channel capacity, signal bandwidth and received signal-to-noise radio, 
respectively. Obviously, W  and SNR  should be at a safe level to guarantee the maximum data rate. 

In general cases, propagation delay (typically in 10-6~10-5 s) is minor to transmission delay (typically in ms) 
and access delay (in ms or s). Given a certain M2M application, the packet size is fixed as α  bits. Then 
with ignorance of propagation delay, the total delay of packet i  can be approximated as: 

 Di = ai +
α
R

 (3.6) 

3.1.2 Energy  

The total energy consumption of a node is roughly comprised of three types of energy: 

• Transmission energy. It contains the energy consumed by RF circuit and antenna of the node in 
emitting radio signal. Node only transmits data at scheduled time. Once the acknowledgement of the 
current packet is received, it goes to sleep until next packet arrives. 

• Listen energy. In listen mode, the node keeps sensing the channel, without any transmissions. 
Battery is only consumed by signal processor of the machine.  

• Sleep energy. When node is sleeping, its radio is turned off and only a small part of its circuit is 
working. Packets generated during sleep mode are put into queues. The node will wake up and 
switch to transmission mode once a packet is allowed to transmit. 

According to Shannon Capacity Formula, the achieved data rate is positively correlated to the received 
power. To simplify the problem and facilitate calculation, we might as well assume each node has the same 
achieved data rate over the link to the BS. In this case, signals from all the nodes are received at the same 
power to reach the same Signal-to-Noise Ratio (SNR). According to the pathloss formula from Table 2 in 
Chapter 5, for instance, MN-to-eNB formula, all the nodes adjust their transmission power based on their 
locations. Let the BS be at the coordinate origin. We define the following notations: 

• si : shadow effect 

• PLi : maximum allowable pathloss for node i  

• di : propagation distance 

• ha : eNB antenna height 



! 15!

• S : eNB sensitivity 

• Ga : eNB antenna gain 

• M : system margin 

Transmission power Pti  for node i  at coordinates (xi , yi )  is calculated in the following way: 

 di = (xi − 0)
2 + (yi − 0)

2 + ha
2  (3.7) 

 PLi = 128.1+ 37.6 log10 (di /1000)  (3.8) 

 Pti [dBm]= S +M + PLi + si −Ga  (3.9) 

 Pti [mW]= 10
(S+M+PLi+si−Ga )/10  (3.10) 

Here we define more parameters: 

• τ p , τ a : transmission delay of data and acknowledgement packet 

• δ : maximum propagation delay. As is explained in Section 3.1.1, propagation delay is minor to 
other types of delay. As a matter of convenience, propagation delays for all links are unified as the 
maximum value.  

• N : total number of nodes 

• Pl , Ps , Ps : listen, sleep and circuit power. Circuit power can be assume equal to listen power.  

 

Figure 6 Data transmission on the channel. A stands for acknowledgement. 

Figure 6 specifies how data packets are delayed on the channel. A data packet is transmitted for τ p  seconds 

and delayed by δ  because of propagation. Similarly, the acknowledgement from the receiver is delayed by 
both transmission and propagation. So the times during which the sender stays in transmission and listen 
mode are τ p  and τ a + 2δ , respectively. For node i , define the number of packets to send by ni , listen and 

sleep time spent in delivering ni  packets by tli  and tsi . Therefore, the total energy Etotal  consumed by a cell 

of N  nodes is: 
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 Etotal = τ p (Pti + Pc )ni
i=1

N

∑ + Pltli
i=1

N

∑ + Pstsi
i=1

N

∑  (3.11) 

3.1.3 Throughput 

System throughout is defined as the sum of individual throughputs that equal the amount of bits transmitted 
per time unit, usually expressed in bit per second. It is another important measure of data transfers that 
indicates the meaningful data rate of the system: 

 Φsystem = Φi
i=1

N

∑ = niα
τ pni + tli + tsii=1

N

∑  (3.12) 

where α  is packet size, in bit. For node i , niα  means the total amount of information that has been 

delivered. The denominator is the total time spent in delivering that amount of data. 

3.2 Traditional MAC Protocols Adapted for M2M Communications 
In wireless communications, multiple nodes have to share the media during the same period of time. Due to 
the demand, Multiple Access Control (MAC) protocols are proposed to coordinate the access of each 
participant and normalize the communication attempts in a proper manner to cause as few conflicts as 
possible. In principle, MAC protocols can be divided into three broad classes: contention-free, contention-
based and reservation-based. To meet the demand of M2M communications, the traditional protocols have 
to be adapted for achieving remarkable energy efficiency. The following sections give three typical 
examples for the three classes of MAC protocols. These traditional protocols are adapted especially for 
M2M purposes in the thesis. 

3.2.1 Static TDMA 
Generally, to achieve exclusive and static access, channel resource has to be partitioned and assigned to each 
communication entity. This can be done in four ways: Time Division Multiple Access (TDMA), Frequency 
Division Multiple Access (FDMA), Code Division Multiple Access (CDMA) and Space Division Multiple 
Access (SDMA).  Among those partitioning schemes, TDMA is common and easy to implement. In static 
TDMA, time resource is slotted and allocated to each node statically. It is guaranteed that at any instant 
there is only one node transmitting over the current time slot. An example is given in Figure 7, where 5 
nodes access the channel in different time slots. The red block and blue block represent data packet and 
acknowledgement respectively: 

 

Figure 7 Time division and slot allocation in TDMA static protocol 

In static TDMA, each node is assigned a designated slot in a fixed position of each frame. Everyone 
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exclusively accesses the channel at certain times so that collisions are impossible to occur. It is different 
from traditional TDMA that the machine node will switch to sleep at other nodes’ slots to save energy. 
Apparently, the number of slots in one frame should be equal to the number of nodes that are going to be 
served. This feature greatly limits the scalability of static TDMA system. That is, once system configuration 
on the frame is done, the coordinator (base station) can barely react to the change of topology very quickly. 
Time slots will be wasted if some nodes die or quit the service. A timely prolongation of frame is not 
affordable as more nodes join the cell. 

For a certain application, transmission delays of data packet and acknowledgement packet are τ p  and τ a . 

Maximum propagation delay is denoted as δ . Then the slot duration τ slot  is: 

 τ slot = τ p +τ a + 2δ  (3.13) 

In static TDMA, each node switches to sleep mode at other’s time slots. Assume it takes Tdi  time to deliver 

all the packets generated by node i . Then the total listen time tli  and sleep time tsi  for a total number of 

packets ni  can be obtained as: 

 tli = ni (τ a + 2δ )  (3.14) 

 tsi = Tdi − niτ slot  (3.15) 

So far we can summarize the delay, energy and throughput performance of static TDMA: 

 Dstatic−TDMA = E[ai ]+τ p +δ  (3.16) 

 Estatic−TDMA = τ p (Pti + Pc )ni
i=1

N

∑ + Pl (τ a + 2δ )ni
i=1

N

∑ + Ps (Tdi − niτ slot )
i=1

N

∑  (3.17) 

 Φstatic−TDMA =
niα
Tdii=1

N

∑  (3.18) 

Figure 8 shows the packet transmissions of the node which has been allocated with the second time slot in 
each frame. Access delay of each packet depends on the relative position of the packet in the corresponding 
frame, which is represented by green arrow in the figure: 

 

Figure 8 Access delays of individual packets in static TDMA 

If packets are too close, like the last three packets in Figure 8, the anterior packets will further delay the 
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posterior ones. This chain reaction is resulted from a heavy traffic load, which can be observed from Figure 
9:   

 

Figure 9 Delay performances of static TDMA with traffics of different density 

In the simulation we compare three kinds of traffic whose average inter-packet time is 1s, 3s and 5s. 
Apparently, traffic with smaller inter-packet time is denser. The simulation result proves that the denser 
traffic causes higher packet delay. Moreover, to serve a large number of nodes, static TDMA has to schedule 
a long frame, which is more likely to trigger the chain reaction. Since the frame length is dependent on the 
number of nodes, packet delay grows faster after the latter exceeds a certain point. 

3.2.2 CSMA 
Compared to static TDMA, contention-based protocols are more distributed and scalable. They allows 
packets to be transmitted immediately when they are created, which is much more efficient in time. 
However, random access may introduce collisions. A collision-avoidance mechanism, Carrier Sense 
Multiple Access (CSMA) is motivated by the fact that it makes no sense to send a packet while sensing the 
channel busy. The specific rules of non-persistent CSMA are as follow: 

1. If the channel is sensed idle, transmit a packet immediately; 

2. If the channel is sensed occupied, back off a random amount of time and go to the first step. 

 

Figure 10 Flow chart of non-persistent CSMA 

CSMA is a totally decentralized MAC protocol as each node independently decides the time for channel 
access. Nodes rarely wait as packets are sent immediately once generated. Consequently, channel is highly 
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utilized and packets are quite shortly delayed. The problem is that avoidance of collisions is costly since it 
causes longer meaningless listening. Besides, backing off is an effective scheme to decrease the probability 
of collision but it makes the interrupted nodes sensing the channel and wasting a lot of energy. So sometimes 
it’s not worth preventing all the collisions. There is a trade-off between collision and idle listening. This fact 
is considered in the thesis from a perspective of energy efficiency while ignored in traditional contention-
based protocols. 

Different from TDMA, CSMA causes more energy consumption in transmitting and listening, due to 
collisions and backing off. Denote number of collisions at node i  as nci  and its total back-off time as tbi . 

Then the listen time tli  and sleep time tsi  of CSMA are: 

 tli = ni (τ a + 2δ )+ tbi  (3.19) 

 tsi = Tdi − ni (τ p +τ a + 2δ )− nciτ p − tbi  (3.20) 

The delay, energy and throughput of CSMA are summarized in the following way: 

 DCSMA = E[ai ]+τ p +δ  (3.21) 

ECSMA = τ p (Pti + Pc )(ni + nci )
i=1

N

∑ + Pl[(τ a + 2δ )ni + tbi ]
i=1

N

∑ + Ps[Tdi − ni (τ p +τ a + 2δ )− nciτ p − tbi ]
i=1

N

∑  

       (3.22) 

 ΦCSMA =
niα
Tdii=1

N

∑  (3.23) 

It can be intuitively reflected from Equation (3.22) that CSMA needs more energy than TDMA, which is 
equal to: 

 ΔE = [(Pti + Pl − Ps )nciτ p + (Pl − Ps )tbi ]
i=1

N

∑  (3.24) 

Back-off time is one of the important parameters of CSMA which influences its performance. Generally, a 
successful transmission is defined as the fact that the data packet has been completely received by its 
destination and the sender has been acknowledged about the successful reception. The time involved in a 
successful transmission is equal to: 

 τ transmission = τ p +τ a + 2δ  (3.25) 

Back-off unit is hereby defined as  

 ε = θτ transmission  (3.26) 

where θ  is the factor which decides the length of back-off unit. When c  collisions have happened, each of 
the colliding nodes postpones the transmission by τ bi , which is referred to as the back-off time: 
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 τ bi = crε  (3.27) 

where integer cr  is randomly chosen from contention window [1,c] . So back-off time is actually integer 

multiple of the back-off unit. The following figures show the effect of back-off unit (θ  equals 1, 4, 7 in 
three cases) on the system performance: 

 

Figure 11 Delay and energy performance of CSMA with different back-off units 

From the results we know that a relatively small back-off unit can improve the system performance in both 
time and energy efficiency. That is because with a large back-off unit, nodes are waiting for long times until 
the channel becomes idle, which is sufficient to guarantee a safe channel access but not necessary. The 
channel could have been more highly used with shorter back-off times but more back-off attempts. 
Obviously the back-off unit cannot be infinitely small. Once it is as short as the propagation delay, which is 
beyond the sensitivity of the node, a lot of collisions will occur.  

3.2.3 Dynamic TDMA 
Static resource allocation always makes the system less capable to handle topological changes. Actually the 
resource can be allocated dynamically to the users with instant needs. Reservation-based protocol is such a 
scheme that assigns resource pieces to whom currently have requirement to transfer data, which no longer 
follows a fixed order of slot allocation. As for traditional reservation protocols, the duty cycle varies every 
time based on result of reservation. All the nodes have to keep listening to the channel for base station’s 
broadcast. This is quite expensive for M2M devices since they don’t know when to sleep and need to have 
radio on all the time. [11] raises a solution with fixed frame length. As is introduced in Chapter 2, reservation 
scheme of that solution is based on p-persistent CSMA. In this thesis, the protocol is improved with new 
reservation and allocation schemes, named dynamic TDMA. Similar with static TDMA, time resource is 
framed and frames are equally slotted. Each frame consists of 3 phases: 

1. Reservation Phase: this phase composes of several slots and these slots are further split into many 
subslots. At the beginning of each frame, all the nodes wake up and the base station declares the 
beginning of reservation phase. Each node that has packets to transmit will send a reservation 
randomly in any of the subslots. If a node has exclusively taken a certain subslot and therefore its 
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reservation packet successfully has reached the BS, it will be allocated with one or more slots in 
working phase. Otherwise, if reservation packets collide in the same subslot, the corresponding 
nodes will fail to have any working slots. At the announcement phase, the base station broadcasts 
the result of reservation and all the nodes will go to sleep. 

2. Working Phase: the nodes that have succeeded will wake up at the designated working slots and 
send packets immediately. After transmission the node will go to sleep. 

3. Sleep Phase: all the nodes do nothing but sleeping. This phase is optional and usually applied when 
the battery is nearly exhausted. 

Figure 12 gives an example of a 77-slot frame: 

 

Figure 12 Time division and slot allocation in TDMA static protocol 

Compared to the static one, dynamic TDMA protocol is much more flexible since every node is free to join 
or quit the system and the system operation will not be influenced. Slot allocation is based on reservation 
and changes every time. However, the time used for reservation does not contribute to system throughput 
and may increase delays. 

Dynamic TDMA has the same expressions for performance as static TDMA: 

 Ddynamic−TDMA = E[ai ]+τ p +δ  (3.28) 

 Edynamic−TDMA = τ p (Pti + Pc )ni
i=1

N

∑ + Pl (τ a + 2δ )ni
i=1

N

∑ + Ps (Tdi − niτ slot )
i=1

N

∑  (3.29) 

 Φdynami−TDMA =
niα
Tdii=1

N

∑  (3.30) 

Since no data packet is delivered in reservation phase, packets are delayed by this period of time in each 
frame. There are always several nodes failing to book a working slot, and not all nodes can access the 
reservation phase when the number of nodes is larger than that of reservation slots. Therefore, dynamic 
TDMA has higher access delay E[ai ]  than static TDMA. When delivering the same amount of traffic, 

dynamic TDMA consumes more energy in reservation, which is minor to the overall system consumption. 
So it has nearly the same energy performance with static TDMA. 
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3.3 Performances Comparison of Three MAC Protocols 
Figure 13 compares the performances of the three MAC protocols:  

 
Figure 13 Performance comparison of static TDMA, dynamic TDMA and CSMA 

Upon the analysis and simulation results, we can reach the following conclusions: 

• Average packet delay: Delay of CSMA grows the most slowly as the number of nodes increase, 
among the three MAC protocols. Dynamic TDMA always has a bit higher delay than static TDMA.  

• Energy consumption: The growing of CSMA energy consumption follows approximately 
exponential rate, while that of static and dynamic TDMA is linear. The two latters have smaller 
energy consumption than CSMA. 

• System throughput: The throughputs of the three MAC protocols grow at the same speed and keep 
flat after certain points. CSMA has the best performance in throughput. The inverse of normalized 
throughput has the same trend with delay performance. 

To sum up, CSMA outperforms in time efficiency while static and dynamic TDMA have great advantage in 
energy efficiency. Moreover, CSMA is totally a decentralized MAC protocol which doesn’t need any central 
coordination. Dynamic TDMA is more scalable than static TDMA since the transmissions of each 
participant varies every time based on reservation while the latter fixes slot allocation in a certain order. 
Both TDMA protocols require precise central timing and are sensitive to clock drift. The accuracy of 
channel sensing and time sensitivity can effectively influence the performance of CSMA.
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Chapter 4  

Proposed MAC Protocol 

Based on the previous discussions, a hybrid solution has been proposed with emphasis on energy savings 
and extension of battery lives. The solution takes the advantage of clustering because the transmission 
power of the nodes can be greatly declined after they are put in clusters. This chapter introduces how the 
proposed MAC protocol is designed by integrating the existing protocols and how the workflow goes. 

4.1 Consideration 
We have looked deep into the principles, mechanisms and outputs of three typical contention-free, 
contention-based and reservation based MAC protocols in the last chapter. Since the primary goal of the 
design is to achieve energy efficiency as much as possible, energy consumption of the hybrid solution 
should be less than that of any one of the three traditional protocols. 

4.1.1 Clustering 

Clustering is an effective and feasible scheme for energy saving and topology management, which has been 
widely used in many wireless networks. Briefly speaking, clustering is to group a certain number of nodes 
into different exclusive clusters, in which a node is selected as the cluster head (CH). In this case, cluster 
members who used to talk directly to the base station are supposed to communicate with the CH only.  The 
CH then relays the messages from cluster members to the base station, which adds one more hop to the route 
of packets.   

 

Figure 14 A possible scenario of clustering in a cell. d is the distance between the cluster member to the base station. d1 

and d2 represent the distances from cluster member and base station to the cluster head, respectively. 
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Figure 14 shows a possible scenario where clustering is implemented. After the common node becomes a 
cluster member, the packet path is added up to (d1 + d2 ) , which is apparently larger than d . However, 

transmission power is not linear to the distance, which means P(d1)+ P(d2 )  is not necessarily smaller than 

P(d) . To explain it briefly, we can look at an example where d1 , d2 , d  are 50, 100, 110. Assume the 

pathloss follows log distance model with exponent 3 and transmission power equals path loss. In this case, 

 1003 + 503 = 1125 ×103 <1331×103 = 1103  (4.1) 

That is, with clustering, the total transmission power has been reduced by 1.06 ×105 . However, the 
situation turns out to be opposite if we just increase d1  by 20: 

 1003 + 703 = 1343×103 >1331×103 = 1103  (4.2) 

Obviously in this case the transmission power has been increased instead. From that example clustering 
doesn’t save transmission power in all cases. Neither should we select the nodes that are too close to the 
base station as cluster members, with respect to energy saving. As a conclusion so far, it has to be always 
fulfilled that for most of the cluster members, 

 P(d1)+ P(d2 ) < P(d)  (4.3) 

4.1.2 Frame Formation 
Since clustering is going to be implemented in the proposed MAC protocol, the frame should be divided into 
two big parts in order to avoid the interference of cluster heads (CH) and members: one for the 
communication within clusters, between cluster members and CH, and the other for the cell, between CHs 
and the base station. Two basic protocols should be chosen for each part.  

As the conclusion tells in Chapter 3, static TDMA has the best energy performance and doesn’t lose in 
packet delay and throughput. However, it is seldom used in current wireless communications mainly due to 
its weak scalability. That is, the slot allocation is fixed once the TDMA group has been established and 
difficult to adjust if the group's composition changes. For example, a TDMA frame consisting of 50 slots is 
supposed to serve 50 nodes. If by accident some members stop working or quit the group, the frame length 
has to be adjusted according to the number of the rest members. Otherwise the slots allocated to the missing 
nodes are going to be wasted in each frame, which will raise the packet delay: 
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Figure 15 Delay performance of static TDMA becomes worse if some slots are wasted in each frame. 

In practice, the central coordinator cannot immediately react to the change. It even costs a lot to reform the 
frame. Similarly, if some new nodes want to join the TDMA group, they have to wait for the group head 
(base station or cluster head) to update the slot allocation, which may also influence the original members.  

The energy consumption of CSMA grows as the nodes become more, not only because the amount of data to 
send increases but also because denser traffic causes longer back-off time and more collisions. As we can 
imagine, in a scenario with clusters, most of the traffic from cluster members will be congested at the cluster 
heads. As a result, the outputs of CHs are decisive in the whole system performance. For energy saving 
purposes, only dynamic TDMA, which consumes the least energy, is suitable for cell communications 
between CHs and base station. In conditions that cluster size is small, the traffic load within clusters is too 
light to cause much idle listening and collisions, which may work as a reason why CSMA can be selected 
for intra-cluster communications. 

4.1.3 Idle Listening Reduction in CSMA 
Idle listening is one of the main causes of energy wastes in CSMA, which is actually the time when colliding 
nodes are backing off and keep sensing the channel. To save energy for cluster members, idle listening 
should be further decreased. Consider the general case for ordinary CSMA: 

 

Figure 16 Idle listening in ordinary CSMA 
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At time t −1  nodes are allowed to begin their transmissions, with the head-of-line packet ready at each node. 
All the nodes start to sense the channel and send its packet accordingly. The node which sends out the 
packet at the latest is always backing off, which means its idle listening is longest among the nodes. In this 
case, the sum of energy spent in idle listening of all the nodes is quite large. 

The problem can be solved in a feasible way.  For example, we can split the interval (t −1,t)  into three 

phases. In each phase, only a small part of the nodes are permitted to contend for the channel, as Figure 17 
shows: 

 

Figure 17 CSMA with multi-phase scheme. The red arrow represents the longest idle listening. The green arrow 
represents the sleep time before the node starts contending in phase 2. 

With this multi-phase scheme, the longest idle listening can be shortened to a certain extent. Before each 
phase comes, the designated nodes keep sleeping instead of listening. Since sleep power is minor to listen 
power, the scheme can decrease the total energy waste. However, as a consequence of trade-off, the fairness 
of individual nodes is sacrificed. 

4.2 Workflow of Proposed MAC Protocol 

 

Figure 18 Frame structure of proposed MAC protocol 

Figure 18 shows the frame structure of the proposed MAC protocol. The frame is divided into two parts: one 
for intra-cluster communications where CSMA is used and the other for cell communication where dynamic 
TDMA is used. The former is further split into N phases, in each of which a part of cluster members send 
their packets in CSMA manner. The packets are gathered at cluster heads, which are going to be sent in the 
dynamic TDMA period.  
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The MAC protocol works in the following procedure: 

1. After the knowledge on the transmission power of each node is obtained, a threshold Th  and 
minimum cluster size Sm  for clustering is then decided.  Those whose transmission power is higher 

than Th  are grouped into clusters. In the clusters, the one with lowest transmission power (almost 
the closest one to the base station) is selected as cluster head. The clusters should try to be as many 
as possible so that there are enough cluster heads to partake the traffic load of all the clustered nodes. 
A cluster whose size is smaller than Sm  is not allowed to establish. 

2. Cluster heads allocate N CSMA phases to N subgroups of cluster members in each cluster. That 
means the designated nodes of phase 2-N are scheduled to wait for certain times until they start 
transmitting. Over the CSMA period, packets from cluster members are gathered at cluster heads. 
After transmission, the nodes go to sleep until next frame comes. 

3. The dynamic TDMA group consists of cluster heads and the unclustered nodes that are supposed to 
talk directly to the base station. In notification phase, the base station broadcasts the number of 
dynamic TDMA group members Nd  and the number of reservation slots Nr . 

4. In reservation phase: 

a. If Nd ≤ Nr , each node that has packets in the queue randomly chooses a reservation slot to 

send reservation packet.  

b. If Nd > Nr , the reservation is made with probability p , which means the nodes have p  

chance to randomly choose a reservation slot to send reservation packets. 

The reservation packet includes the following information: number of packets in the queue of the 
node; urgent degree of the node, which depends on how long the node has waited since its last 
transmission. 

5. Some reservation packets may collide because they are accidentally sent in the same reservation 
slots. Others will arrive at the base station successfully. The base station arranges more urgent nodes 
in anterior slots of the working phase. The number of slots assigned to each node depends on their 
length of queue, which means the more packets they have in the queue, the more slots they will 
acquire. Finally in announcement phase, the base station broadcast the arrangement on slot 
allocation. For example, the working slots may be taken by nodes [F, F, F, A, C, D, D, B, B, B, B, 
E, …]. All the nodes receive the broadcast and go to sleep. 

6. In working phase, nodes wake up and send packets in corresponding slots. After this phase, the 
unclustered nodes switch to sleep mode and cluster heads all wake up and listen for their cluster 
members in next CSMA phase.
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Chapter 5  

Numerical Simulation 

Simulations are done in Matlab (R2012b) on a PC machine. They are focused on system level, which means 
link features such as modulation, coding and sampling are not considered and single data packet is treated 
as the minimum observation object. This chapter talks about the assumptions, models and parameters used 
for the simulations. Some flow charts are presented to briefly explain how each module is designed. In the 
end of the chapter it also shows and discusses about the simulation results of the proposed MAC protocol. 

5.1 Network Architecture 
As is shown in Figure 19, it is assumed that the cell is round and the base station (BS) is in the center. 
Machine nodes are uniformly distributed in the cell and talk to the BS directly. If the proposed MAC 
protocol is used, the nodes whose transmission power is higher than the chosen threshold Th  are put into 
clusters. Then in the cluster, the node of lowest transmission power is selected as cluster head. The green 
circle represents the locations at which transmission power is equal to Th : 

 

Figure 19 Network architecture defined in the simulation 

Packet route is limited within two hops, which means a node can only talk to the BS as common node or to 
cluster head as cluster member. Communication between common nodes is not allowed. Therefore, the 
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network topology is hierarchical with one cluster level. 

5.2 Traffic Model 
In the simulations, Poisson distribution is chosen as the traffic model. Packet arrivals follow a Poisson 
process with intensity λ . According to [21], the instant inter-arrival time t  between two successive packets 
is exponentially distributed and its probability density function (PDF) can be expressed as: 

 fi (t) = λe−λt  (5.1) 

where λ  is the average packet arrival rate (packets/s). To be more precise to the practical situation, [21] 
introduces more parameters to specify the traffic pattern: σ  for maximum burst rate and α  for average 
packet size (bits). Here we define the average inter-arrival time as I , around which the instant inter-arrival 
time t  varies. Then λ  and σ  can be calculated as follow: 

 λ = α
I

 (5.2) 

 σ = α
I − ρ

   for 0 ≤ ρ < I  (5.3) 

where ρ  is a constant which limits the value of  t  within [ I − ρ , I + ρ ] and influences the regularity of 

the traffic. For instance, for the same average inter-arrival time 4, the instant inter-arrival time t  can be 
minimum at 3.9 and 3.1 when ρ  equals 0.1 and 0.9, respectively. Definitely, a smaller ρ  will result in 

relatively regular traffic. 

With those parameters we can obtain a shifted exponential distribution: 

 fi (t) = be
−b(t−a)    for t ≥ a  (5.4) 

where a > 0  determines the minimum inter-arrival time; b  is a factor which decides the decay rate of the 
exponential function. a  and b  can be calculated with parameters λ , σ  and α  in the following Equations 
[21]: 

 a = α
σ

= I − ρ  (5.5) 

 b = σλ
α σ − λ( ) =

1
ρ

 (5.6) 

Figure 20 shows the impact of a  and b  on the shape of the shifted exponential curve: 
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Figure 20 Shifted exponential function with parameters a and b 

5.3 Simulation Parameters 
The simulation parameters follow the LTE system specifications. The base station is somewhere referred to 
as eNB (E-UTRAN/Evolved Node B) in the thesis.  From [22] we can get a series of parameters for LTE 
(Release 8). Besides, only one channel of uplink is considered, which means all the communications are 
operated at the same frequency. The detailed system configurations and channel models are summarized in 
Table 2: 

Parameter Value 

MN Max Tx Power 23 dBm[23] 

MN Min Tx Power -50 dBm[23] 

MN Listening Power 1 mW 

MN Sleeping Power 15 µW[10] 

MN Antenna Gain -2 dBi 

eNB Antenna Gain 17 dB 

eNB Antenna Height 15 m 

eNB Cable Loss 1 dB 

Noise Figure  5 dB 

Thermal Noise -174 dB 

eNB Required SNR -7 dB 

eNB Sensitivity -136.5 dB 

System Margin 26.6 dB 

Carrier Frequency 2 GHz 

Pathloss MN-to-eNB (dB) 128.1 + 37.6 log(R), R in km 

Inter-MN (dB) 38.5 + 27 log(R), R in m 

Shadow Effect MN-to-eNB (dB) 6 dB 
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Inter-MN (dB) 3 dB 

Packet Size  20 byte 

Average Packet Inter-Arrival Time 1 s 

Packet Transmission Time 10 ms 

ACK Transmission Time 1 ms 

Max Propagation Delay 10 µs 

Table 2 Simulation parameters [22]. 

The signal bandwidth is assumed to be 61 kHz. According to Shannon Capacity Formula,  

 C =W log2(1+ SNR)  (5.7) 

The minimum channel capacity C  can be obtained with the required SNR -7 dB at eNB: 

 C = 61×103 × log2 (1+10−0.7 ) = 16.01 kbps  (5.8) 

From Table 2 we know that a packet of 20 bytes takes 10 ms to be transmitted. Then average data rate R  is  

 R = 20 × 8 / (10 ×10−3) = 16 kbps <16.01 kbps = C  (5.9) 

5.4 Module Implementation 
For experiment purposes, six main modules: traffic_generation, tdma_static, tdma_dynamic, csma, 
clustering and cluster_calculation are implemented in the simulations and tested in Matlab to ensure they 
return correct results. The following part takes a deep look into how these modules are designed. 

5.4.1 traffic_generation 

The algorithm of traffic_generation is based on the traffic model. As is illustrated in Equation (5.4), the PDF 
of inter-arrival time of Poisson traffic can be expressed as a shifted exponential distribution. Given a random 
number p  on open interval (0,1), the instant inter-arrival time t  can be obtained as follows: 

 t = a − loge(1− p)
b

 (5.10) 

The end time of the traffic is specified in the inputs. The module takes (5.10) into loops until the end time 
and outputs the arrival time of each packet for each node in each row. 

• Inputs:   

o a, b: as is presented in Equation (5.5), (5.6),  a  and b  are parameters of shifted exponential 
function. 

o rows: each row of the output matrix represents the traffic of each node. rows indicates the 
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number of nodes. 

o time: time indicates how long the traffic lasts. 

• Outputs:  

o traffic: arrival time of packets.  

 

Figure 21 Flow chart: traffic_generation 

5.4.2 tdma_static 

MAC functions are encapsulated in the modules so as to simplify the inputs and outputs. For example, 
tdma_static just needs a certain traffic as the input and figures out the average packet delay, energy 
consumption and throughput in conditions that the traffic is delivered in static TDMA manner. This also 
makes it possible to treat the modules as plug-ins so that the invocations of them are quite convenient, for 
both cluster and cell communications. tdma_static, tdma_dynamic and csma have the same inputs and 
outputs: 

• Inputs:   

o traffic: arrival time of packets. It is generated by function traffic_generation. 

o transmit_power: nodes in different locations transmit at different power to communicate 
with the base station. 

• Outputs:  

o delay: the average delay per packet, in s.  

o energy: the total energy consumption of the system, in mJ. 

o throughput: the average throughput of the system, in bit/s. 
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The code is included in the appendix. The core idea of this module is to calculate packt access delay based 
on judging the relative position of the packet in the current frame. It can be sent in the frame only if it arrives 
in advance of the designated slot. Otherwise it has to be delayed and sent in the next frame. 

5.4.3 tdma_dynamic 
In dynamic TDMA, the reservation phase comes periodically. Before each reservation phase starts, we 
should know how many nodes are waiting in the queue. Other nodes that don't have packets will not access 
that phase. 

In reservation phase, each node that has packets to send randomly chooses a reservation slot. If they are 
more than reservation slots, each follows a probability to access this phase in order not to cause too many 
collisions. 

In res_seq there are some identical numbers which means reservation packets are colliding in these slots. 
That means the base station will not receive those packets. It only allocates working slots to those who have  
succeeded delivering reservation information. After the first round of allocation, the remainder of work slots 
will be reassigned to the nodes that have more than one packet. The nodes who have been waiting longer 
enjoy higher priority. Their transmissions are scheduled earlier so that the packets are not badly delayed. 

 

Figure 22 Flow chart: tdma_dynamic 

5.4.4 csma 
In CSMA, nodes sense the channel before each transmission. So it is important to implement channel 
sensing and backing off correctly in the code. Firstly, we get the head-of-line (HoL) packets of each node 
into the queue: 
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Figure 23 Flow chart: csma 

Then sort the queue packets by arrival time and check the interval between the first and second packets. If it 
is shorter than propagation delay (time sensitivity of machine node), the second node cannot sense the first 
packet, which means the two packets are colliding. Then the colliding nodes back off a random time 
respectively and retransmit the packets. If the interval is longer than propagation delay but shorter than a 
complete transmission time (transmission delay of packet and acknowledgement plus two times of 
propagation delay), the posterior nodes can sense the first packet and will not cause collisions. They just 
back off and keep sensing the channel. Finally, the first node sends the first packet and pushes the next one 
into the queue for next loop. 

5.4.5 clustering and cluster_calculation 

The clustering module has the following inputs and outputs: 

• Inputs:   

o nodes_location: locations of all nodes generated in main function. 

o transmit_power: transmission power of each node. 

o threshold: the nodes with transmission power higher than this threshold are to be clustered. 

• Outputs:  

o CH_index: index of cluster heads.  

o CH_Tx: transmission power of cluster heads. 

o CM_index: index of cluster members. 

o CM_Tx: transmission power of cluster members talking to cluster heads.  

As is shown in Figure 24, the green circle and black circle make up the area where transmission power is 
higher than the threshold Th . Nodes in this area are supposed to be clustered.  
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Figure 24 Area division before clustering 

To facilitate clustering and avoid too broad clusters, the area is equally divided into 8 parts. Given a 
minimum cluster size, the module tries to make as many clusters as possible in each part. The module just 
offers a feasible clustering method. Actually the area can be split into smaller parts or in any other ways to 
make improvements. 

Based on different cluster sizes, cluster_calculation chooses cluster heads whose transmission powers are 
the lowest and allocates close nodes to them as members. Then the transmission powers of cluster members 
can be calculated.  

5.5 Simulation Results 
To test the functionalities of the proposed MAC protocol, we compare it with dynamic TDMA which works 
in cell-only case with all nodes directly communicating with the base station.  

In the simulations, initial status of the system is ignored when calculating packet delay. The observation 
starts after the system becomes stable and packets are congested to a certain extent.  

 

Figure 25 Delay performance of the proposed MAC protocol and dynamic TDMA 

Figure 25 shows the delay performances of the proposed MAC protocol in conditions of different thresholds. 
They are both higher than that of non-cluster dynamic TDMA. That is because cluster heads receive times of 
the traffic that they used to have in non-cluster case. Packets are severely congested at cluster heads. At the 
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meantime, in the proposed protocol, cell communication phases come periodically with intra-cluster phase in 
between. In intra-cluster phase cluster heads are only allowed to listen to their members rather than transmit 
to the BS, which badly influences time efficiency of the proposed protocol. 

It can be seen that a higher threshold results in a larger overall delay, as ‘threshold 70’, ‘threshold 20’ and 
‘threshold 1’ curves present in Figure 25. Through many times of observation on simulation results, it is 
concluded that common-node packet delay DCN  is positively relative to the number of common nodes. For 

instance, it is 578.1016 s for threshold 90 while 536.2070 for threshold 60. Since at lower thresholds, more 
nodes are clustered to make use of the intra-cluster phases. DCN  is therefore positively relative to threshold 

as well.  

Like the traditional protocols, the throughput of the proposed protocol also acts oppositely to its delay 
performance. Its throughput is always smaller than that of dynamic TDMA. Even higher threshold results in 
lower throughput: 

 

Figure 26 Throughput performance of the proposed MAC protocol and dynamic TDMA 

The comparison on energy consumption shows more interesting facts. The proposed MAC protocol does not 
always has lower energy consumption than dynamic TDMA: 

 

Figure 27 Energy performance of the proposed MAC protocol and dynamic TDMA 
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With ‘dynamic TDMA’ curve as a reference, we can observe that when the threshold is chosen as 20, using 
the proposed protocol, or in another words, implementing clustering can effectively save energy. In this case, 
the more nodes are put in clusters, the more energy can be preserved. However, a too large (like 70) or too 
small (like 1) threshold may result in more energy wastes. For a more general observation, the relation 
between energy saving and threshold is obtained in Figure 28. In the plot, energy consumption is compared 
between the proposed MAC and non-cluster dynamic TDMA. The amount of difference is output as energy 
saving. When it is positive, the proposed MAC protocol consumes less energy than dynamic TDMA, which 
means the former is more energy-efficient.  

 

Figure 28 Energy saving of the proposed MAC protocol at different thresholds 

Due to the minimum cluster size criteria, a small number (like 100) of nodes can rarely have clusters at any 
threshold so that its energy performance is similar with that of non-cluster dynamic TDMA. For larger 
numbers of nodes, the proposed MAC has energy saving in various degrees only when the threshold is 
limited within a certain interval, for instance, from 5 to 60 in this simulation.  

However, if threshold drops outside of this interval, the proposed MAC doesn’t preserve energy at all. Let us 
roughly consider the simple model in Figure 14. Denote listen power as Pl  and circuit consumption during 

transmission as Pc . Assume Pc  equals Pl . Then Equation (4.3) can be improved as: 

 [P(d1)+ Pc ]+ [P(d2 )+ Pc ]+ Pl < P(d)+ Pc  (5.11) 

In intra-cluster communications, other than transmission powers of cluster head and members, the cluster 
heads have to pay an extra listen power to receive data packets from their members. Therefore, to achieve 
energy saving, the inequality should be always true: 

 P(d)− [P(d1)+ P(d2 )]> 2Pl  (5.12) 

Intuitively, a higher threshold makes the cluster head and member closer, that is, a smaller d1  while a larger 

d2 . On the other hand, a low threshold results in a large d1  and a small d2 . The sum of P(d1)  and P(d2 )  

may not fulfill the inequality. Besides, Equation (5.12) just considers one cluster member. If we think about 
more members and even sleep power, the case would become more complicated. In any wise, we should 
always figure out the optimal threshold to inspire the highest energy-efficiency of the proposed MAC 
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protocol.  

Inequality (5.12) indicates listen power’s effect on energy saving. Actually, in the proposed MAC, cluster 
heads keep listening to their members periodically during each intra-cluster CSMA phase.  

 

Figure 29 Energy saving of the proposed MAC protocol at different listen powers 

Figure 29 shows the relation between energy saving and listen power in conditions that the number of nodes 
is 500 and threshold is 60 mW. Apparently, energy saving declines as listen power increases. After the latter 
grows more than a certain point (4.5 mW in the simulation), the proposed MAC doesn’t preserve energy any 
more. To counteract the effect of listen power on energy saving, the intra-cluster period should be tried to be 
short. 

 

Figure 30 Battery lives of cluster heads and members in two cases 

Figure 30 shows the battery lives of different kinds of nodes in proposed MAC and non-cluster dynamic 
TDMA. It is obvious that the proposed MAC protocol has extended the battery life of cluster members to a 
much higher level. The extension can even be as large as 750% at some point. As a consequence of trade-off, 
the lifetime of cluster heads is sacrificed by 50%. Since the overall system energy consumption can be 
reduced at certain thresholds, the profits on individual node lifetime are sufficient to overcome the loss in 
that of cluster heads. To avoid exhausting cluster heads too fast, one way is letting cluster members be the 
head in turn, which is feasible to overcome the drawbacks of clustering.
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Chapter 6  

Conclusions 

In the thesis, a literature study has been done on several typical low-power MAC protocols such as WSN 
MAC protocols, IEEE 802.15.4 and low-power Wi-Fi. Those previous works show that energy wastes are 
mostly caused by collision, overhearing, control signaling, idle listening and over emitting, among which 
collision and idle listening are the main sources. Most of the WSN MAC protocols are integrated with 
periodic sleep schedule to reduce idle listening and based on contention-free or handshaking schemes to 
avoid collisions. M2M MAC protocols can borrow ideas from WSN protocols in frame structure, scheduling 
and algorithms, etc. 

Before the low-power MAC design, three types of basic M2M MAC protocols have been designed: static 
TDMA, CSMA and dynamic TDMA. These protocols are low-power adaptations from contention-free, 
contention-based and reservation-based protocols. Based on Poisson traffic model, their performances have 
been measured in three aspects: average packet delay, total energy consumption and system throughput. The 
results of theoretical analysis and numerical simulation turn out that CSMA is more time efficient with the 
lowest delay and highest throughput; static and dynamic TDMAs are more power efficient since idle 
listening and collision in these two protocols are declined as much as possible, compared to CSMA. 
Moreover, dynamic TDMA and CSMA are of more scalability than static TDMA. 

Clustering is the key energy-saving scheme in the proposed MAC protocol. With this scheme, nodes cost 
much lower transmission power after they are put into clusters. To make the most of the advantage of 
CSMA and dynamic TDMA, the former is selected for intra-cluster communication and the latter for cell 
communication. The CSMA period is split into several phases to further decrease idle listening. Clustering is 
executed with a chosen threshold and minimum cluster size. The nodes whose transmission power is higher 
than the threshold will be clustered. Cluster members communicate with their head in CSMA. The 
unclustered nodes contend with cluster heads in the dynamic TDMA period. 

Simulation results show that compared to dynamic TDMA, which works in a cell-communication case with 
no clusters, the proposed MAC saves more energy, with sacrifice of time efficiency. The threshold is a main 
factor which affects energy saving. Only within a certain range of threshold, can the proposed MAC offer 
considerable energy saving. Listen power also decides the amount of the reduction on energy consumption. 
With implementation of the proposed MAC protocol, the total energy consumption can be save by 20% and 
the battery lifetime of cluster members can be prolonged by up to 800%.   
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In summary, the design fulfills the goals to save system energy consumption and extend battery lifetime of 
machine nodes.
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Chapter 7  

Future Work 

The thesis work investigates functionalities of different MAC protocols and reaches a hybrid solution with 
implementation of clustering. During the process of this thesis, some interesting topics are found highly 
related to the thesis work and worth further studying in the future. 

In the thesis only one level clustering has been implemented. At a small threshold, clusters will be large in 
both area and the number of members, which weakens energy saving of clustering. To further lower the 
transmission power of cluster members that are in broad clusters, these clusters can be divided into smaller 
ones. Apparently, a cell cannot be infinitely clustered. Based on the knowledge of the cell, an optimal 
number of clustering level should be figured out to maximize the overall system energy efficiency. 

The method of clustering in the thesis is simple, which may leave a big space for improvements. For 
instance, the high-transmission-power area can be split into more parts or in another ways. Cluster head 
doesn’t need to be the one with lowest transmission power in the cluster. It should be chosen to save energy 
with respect to the cluster rather than itself.  

From many times of observations in the simulation, the characteristics of the traffic influence the system 
performance in a certain extent. MAC protocols have different outputs against different types of traffic. For 
example, static TDMA prefers ordered sequence of packets since the transmission is limited in fixed slots. 
On the contrary, CSMA works better when packets arrive in a relative uncertain way, which may lower the 
probability of inter-packet contention and enhance time efficiency. We cannot find such a MAC that fits all 
kinds of traffic and applications. A good MAC design should take both traffic scheduling and application 
specifications into consideration.   

Finally, the proposed MAC protocol takes the advantage of clustering while inevitably sacrifices the lifetime 
of cluster heads. For most of the M2M applications, packets come in a sporadic manner. Cluster heads don't 
need to listen to their members in each intra-cluster period because sometimes none of the members have 
packets to send. Therefore, to improve the protocol for less energy consumption by cluster heads, the intra-
cluster period can be shortened so that the cluster heads don't have long listen time in each frame. Or we can 
insert a sleep phase between every two frames, during which all the nodes switch to sleep mode. This does 
not only decrease energy costs, but also gets a certain number of packets ready at cluster members such that 
cluster heads will pay a meaningful listen in each intra-cluster period.  
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Appendix. Source Code (Main Part) 

traffic_generation 

function traffic = traffic_generation(a , b , rows , time) 
traffic = zeros(rows , 1);  
for k = 1 : rows 
    timer = 0; %accumulative timer; 
    packets = 0; 
    while(timer < time) %within the simulation time 
        p = rand(1); 
        t = a - (1 / b) * log(1 - p); %generate random inter-arrival time 
        timer = timer + t; 
        if(timer > time) 
            break; 
        else 
            packets = packets + 1;  
  traffic(k , packets) = timer; 
        end 
    end 
end 
return 
 

tdma_static 

while ((timer < simulation_time) && ((timer + frame_duration) < simulation_time)) 
 if (j <= packets_to_send(i))  
            arrival = traffic(i , j); %In s. Arrival time of the packet. 
            a_mod_frame = mod(arrival , frame_duration); %Judge the arrival 
position in a frame. 
  if (j == 1) % The first packet for node i. 
                if (a_mod_frame <= (i - 1) * slot_duration) %The packet can be 
sent in the current frame. 
                    delay(i , j) = (i - 1) * slot_duration - a_mod_frame; 
                else %The packet has to be delay for the next frame. 
                    delay(i , j) = 2 * frame_duration - a_mod_frame - (slots - i 
+ 1) * slot_duration; 
                end 
            else  
                if (arrival > timer) 
                    delay(i , j) = (ceil((arrival - timer) / frame_duration) + 1) 
* frame_duration - (arrival - timer) - mod(timer , frame_duration) - (slots - i 
+ 1) * slot_duration; 
                else 
                    delay(i , j) = timer - arrival + frame_duration; 
                end 
            end              
            timer = arrival + delay(i , j);  
  packets_sent(i) = packets_sent(i) + 1; 
            packets_received(i , packets_sent(i)) = timer + packet_time + 
propa_delay; 
            j = j + 1;             
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        else 
            break %If j exceeds the total of packets, break the loop. 
        end  
         
    end 
!
!
tdma_dynamic 

while(timer < simulation_time)     
    %Before reservation phase, decide which packets are to be sent. 
    for i = 1 : nodes 
        row = schedule(i , :); 
        I = find((row <= timer) & (row > 0) , 1 , 'last'); 
        if(~isempty(I)) 
            indicator(i) = I; 
        end 
    end        
    %Queue Information 
    queue = indicator - packets_sent; %Calculate the number of packets in the 
queue for each node. 
    if(sum(queue) == 0) 
        if(sum(packets_to_send - packets_sent)) 
            timer = timer + frame_duration; 
            continue; 
        else 
            comm_end = timer; 
            break; 
        end 
    end 
    queue_status = queue & 1 * 1; %Indicates the existence of packets in the 
queue. 
    %Reservation Phase 
    %Each node which has packets in the queue will reserve time 
    %slots in working phase. The node randomly chooses a reservation slot to  
    %send reservation packets. Nodes choosing the same slot will collide. 
    res_seq = round(rand(nodes , 1) * reserve_subslots);  
    res_seq = (~res_seq) .* ceil(rand(nodes , 1) * reserve_subslots) + res_seq;  
    res_seq = queue_status .* res_seq; 
    if(nodes > reserve_subslots) %Each node has a probability to access 
reservation phase. 
        selection = queue_status .* rand(nodes , 1) - 1 + (reserve_subslots / 
nodes + queue / nodes); %Probabilities=reserve_slots/nodes + queue/nodes. 
        selection(selection > 0) = 1; 
        selection(selection <= 0) = 0; 
    else %All the nodes will access reservation phase. 
        selection = ones(nodes , 1); 
    end 
    res_seq = res_seq .* selection; 
     
    %Central decision on working slots allocation 
    table = tabulate(res_seq); %Indicates the repeated elements. 
    rep = table(: , 1); 
    rep = rep(table(: , 2) > 1); 
    %The reservation packets sent in the same time slot will collide. 
    for r = 1 : length(rep) 
        res_seq(res_seq == rep(r)) = 0; 
    end 
    %The working slots which have not been reserved will be allocated to 
    %those who have successfully access reservation phase and have more than one 
packets to send. 
    slot_allocation = (res_seq & 1) * 1; %Number of working slots allocated to 
each node. 
    suc_nodes = sum(slot_allocation); %Number of successful nodes. 
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    free_slots = work_slots - suc_nodes; %Number of working slots which have not 
been reserved. 
    priority = slot_allocation .* queue; %Priority depends on the number of 
packets in the queue. 
    [priority , ind_p] = sort(priority , 'descend'); 
    c1 = free_slots; 
    c2 = 1; 
    while((c1 > 0) && (c2 <= suc_nodes)) 
        switch(priority(c2)) 
            case 1 
                break; 
            case 2 
                slot_allocation(ind_p(c2)) = 2; 
                c1 = c1 - 1; 
            case 3 
                if(free_slots > 2) 
                    slot_allocation(ind_p(c2)) = 3; 
                    c1 = c1 - 2; 
                end 
            otherwise 
                if(free_slots > 2) 
                    slot_allocation(ind_p(c2)) = 4; 
                    c1 = c1 - 3; 
                else if(free_slots > 1) 
                        slot_allocation(ind_p(c2)) = 3; 
                        c1 = c1 - 2; 
                    else 
                        slot_allocation(ind_p(c2)) = 2; 
                        c1 = c1 - 1; 
                    end 
                end 
        end 
        c2 = c2 + 1; 
    end 
    %Working Phase 
    %Ensure packets generated earlier are sent earlier 
    hol = zeros(1 , nodes); %Head-of-line packets for each node. 
    for c3 = 1 : suc_nodes 
        hol(ind_p(c3)) = schedule(ind_p(c3) , packets_sent(ind_p(c3)) + 1); 
    end 
    hol(hol == 0) = timer + frame_duration; 
    [~ , ind_hol] = sort(hol); 
    c5 = 0; 
    for c3 = 1 : suc_nodes 
        for c4 = 1 : slot_allocation(ind_hol(c3)) 
            delay(ind_hol(c3) , packets_sent(ind_hol(c3)) + c4) = timer + 
(reserve_slots + c5) * slot_duration - schedule(ind_hol(c3) , 
packets_sent(ind_hol(c3)) + c4); 
            c5 = c5 + 1; 
        end 
    end 
    packets_sent = packets_sent + slot_allocation;         
    timer = timer + frame_duration;     
end 
 

csma 

timer = 0; 
collision = zeros(nodes , 1); 
listen = 0; 
x = schedule(: , 1); %The sending queue. 
     
while(timer < simulation_time) 
        i_nzero = find(x > 0);  
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        x_min = min(x(i_nzero));  
        if(x_min >= simulation_time) 
            break; 
        end 
        ind_xmin = find(x == x_min); %Index of x min. 
        I = ind_xmin(1); %Choose the first index in case x min is more than one. 
        xs = sort(x(i_nzero));         
        if(length(i_nzero) > 1) %If non-zero elements of x are more than one.                            
            while(xs(2) - x_min < transmission) %Nodes other than the sending 
node will back off.                 
                if(xs(2) - x_min <= propa_delay) %Collision occurs if at least 
the interval between the second pending packet and the first is less than 
propa_delay. 
                    ind = find((x - x_min < propa_delay) & (x >= x_min)); %Index 
of colliding nodes. 
                    collision(ind) = collision(ind) + 1; 
                else 
                    ind = find((x - x_min < transmission) & (x >= x_min));  
                    ind(ind == I) = [];  
                end                 
                back_off = (round(nodes * rand(length(ind) , 1)) + 1) * 
back_off_unit; 
                x(ind) = x(ind) + back_off; 
                listen = listen + sum(back_off);                 
                %Update the schedule 
                for k= 1 : length(ind)  
                    schedule(ind(k) , indicator(ind(k))) = x(ind(k));  
                    if(indicator(ind(k)) < packets_to_send(ind(k)))  
                        c = 1; 
                        while((schedule(ind(k) , indicator(ind(k)) + c) < 
schedule(ind(k) , indicator(ind(k)) + c - 1)) || (schedule(ind(k) , 
indicator(ind(k)) + c) - schedule(ind(k) , indicator(ind(k)) + c - 1) < 
transmission))  
                            schedule(ind(k) , indicator(ind(k)) + c) = 
schedule(ind(k) , indicator(ind(k)) + c - 1) + transmission;  
                            c = c + 1; 
                            if(indicator(ind(k)) + c > packets_to_send(ind(k)))  
                                break; 
                            end                            
                        end 
                    end 
                end                  
                xs=sort(x(i_nzero));                 
            end             
        end 
             
        timer = x_min;  
        packets_sent(I) = indicator(I); 
        packets_received(I , packets_sent(I)) = timer + packet_time + 
propa_delay; 
        delay(I , packets_sent(I)) = timer - traffic(I , packets_sent(I));  
        if(indicator(I) < packets_to_send(I)) 
            indicator(I) = indicator(I) + 1; %Move to the next packet to send. 
            x(I) = schedule(I , indicator(I)); %Push the next packet to the 
sending queue.                     
        else % No more packets to send. 
            if(length(i_nzero) > 1)  
                x(I) = 0; 
            else  
                break;  
            end 
        end 
             
         
    end 
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clustering 

%Sector 1 
index_s1 = find(cn(: , 1) >= 0 & cn(: , 1) <= cn(: , 2) & cn(: , 2) >= 0); 
a_index_s1 = index(index_s1); 
sector1 = cn(index_s1 , :);  
Tx_sector1 = Tx(a_index_s1); 
%Sector 2  
index_s2 = find(cn(: , 1) >= 0 & cn(: , 1) > cn(: , 2) & cn(: , 2) >= 0); 
a_index_s2 = index(index_s2); 
sector2 = cn(index_s2 , :); 
Tx_sector2 = Tx(a_index_s2); 
%Decide the size of each cluster 
for i = 1 : 8 
    if(d(i) == 0) 
        if(m(i) < cluster_size) 
            cl = 0; 
        else 
            cl = m(i); 
        end 
    else 
        cl = ones(1 , d(i)) * cluster_size; 
        if(d(i) < m(i)) 
            if(d(i) == 1) 
                cl = cluster_size + m(i); 
            else 
                cl = cl + ones(1 , d(i)) * floor(m(i) / d(i)) + [ones(1 , 
mod(m(i) , d(i))) , zeros(1 , d(i) - mod(m(i) , d(i)))]; 
            end 
        else 
            if(m(i) ~= 0)     
                cl = cl + [ones(1 , m(i)) , zeros(1 , d(i) - m(i))]; 
            end 
        end 
    end 
    clusters(i , 1 : length(cl)) = cl; 
end 
ce = clusters(: , 1) & 1 * 1; 
ce = ce .* [1 : 8]'; 
%For each sector, decide the locations of cluster heads and the members. 
for j = 1 : 8 
    cnn = clusters(j , :); 
    switch (ce(j)) 
        case 0 
            continue; 
        case 1 
            [s_CH_I , s_CH_T , Tc , cm , CM_T , CM_L] = 
cluster_calculation(nodes_location , cnn , a_index_s1 , sector1 , Tx_sector1 , 
CM_T , CM_L); 
            CH_I = [CH_I ; s_CH_I]; 
            CH_T = [CH_T ; s_CH_T]; 
        case 2 
            [s_CH_I , s_CH_T , Tc , cm , CM_T , CM_L] = 
cluster_calculation(nodes_location , cnn , a_index_s2 , sector2 , Tx_sector2 , 
CM_T , CM_L); 
            CH_I = [CH_I ; s_CH_I]; 
            CH_T = [CH_T ; s_CH_T]; 
      ... 

   case 8 
            [s_CH_I , s_CH_T , Tc , cm , CM_T , CM_L] = 
cluster_calculation(nodes_location , cnn , a_index_s8 , sector8 , Tx_sector8 , 
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CM_T , CM_L); 
            CH_I = [CH_I ; s_CH_I]; 
            CH_T = [CH_T ; s_CH_T]; 
    end 
end 
 

cluster_calculation 

%For each cluster, calculate the tranmission power of each cluster member. 
for k = 1 : s 
    cm = t_sector((1 + tr) : (tr + ce(k) - 1) , :); 
    tr = tr + ce(k) - 1; 
    d = sqrt((cm(: , 1) - c_s_CH(k , 1)) .^ 2 + (cm(: , 2) - c_s_CH(k , 2)) .^ 
2); 
    PL = 38.5 + 27 * log10(d); 
    Tc = eNB_sensitivity + system_margin + PL + 1.5 + 20; 
    Tc(Tc < -50) = -50;  
    Tc = 10 .^ (Tc ./ 10); 
    CM_T = [CM_T ; Tc]; 
    CM_L = [CM_L ; cm]; 
end 
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