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Abstract 
Wireless Sensor Network is an emerging technology that has applica-
tions in Wireless Actuators, remote controlling, distribution of software 
updates and distribution of parameters to sensor nodes. This project 
work basically covers the concept of macro-diversity. This is a situation 
in which several transmitters are used for transferring the same signal (in 
multi-hop sensor networks) to check the increase in connected nodes or 
in network coverage. Transmitter macro-diversity increases the received 
signal strength and thus increases the signal-to-noise ratio which results 
in a lower outage probability. To accomplish this task three different 
strategies have been simulated using thirteen different cases. Broadcast-
ing is used when forming SFN of size one (strategy one) and uni-casting 
is used for forming SFNs of size two (strategy two) and size three (strat-
egy three).In this project reference material has been gathered from 
books, journals and web sources; and MATLAB has been used as the 
simulation tool in which codes are written in the M programming lan-
guage. The algorithm works firstly by discovering all the nodes that are 
connected directly with the Base Station through multi-hoping, after 
which the second algorithm is applied to check how many more nodes 
can be reached by forming SFNs. A gain of up to 79% was observed 
using strategy one and strategy two and up to 83% in strategy three.  
The results shows that strategy one (Forming SFNs using Broadcasting 
Technique) is the best as more nodes can be reached (for different cases) 
than for the other two strategies (forming SFNs using uni-casting tech-
nique). 
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1 Introduction 
Wireless sensor networks are used to collect and disseminate environ-
mental data through the support of small, low-cost sensors forming a 
sensor network.  With the developments in technology and the deploy-
ment of small, inexpensive, low-power, distributed devices, which have 
the capability of local processing and wireless communication this has  
now become a reality. These types of nodes are known as sensor nodes. 
Each sensor node has a limited amount of processing capability but 
when coordinated with the information from other sensor nodes, they 
have the ability to measure the physical environment in great detail. [1] 

Wireless sensor networks have a variety of applications. For example 
environmental monitoring – such as for  air, soil and water, habitat 
monitoring e.g. to determine the plant and animal species population 
and behaviour, military surveillance, inventory tracking, smart spaces 
and condition based maintenance etc. Although sensor networks are 
capable of diverse applications they also pose a number of unique tech-
nical challenges such as ad-hoc deployment, unattended operation, 
limited power, dynamic changes etc.  Error! Reference source not 
found. 

1.1 Background and problem motivation 
Wireless sensor networks are used in many applications because of the 
many advantages they offer. To send data from source to destination, a 
source node may need to traverse many nodes which results in slow 
communication. In addition there may be nodes which are in a state of 
outage. If the concept of transmitter macro-diversity is applied to wire-
less sensor networks, the coverage area of wireless sensor network can 
be increased considerably and hence it becomes possible to reach those 
nodes which are in the state of outage. Transmitter macro-diversity is a 
phenomenon in which the same signal is sent by several nodes. The 
strength of the signal will increase as all the nodes will be sending the 
same signal simultaneously thus making the signal stronger. The 
stronger signal will result in a wider area coverage and hence the source 
node has to traverse fewer nodes to reach its destination. 
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1.2 Overall aim  
The project's aim is to deploy the concept of macro-diversity in wireless 
sensor networks and to check on how many more nodes can be reached 
and hence to increase the network coverage area which results in a 
reduced outage probability. 

1.3 Scope 
As stated in the overall aim, the scope of this work will focus on deploy-
ing the concept of macro-diversity in wireless sensor networks. The 
effects of macro-diversity in WSN will be checked and improvements 
noted in relation to both the signal strength and the increase in the 
number of reachable. 

1.4 Concrete and verifiable goals 
Macro-diversity if used in WSNs should enable a destination node to be 
reached that would previously have been out of reach by  any other 
node i.e. in a state of “outage”. 

1.5 Outline 
This section provides an overview of how the rest of this report is organ-
ized as shown in the bulleted points below: 

 Chapter 2 presents the background information and literature re-
view concerning Wireless Sensor Network, Macro-diversity, Sin-
gle Frequency Networks, and Multi-hoping etc... 

 Chapter 3 describes the methodology employed to achieve the 
main task of this thesis work. 

 Chapter 4 shows how the project work has been implemented. 

 Chapter 5 presents the results obtained in the project work. 

 Chapter 6 contains the conclusion of this work. 

 Chapter 7 shows the future work for further research in this the-
sis. 
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2 Theory  
2.1 Wireless Sensor Networks 

Sensor networks are a collection of small, low cost sensor nodes, used 
for collecting and disseminating environmental data and to assist in 
facilitating the monitoring and controlling of physical environments, 
from a far distant location with better accuracy. Alternatively we can 
define a sensor network as a collection of sensor nodes which co-
ordinate to perform a specific action with a centralized base station. The 
number of base stations can be one or more than one. [1] 

 A base station normally functions as a gateway to another network, a 
powerful data processing or a storage centre or can be used as an access 
point for human interface. The base stations are normally more powerful 
than the sensor nodes. The base station usually has the capability of a 
workstation or a laptop processor and possesses memory, storage, AC 
power and high bandwidth links for communication with another base 
station. [3] 

2.1.1 Sensor Nodes 
A sensor node is sensor network node capable of collecting sensory 
information, performing some processing and communicating with 
other connected nodes in the network. Error! Reference source not 
found. 

2.1.2 Actuator Nodes 
To understand an actuator node it is necessary to have an understanding 
of what   an actuator is. An actuator is a mechanical device for control-
ling a system. An actuator typically takes energy, usually created by air, 
electricity, or liquid, and converts that energy into some kind of motion. 
Error! Reference source not found. Sensor nodes sense any physical 
event and send sensed values of the event to the actuator nodes. An 
actuator node makes a decision based on proper actions on receipt of 
sensed values and then issues the action request to the device nodes. A 
device node really acts within the physical world. For example, it can 
move a robot arms by performing the action on receipt of the action 
request.  Error! Reference source not found.  
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2.2 Sensor Network Architecture 
A sensor network consists of one or more points of centralized control 
called base stations. A base station with more powerful processing 
power is typically a gateway to another network or human interface. 
Base stations are sometimes referred to as sinks.   
 

 
 

Figure 1: A Typical WSN Architecture 
 
Figure 1 shows sensor nodes dispersed randomly in a defined area. A 
network is formed when the nodes communicate with each other di-
rectly or through another node such as a base station. The sensor nodes 
use a low-power radio to form a multi-hop network for communication 
between the sensor nodes. The base stations use low latency and high 
bandwidth links for communication between each other. Error! Refer-
ence source not found. 
 

2.3 Challenges in Wireless Sensor Networks 
A wireless sensor network faces a number of challenges which are: 

 Ad hoc Deployment: Wireless sensor nodes are usually de-
ployed in areas which have no infrastructure. For example an 
aeroplane can be used to deploy sensor nodes in a forest, by 
dispatching the sensor nodes from the aeroplane. 
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 In this case, the sensor nodes have to identify their connectivity 
and distribution. 

 Unattended Operation: Sensor nodes once deployed do not 
face any human intervention and the sensor node must re-
configure itself in the case of any changes. 

 Limited Power: Sensor nodes have limited power and are 
not connected to any power source. This finite source of en-
ergy should be used optimally for processing and communi-
cation. In order to use less energy, communication should be 
minimized as much as possible because communication con-
sumes more energy than processing. 

 Dynamic Changes: A sensor node should be capable of 
adapting itself to the changing topology which can be due to 
the addition of more nodes or due to the failure of a node. 
[1] 

 Hostile Environment: Sensor nodes are usually deployed in 
harsh environments such as battle fields and are usually ex-
posed to natural disasters. This deployment can result in 
physical damage to the sensor nodes. Anyone can have ac-
cess to the sensor nodes in such a situation and the result 
may be that an adversary captures a sensor node and also 
might introduce his/her own malicious nodes into the sensor 
network. Error! Reference source not found. 

 Limited Computation Power: The more computation con-
ducted in a sensor node the more power that is consumed. 
As a sensor node already possesses less power, for this rea-
son sensor nodes are constrained to a limited number of 
computations resulting in a limited computation power. This 
limitation restricts the sensor nodes from using   complex se-
curity solutions and prohibits the use of strong crypto-
graphic algorithms. Error! Reference source not found. 

 Storage Restrictions: Most of the encryption techniques 
used in sensor networks require the sensor nodes to know a 
number of keys in order to secure the communication be-
tween the sensor nodes and thus these keys are stored in the 
sensor nodes which results in the demand for a storage 
memory. Hence, to reduce the number of keys to be kept in 
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the memory, researchers are required to design security pro-
tocols which contain a minimum number of encryption keys 
in order to deal with this limited storage problem. Error! 
Reference source not found.      

2.4 Macro-diversity 
Macro-diversity is described as a situation where several transmit-
ter/receiver antennas are used for transferring the same signal, and the 
distance between the transmitters is much longer than the wavelength. 
The main purpose of macro-diversity is to encounter the effect of fading 
and to increase the received signal strength of those exposed sensor 
nodes which lie   between the base stations. Examples of macro-diversity 
are soft handover and single frequency networks (SFN). Error! Refer-
ence source not found. 

2.5 Micro-diversity 
Micro-diversity is a scenario in which a number of antennas, not  just 
one, are used for countering the effect of multipath fading to improve 
the quality of the received signal. Error! Reference source not found.  

2.6 Handoff 
The process in which an ongoing mobile phone call is transferred from 
one mobile cell base station to the next connected mobile cell base 
station is known as handoff. This process starts when a user on a call 
moves from one mobile cell to another mobile cell. There are two types 
of handoffs namely a soft handoff and a hard handoff, which will be 
explained later in this chapter. These handoffs are also known as “break 
before make” and “make before break”. A dramatic decrease in quality 
of service (QoS) can be experienced if the handoff schemes are not 
properly designed, which generates very heavy signalling traffic. Error! 
Reference source not found. 

2.6.1 Soft Handoff 
A soft handoff is categorized as a “make before break” connection. The 
process involves a mobile phone call being transferred from one base 
station to another base station without any interruption of the call.  A 
soft handoff occurs in systems based on Code Division Multiple Access 
(CDMA) technology. In the process of a soft handoff a mobile phone 
may be actively connected to multiple base stations, for a considerable 
amount of time. Error! Reference source not found. 
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2.6.2 Hard Handoff 
A hard handoff is categorized as a “break before make” connection. In a 
hard handoff the link to the prior base station is terminated before or as 
the mobile phone user moves towards or inside the new cell’s base 
station. The mobile station is connected to one base station at a time as 
can be seen in the figure 2.  [11] 

 

Figure 2 hard handoff between a mobile station and Base stations  
[20] 

2.7 Single Frequency Network  
Single frequency network (SFN) is used for the efficient distribution of 
digital content over a specified area or region.  This is conducted with 
the assistance of transmitters which send the same digital information 
on the same frequency and at the same instant. Error! Reference source 
not found. 

In a single frequency network, several transmitters at different locations 
transmit the received identical information on the same medium and the 
same frequencies at the same time. The single frequency network can be 
considered as a repeater concept, i.e. all the clients (transmitters), who 
have received the packet from the master (base station), retransmit the 
same packet, on the same medium and also with the same frequency. 
Error! Reference source not found. 

2.8 Dynamic Single Frequency Networks 
A single frequency network (SFN) consists of a group of transmitters 
that send the same information at the same channel frequency simulta-
neously.  Dynamic Single Frequency Networks (DSFN), on the other 
hand, is a concept in which the SFN grouping changes from time to time 
and is adopted according to the receiver’s conditions. A simple example 
will explain this in greater detail.  There are two synchronized base 
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station transmitters, Tx1 and Tx2, and five receiver terminals, Rx1 to 
Rx5, having the same frequency channel. Tx1 and Tx2 send different 
information during the first time slot. This information can be received 
within the two inner circles as the co-channel interference is too high 
outside the circles. It can be seen that during the first time slot, Tx1 and 
Tx2 send information destined for receiver Rx1 and Rx2 respectively. 
Both the transmitters send the same information simultaneously during 
the second time slot, i.e. they are grouped to an SFN. As a result the SFN 
covers the whole ellipse and can send data to both Rx3 and Rx4. How-
ever the receiver Rx5 cannot be covered and is somehow in the state of 
outage. Error! Reference source not found. DSFN, is a transmit-
ter macro-diversity technique for Orthogonal Frequency-Division Multi-
plexing (OFDM) based cellular networks.  Error! Reference source not 
found.As mentioned above DSFN is a group of transmitters which send 
the same information at the same channel frequency Error! Reference 
source not found. or broadcast the same information at the same time 
as shown in figure 3.Error! Reference source not found.  

 

Figure: 3 A simple Example of Dynamic Single Frequency Network       Error! 
Reference source not found. 
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2.9 Orthogonal Frequency Division Multiplexing 
OFDM is used to overcome the effects of multipath fading in wireless 
networks.  Error! Reference source not found. Orthogonal Frequency 
Division Multiplexing (OFDM) is a type of multicarrier transmission 
method in which a single DataStream transmission takes place over a 
number of low rate subcarriers. New wireless area networks standards 
include  IEEE 802.11a, High Performance LAN type 2 (HIPERLAN/2) 
and Mobile Multimedia Access Communication (MMAC) systems and 
the  new standard such as IEEE 802.11a can support data rates up to 54 
Mbps.  
 
It can be said that OFDM is a modulation technique or a multiplexing 
technique. OFDM is mainly used to increase the robustness against 
selective fading or narrowband interference. If a single link carrier sys-
tem is used, then a single fade   can cause the entire link to fail, but in the 
case of a multi carrier system such as OFDM, only a small percentage of 
the subcarriers will be affected, allowing the other subcarriers to carry 
on their normal operations. Error correction codes can be used to correct 
the few erroneous subcarriers. Error! Reference source not found. 

2.9.1 Advantages of OFDM 
 High Data Rate: OFDM provides a very high data rate. 

 Performance: OFDM provides better performance with less com-
plexity. 

 Multipath Immunity: OFDM provides multipath immunity which 
is essential in downtown urban canyons and also improves cover-
age in rural areas. This results in the reduction of costs for net-
work deployment and maintenance. Error! Reference source not 
found. 

 OFDM allows overlapping which makes for efficient use of the 
spectrum. 

 OFDM is more resistant to frequency selective fading than are sin-
gle carrier systems as it divides the channel into narrowband flat 
fading sub channels. 

2.9.2 Disadvantages of OFDM 
 OFDM is sensitive to frequency synchronization problems. 
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 As an OFDM signal has a noise like amplitude with a large dy-
namic range, it therefore requires RF power amplifiers with a 
high peak to average power ratio (PAPR). Error! Reference 
source not found. 

2.10 Applications of OFDM 
OFDM is presently used in a number of commercial wired and wireless 
applications. An example of a wired side is a digital subscriber line 
(DSL). On the wireless side, OFDM is the basis for several television and 
radio broadcast applications, ranging from the European digital 
broadcast television standard to digital radio in North America. Error! 
Reference source not found. 
The following list is a summary of existing OFDM based standards and 
products both in wired and wireless applications. 

2.10.1 Cable 
 Asymmetric Digital Subscriber Line (ADSL) and Very High Bit 

rate Digital Subscriber Line (VDSL) broadband access 
via POTS copper wiring. 

 Power line communication (PLC). 

 Multimedia over Coax Alliance (MoCA) home networking.  

2.10.2 Wireless 
 The Wireless LAN radio interference IEEE 802.11a, g, and n. 

 The terrestrial digital TV system, Digital Video Broadcasting — 
Terrestrial (DVB-T). 

 The cellular communication systems Flash-OFDM. 

 Ultra wideband (UWB) IEEE 802.15.3a implementation suggested 
by WiMedia Alliance. Error! Reference source not found. 

2.10.3 Ultra Wide Band/Wireless USB/IEEE 802.15.3  
The IEEE 802.15.3 standard was developed for wirelessly connecting 
portable consumer electronic devices capable of supporting high speed, 
low-power, low-cost and is multimedia-capable. This standard is capa-
ble of providing data rates ranging from 11 to 55 Mb/s with a distance of 
greater than 70 m while maintaining quality of service (QoS) for the data 
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streams. Along side these features, it is also designed to provide simple 
ad-hoc connectivity in which the communicating devices automatically 
adjust in order to form networks and exchange information without the 
need of user intervention. 

Wireless personal area networks (WPAN's) are networks with little or 
no infrastructure, used to convey information over a relatively short 
distance among a few participating devices. The IEEE 802.15.3 standard 
defines the PHY and MAC specification for a high data rate capable of 
wireless connectivity with fixed, portable and moving devices. Error! 
Reference source not found. 

2.11 Multi-hoping 
Multi-hoping is used to achieve larger coverage areas. Multi-hoping is 
used when the base station wants to send a packet/data to a receiver 
node, which cannot be reached directly and, instead, another 
intermediate node, is used to send the data to the receiver/destination 
node. By this means, the coverage area of the base station is 
considerably increased. The assumption is  that that the base station has 
a better connection with the intermediate node compared to the 
receiver/destination node. This approach is being illustrated in figure 4. 
 

 
Figure 2.8.1:  Multi-hoping in a wireless network, using 4 hops                              
Error! Reference source not found. 
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2.11.1 Single-hop vs. Multi-hop Sensor Network 
A wireless sensor network wherein two and only two network types of 
entities e.g. a base station (BS) and a mobile station (MS) or receiver 
station exist, is called a single-hop network. As can be seen in the figure, 
only the base station (BS) manages and coordinates the communication 
between the mobile stations (MS). Such networks are called single-hop 
networks. 

 

Figure 5 Topology for single-hop networks 

In figure 5 the solid arrowed lines are used to connect those entities 
which are one hop away from each other and are able to communicate 
with each other directly. Meanwhile, the dotted arrowed lines in figure 
3.1 show the possible communication between the two network entities, 
which have multiple hops in between them.  
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Figure 6: Topology for Multi-hop Network                                       Error! Reference 
source not found. 

  
 
 
 
 
 
 

2.12 Sensor Networks Applications 
Some of the applications of wireless sensor networks are given below. 

 

1. Habitat monitoring 

Sensor networks can be used to identify changes in the habitat, monitor 
animal behaviour, identify events such as fire and report seasonal events 
including bird migration etc. 
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 Traffic surveillance and control 

Sensor networks can be used to detect traffic hotspots and warn ap-
proaching drivers, divert traffic and thus increase transportation capac-
ity, detect illegal and parking behaviour etc. 

 

 Emergency scenarios 

Sensor networks can be used to identify early signs of fire in forests, can 
assist  fire fighters to predict the direction in which the fire is expanding, 
prevent fire fighters from becoming  trapped and can be used to assist in 
rescue operations such as  locating victims or members of the rescue 
team.  

 

 Medical and health care 

Wireless sensor networks can be used in hospitals or clinics, by outfitting 
every patient with tiny, wearable sensors which would allow doctors 
and nurses to continuously monitor the status of their patients. Error! 
Reference source not found. 
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3 Methodology  
Chapter 3 will explain the procedures, assumptions and models to 
achieve the desired objectives. To achieve the desired objectives a full 
understanding of wireless sensor networks, macro-diversity, single 
frequency networks and the MATLAB programming tool are all re-
quired. 

3.1 Network Topology 
The network topology shown below in figure 7 is an example of a ran-
domized topology for one of the cases to be discussed later. 

 
Figure 7: Network Topology showing the randomized Nodes positions with the 
base station positioned in the centre. 

The model shown in figure 7 consists of 40 sensor nodes generated 
randomly for each simulation. The BS is situated in the center of the 
network. The big red circle shows the range of the base station or source 
node, while the small black circles show the range of the sensor nodes 
which is half of the range of the base station. 
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It is assumed that any sensor node can transmit at any particular point in 
time because sources are randomized.  

The topology will have different randomized sensor node positionings 
which will be used for different randomized topologies for each parame-
ter case. 

In this topology, a   varying number of nodes will be tested in different 
randomized topologies and an attempt will be made to analyze the 
effect of transmitter macro-diversity and a check will be made with 
regards to how much improvement can be obtained regarding the 
increase of reachable nodes. The simulation will be terminated when an 
average mean value has been recorded for each parameter case and until 
the estimate standard deviation becomes less than one to ensure  that 
the values obtained can be trusted. 

The network topology shown below in figure 8 is a network model used 
in the randomized topology for the parameter case in which 80 nodes 
are randomly generated. 

 

Figure 8: Network Topology showing the randomized Nodes positions with the 
base station positioned in the center. 
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In a similar manner to the case with the first sequence   of the random-
ized topology, the second randomized network topology, shown in 
figure 8, has  double the amount of nodes simulated in the first network 
topology. 

3.2 Assumptions 
The following assumptions were considered during the course of execut-
ing this project work: 

 The BS is assumed to be fixed in the center of the network (i.e. at 
position 0.5, 0.5) 

 Any sensor node can transmit at any particular point in time be-
cause sources are randomized. 

 None of the nodes  are compromised i.e. no security threat. 

 No fading. 

 Base station or source node range is twice of the range of other 
sensor nodes. 

 Broadcasting  transmission method is used for forming an SFN of 
size one and a uni-casting transmission method is used for form-
ing SFNs  of size two and SFNs  of size three.  

3.3 Performance Measures 

3.3.1 Signal-to-Interference Ratio in Signal Frequency Networks 
The Single Frequency Network can be considered as a set of one or 
several transmitters simultaneously transmitting the same information 
over the same frequency channel. Thus, the signal-to-interference ratio 
(SIR) at receiver j, averaged over all OFDM subcarriers, is measured 
according to   

               

N

P

ji
ji

ji
ji










,

,

   …………………….  (1) 

 
Where  
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 P i , j                     Power from transmitter  i received in terminal  j;  

j X               Set of Transmitters in the SFN assigned to receiver j 
(the    useful signals) 

Ij  X       Set of transmitters assigned to other receivers (the co 
channel interferes) 

 N                         External interference power, including thermal noise as 
well as power from transmitters outside the system. 

 

Example:  

The above formula is explained with the help of an example. See figure 9 
for an understanding of the example. 

 

Figure 9: SFN formation 

There are four nodes 7, 14, 15 and 2 in one single frequency network. 
Suppose node 15 is the receiver. All the other nodes inside the circle, the 
SFN, are transmitting the same data in all directions to all the other 
transmitters/receivers.  Suppose the focus is only on the receiver of node 
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15.  Node 15 is receiving the signals from nodes 2, 7 and 14 which are 
inside the SFN and also from nodes 3 and 4, which are sending other 
data causing co-channel interference or crosstalk. Then according to the 
formula the signal-to-interference ratio in this scenario will be.  

15  
15,44,3

15,215,1415,7




  ……………………….. Eq(2)     Error! Refer-

ence source not found. 

3.3.2 Wave Propagation Model 
 This is a  system consisting of a set     of NTx centrally controlled and 
synchronized base station transmitters, which are sending information 
to the set RX of NRx receiver terminals, using the same frequency channel. 
The power from transmitter  i TX  1,2,  NTx  } at receiver  
j RX  1,2,, NRx } is given as  

ji

jijii
ji d

GFP
P 

,,
,    ……………………………Eq(3) 

where  

P i    transmitted power level from transmitter  i ; 

            di,j     Distance between the transmitter and receiver; 

            Fi,j     Depends on the antenna gains, antenna heights, and carrier 
frequency and here is assumed to be constant = 1. The as-
sumption in this case is  one, but in reality it is much less; 

                     Propagation exponent =3 or 4;  

             Gi,j      Gain due to fading and shadow and here   is assumed to 
be = 1;              

 

3.4 Overlapping Nodes 
Those nodes which can transmit/receive signals/data from each other are 
called overlapping nodes. In order to provide a good understanding of 
overlapping nodes, an example is given. 
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Figure 10:   Showing two transmitting overlapping nodes and SFN 

Figure 10 shows three wireless sensor nodes, two transmitters, Tx1 and a 
Tx2 and a receiver Rx1. Node Tx1 can receive data from node Tx2, and 
these are two transmitting overlapping nodes. Although the receiver 
node Rx1 can also receive data from both the transmitter nodes, Rx1 is 
not an overlapping node when compared to the two transmitting nodes.  
The dotted circle shows the coverage area increased as a result of the 
two transmitting nodes transmitting the same signal with the same 
frequency. 

3.5 Terminologies Used in the Result Table 

3.5.1 Case Number 
This column shows the different cases. The different cases are shown 
after table 2.  

3.5.2 Connected Nodes before SFN 
This column contains the percentage of connected nodes to the base 
station before application of  the DSFN algorithm. 

3.5.3 Connected Nodes after SFN 
This column contains the percentage of connected nodes after applica-
tion of the DSFN algorithm.  The nodes connected to the base station 
plus the number of nodes increased after applying the DSFN algorithm 
are included. 
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3.5.4 Number of Simulations 
It shows the total number of randomized topologies generated each 
time. 

3.5.5 Increase in Connected Nodes  
This column contains the percentage of connected nodes increased after 
application of the algorithm i.e. forms SFNs. The number of connected 
nodes can vary from simulation to simulation, as  different factors and 
parameters can be involved which affect  the simulation results. The 
simulation results show a significant amount of increase in the connected 
nodes. 

3.5.6 Estimate Standard Deviation in Number of Nodes 
This column contains the average of the estimate standard deviation 
between the different values for each occurrence of the simulation.  This 
value was maintained at less than one to ensure  that the simulation has 
been simulated for a sufficient number of times. 

3.5.7 Power Required 
This is the power required at the receiver in order to receive the data. 
Different power levels are considered, for example 1e5 to 1e2.  

3.5.8 Range 
This is the range of the nodes being simulated. Different sizes of ranges 
are used. 

3.6 Strategies and Cases Considered 

3.6.1 Strategy One 
In this strategy one big SFN is created from all the nodes participating in 
the simulation. Topologies of 160 nodes, 80 nodes and 40 nodes are 
being generated to form one big SFN using broadcasting technique.  
Furthermore thirteen cases with different received power requirements  
and ranges are considered. The thirteen different cases given below are 
for 40 nodes topology. 
 
Case 1:  Number of Nodes = 160, Power required= 1e5, Range = 0.0562 
Case 2:  Number of Nodes = 160, Power required= 5e4, Range = 0.0669 
Case 3:  Number of Nodes = 160, Power required= 1e4, Range = 0.1 
Case 4:  Number of Nodes = 160, Power required= 5e3, Range = 0.1189 
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Case 5:  Number of Nodes = 160, Power required= 2.5e3, Range = 0.1414 
Case 6:  Number of Nodes = 160, Power required= 2e3, Range = 0.1495 
Case 7:  Number of Nodes = 160, Power required= 1.5e3, Range = 0.1607 
Case 8:  Number of Nodes = 160, Power required= 1.25e3, Range = 0.1682 
Case 9:  Number of Nodes = 160, Power required= 1e3, Range = 0.1778 
Case 10:  Number of Nodes = 160, Power required= 7.5e2, Range = 0.1911 
Case 11:  Number of Nodes = 160, Power required= 5e2, Range = 0.2115 
Case 12:  Number of Nodes = 160, Power required= 2.5e2, Range = 0.2515 
Case 13:  Number of Nodes = 160, Power required= 1e2, Range = 0.3162 
 
Note: As can be seen, the nodes range and received power requirements 
are different for all cases.  

3.6.2 Strategy Two 
In this strategy an SFN of the two nearest nodes is created and then 
these two nodes use uni-casting to check the nearest nodes that can be 
reached. Furthermore thirteen cases with different received power 
requirements and ranges are considered. The thirteen different cases are 
described in section 3.6.1. 

3.6.3 Strategy Three 
In this strategy the SFN of the three nearest nodes is created and then 
these three nodes use uni-casting to check the nearest nodes that can be 
reached. Furthermore thirteen cases with different received power 
requirements and ranges are considered. The thirteen different cases are 
described in section 11. 

3.7 Multi-hop and SFN Creation Process (An Example) 
Here an example is presented, showing how the SFNs are created. 
Suppose there is one transmitter, Tx1, which is the base station, as well 
as six receivers Rx2, Rx3, Rx4, Rx5, Rx6 and Rx7. Now suppose transmit-
ter Tx1 which is the base station or source node, wants to send some 
data to receiver Rx5.  As can be seen in the figure the transmission range 
of Tx1 is small and hence Tx1 cannot send data to Rx5. Tx1 can only 
cover Rx2, Rx3 and Rx4. The red dashed circle is the range of the base 
station in figure 3.5.1. 
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Figure 11:  Single hop step 1.  

Now in step 2 as can be seen from figure 12, if the three receivers trans-
mit the signals individually they are not able to cover Rx5.  Transmitter 
Tx1 can reach Rx6 via Tx4 and this is known as multi-hoping.  

 

Figure 12:  SFN Creation Step 2 and multi-hopping 

Thus if an attempt is made  to form an SFN of three nodes, Tx1, Tx2 and 
Tx3 as shown in the figure  13,  step 3 will enable   Rx4 to be covered. 
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This was possible because the three transmitting nodes form an SFN of 
three nodes and this has resulted in an increase in the signal strength and 
hence has enabled more nodes to be reached. 

 

 

Figure 13:  SFN Creation Process Step 3 

Now transmitters Tx1, Tx2, Tx3, Tx4 and Tx5 form an SFN and hence 
are able to reach Rx6. as shown in the figure 14. 
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Figure 14:  SFN Creation Process Step 4 

Next Tx1, Tx2, Tx3, Tx4, Tx5 and Tx6 form one big SFN to reach Rx7. 
But Rx7 is not accessible and is in the state of outage.  All the nodes 
which are taking part in making the SFN are broadcasting data at the 
same frequency.   
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Figure 15:  SFN Creation Process Step 3 

3.8 Sample Example 
Here an example is given to clarify the contents of the results table. 

Suppose a network exists that consists of 40 nodes. The power required 
by the receiver is 1e3 and the range is 0.1778. Thus when  the simulation 
is run, the following values will be obtained. 

Connected Nodes before the formation of the  SFN =   20    22    15    20     
9    15    17    21    18    17    13    15    19    19    20    17   24    17    13    15 

Connected Nodes after SFN = 35    37    34    34    24    36    29    36    36    
27    40    35    32    35    23    33  35    33    28    34 

All the above values are stored in a matrix. For example one matrix is 
created for connected nodes before forming the SFN and the above 
values will be stored in it. Similarly a  matrix for connected nodes is 
created after forming the SFN.  If   the values of the connected nodes 
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after forming SFN are examined closely, then it can be seen that the 
values obtained show too much variability. In order to cope with this 
variation and to for the results to be able to be trusted, the estimate 
standard deviation of all the values in the connected nodes after forming 
the SFN is calculated , which in this case is 0.9857. The number of simu-
lations is 20, which is actually the number of topologies generated and 
can be different for each case.  Following this, the increase in reachable 
nodes was calculated by using the following formula. 

Increase in Reachable nodes (Percentage)= ((Connected nodes after SFN 
– Connected nodes before SFN)/40)*100 

Increase in Reachable nodes (Percentage) = 9.6875 
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4 Implementation 
A  MATLAB programming tool was used to write the codes to generate 
the required randomized topology. The functions used in the code are 
explained in this chapter. 

 In chapter 4, an attempt has been made  to discuss the purpose of each 
function and how these functions are inter-related with each other. 

4.1 Functions and their purpose 
 
Table 1: Functions used in the code 

 

 
network_topology.m 

 

This function is mainly used to generate the network 
topology for each different case.  This function mainly 
provides the no. of nodes required to be simulated, 
e.g. if a scenario of 160 nodes is required then 160 will 
be assigned to the no. of nodes variable.  

 

 

 

Sted_sfn 

This function receives six arguments from the network 
topology function and returns three output values. 
The main purpose of this function is to calculate the 
estimated standard deviation of the connected nodes 
after forming the SFN. This function is used to ensure 
that the simulations were run a sufficient number of 
times so that the standard deviation between the 
received values is less than one.  

This function returns a list of the collection of con-
nected nodes before forming the SFN, a collection of 
connected nodes after forming the SFN and the aver-
age number of overlapping nodes. 

 
 
Topology 
 

This function receives six arguments from Sted_sfn 
and returns three output values. The main purpose of 
this function is to generate the randomized topology 
of the network and to calculate how many overlap-
ping nodes there are. This function is where the num-
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ber of nodes  connected before forming the SFN and 
how many nodes are connected after  the formation of 
the SFN is calculated. 

This function returns a list of a collection of connected 
nodes before forming the SFN, a collection of con-
nected nodes after forming the SFN and the average 
number of overlapping nodes.  
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5 Results 
5.1 Strategy One (Forming One SFN) 

Table 2: One SFN with 160 Nodes 
  Summary of 160 Nodes   
Case Connected 

Nodes Before 
SFN (%) 

Connected 
Nodes after 
SFN (%) 

Increase In 
connected 
nodes (%) 

No of 
Simulation 

Estimate 
Standard 
Deviation in  
No of nodes 

1 4.82 6.31 1.49 43 0.99 

2 6.15 12.79 6.64 115 0.97 

3 13.03 79.98 66.95 390 1.00 

4 17.83 97.83 79.67 91 1.00 

5 25.93 100.00 74.07 113 0.99 

6 30.00 100.00 70.00 7 0.82 

7 35.00 100.00 65.00 7 0.00 

8 35.63 100.00 64.38 7 0.00 

9 43.13 100.00 56.88 17 0.82 

10 48.13 100 51.88 7 0.00 

11 56.77 100 43.23 7 0.00 

12 79.01 100 20.99 7 0.00 

13 97.29 100 2.71 7 0.00 
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Figure 16:  Result Graph for Forming One SFN with 160 Nodes 



Transmitter Macrodiversity in 
Multihop Sensor Networks   -   
Munawar Saeed  

Terminology 
2009-11-09 

 

 37 

When an attempt is made to from one SFN from  all the nodes involved 
in the simulation, it can be seen   almost 80% more nodes can be reached. 
As can be seen in figure 16, 17.83 nodes were reachable before forming 
the SFN, which increases after forming the SFN to almost 97.83 nodes. 
After case 4, all the nodes simulated in the topology can be reached.  

Table 3: Forming One SFN with 80 Nodes 
  Summary of 80 Nodes   
Case Connected 

Nodes Before 
SFN (%) 

Connected 
Nodes after 
SFN (%) 

Increase In 
Connected 
nodes (%) 

No of 
Simulation 

Estimate 
Standard Deviation 
in No of nodes 

1 4.79 5.83 1.04 7 0.96 

2 6.13 8.50 2.38 11 0.96 

3 13.55 30.06 16.51 103 0.96 

4 19.02 56.19 37.17 65 0.99 

5 26.65 85.71 59.06 73 0.99 

6 28.92 88.44 59.51 37 0.99 

7 34.06 96.67 62.60 15 0.93 

8 36.71 95.79 59.08 20 0.97 

9 41.46 97.19 55.73 13 0.95 

10 45.42 100.00 54.58 7 0.63 

11 58.35 100.00 41.65 7 0.17 

12 79.17 100.00 20.83 7 0.00 

13 97.65 100.00 2.35 7 0.00 
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Figure 17:  Result Graph for Forming One SFN with 80 Nodes 
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Forming one SFN of all the nodes, which in this case is 40, means that 
almost 62% more nodes can be reached. As can be seen in figure 17, 
34.06 nodes were reachable before forming the SFN, which increases to 
almost 96.67 nodes. After case 7,  all the nodes simulated in the topology 
can be reached shown in table 4.  

Table 4: Forming One SFN with 40 Nodes 
  Summary of 40 Nodes   
Case Connected 

Nodes 
Before SFN 
(%) 

Connected 
Nodes after  
SFN 
(%) 

Increase In 
Connected 
nodes (%) 

No of 
Simulations 
 

Estimate 
Standard 
Deviation in  
No of nodes 

1 5.83 7.08 1.25 7 0.66 
2 8.75 10.00 1.25 7 0.82 
3 15.25 17.75 2.50 11 0.91 
4 22.92 28.75 5.83 11 0.92 
5 26.31 47.14 20.83 28 0.86 
6 29.88 57.62 27.74 43 1.00 

7 34.67 70.00 35.33 24 0.99 

8 37.44 73.21 35.77 40 1.00 

9 39.87 81.97 42.11 20 0.99 

10 44.17 82.50 38.34 10 1.00 

11 57.13 87.75 25.63 21 0.98 

12 80.83 100.00 19.17 7 0.00 

13 99.58 100 0.42 7 0.00 
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Figure 18:  Result Graph for Forming One SFN with 40 Nodes 
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Forming one SFN of all the nodes, which in this case is 40, means that 
almost 42% more nodes can be reached. As can be seen in figure 18, 
39.87 nodes were reachable before forming the SFN, which increases to 
almost 81.97 nodes. After case 7, all the nodes simulated in the topology 
can be reached.  

 

 

 

 

 

 

 

 

 

 

5.2 Strategy Two (Forming Small SFNs of Two Nodes) 
 
Table 5: Forming SFN of Size Two with 160 Nodes 
  Summary of 160 Nodes   
Case Connected 

Nodes Before 
SFN (%) 

Connected 
Nodes after 
SFN (%) 

Increase In 
Connected 
nodes (%) 

No of 
Simulations 

Estimate 
Standard 
Deviation in  
No of nodes 

1 4.32 7.81 3.50 33 0.98 

2 6.24 15.96 9.71 198 0.96 

3 13.20 92.45 79.25 209 0.97 

4 19.27 98.96 79.69 28 0.99 

5 24.58 100.00 75.42 7 0.98 

6 29.17 100.00 70.83 7 0.00 

7 33.13 100.00 66.88 7 0.00 

8 35.52 100.00 64.48 7 0.00 

9 42.29 100.00 57.71 7 0.99 
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10 45.21 100 54.79 7 0.00 

11 57.19 100 42.81 7 0.98 

12 79.79 100 20.21 7 0.00 

13 98.13 100 1.88 7 0.00 
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Figure 19:  Result Graph for Forming SFNs Of Size Two with 160 Nodes 

Forming SFNs of size two of all the nodes, which in this case is 160, 
means that almost 79% more nodes can be reached. As can be seen in 
figure 19, 13.20 nodes were reachable before forming SFNs of size two, 
which increases to almost 92.45 nodes. After case 3, all the nodes simu-
lated in the topology can be reached.  

Table 5.2.2: Forming SFN of Size Two with 80 Nodes 
  Summary of 80 Nodes   
Case Connected 

Nodes Before 
SFN (%) 

Connected 
Nodes after 
SFN (%) 

Increase In 
Connected 
nodes (%) 

No of 
Simulations 

Estimate 
Standard 
Deviation in  
No of nodes 

1 4.29 5.18 0.89 8 0.99 

2 7.21 9.19 1.99 18 0.98 

3 14.31 36.32 22.02 154 0.99 

4 18.85 71.44 52.59 156 0.99 

5 25.19 92.73 67.54 34 0.99 

6 30.81 93.95 63.15 32 0.98 

7 33.28 98.13 64.84 7 0.00 

8 34.17 98.75 64.58 7 0.00 
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9 41.25 100.00 58.75 7 0.00 

10 45.42 100.00 54.58 7 0.00 

11 57.50 100.00 42.50 7 0.00 

12 81.04 100.00 18.96 7 0.00 

13 98.13 100.00 1.88 7 0.00 
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Figure 20:  Result Graph for Forming SFNs Of Size Two with 80 Nodes 

Forming SFNs of size two of all the nodes, which in this case is 80, 
means that almost 67% more nodes can be reached. As can be seen in 
figure 20, 25.19 nodes were reachable before forming SFNs of size two, 
which increases to almost 92.73 nodes. After case 8, all the nodes simu-
lated in the topology can be reached as can be seen in table 7.  

Table 7: Forming SFN of Size Two with 40 Nodes 
  Summary of 40 Nodes   
Case Connected 

Nodes Before 
SFN (%) 

Connected 
Nodes after 
SFN (%) 

Increase In 
Connected 
nodes (%) 

No of 
Simulations 

Estimate 
Standard 
Deviation in  
No of nodes 

1 6.25 7.80 1.55 7 0.92 

2 7.50 7.92 0.42 7 0.43 

3 11.56 13.13 1.56 9 0.92 

4 20.15 25.44 5.29 18 0.96 

5 25.52 37.50 11.98 25 0.78 

6 31.38 67.55 36.17 50 0.99 

7 35.42 76.11 40.69 37 0.99 

8 39.05 79.91 40.86 30 0.97 

9 41.07 85.36 44.29 8 0.77 
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10 48.13 91.67 43.54 13 0.98 

11 57.19 96.25 39.06 9 0.94 

12 83.33 100.00 16.67 7 0 

13 97.08 100.00 2.92 7 0 
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Figure 21:  Result Graph for Forming SFNs Of Size Two with 40 Nodes 

Forming SFNs of size two of all the nodes, which in this case is 40, 
means that almost 44% more nodes can be reached. As can be seen in 
figure 21, 41.07 nodes were reachable before forming SFNs of size two, 
which increases to almost 85.36 nodes.  

5.3 Strategy Three (Forming Small SFNs of Three Nodes) 
Table 8: Forming SFN of Size Three with 160 Nodes 
  Summary of 160 Nodes   
Case Connected 

Nodes Before 
SFN (%) 

Connected 
Nodes after 
SFN (%) 

Increase In 
Connected 
nodes (%) 

No of 
Simulations 

Estimate 
Standard 
Deviation in  
No of nodes 

1 4.75 9.04 4.29 55 0.99 

2 6.22 19.49 13.27 320 0.96 

3 13.23 96.60 83.37 69 0.99 

4 18.65 99.69 81.04 7 0.99 

5 25.52 100.00 74.48 7 0.99 

6 28.96 100.00 71.04 7 0.00 

7 32.50 100.00 67.50 7 0.00 

8 36.25 100.00 63.75 7 0.00 

9 42.60 100.00 57.40 7 0.99 
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10 47.08 100.00 52.92 7 0.00 

11 56.04 100 43.96 7 0.99 

12 78.85 100 21.15 7 0 

13 97.19 100 2.81 7 0 
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Figure 22:  Result Graph for Forming SFNs Of Size Three with 160 Nodes 

Forming SFNs of size three of all the nodes, which in this case is 160, 
means that almost 83% more nodes can be reached. As can be seen in 
figure 22, 13.23 nodes were reachable before forming SFNs of size three, 
which increases to almost 96.60 nodes. After case 3, all the nodes simu-
lated in the topology can be reached as can be seen in table 8. 

Table 9: Forming SFN of Size Three with 80 Nodes 
  Summary of 80 Nodes   
Case Connected 

Nodes Before 
SFN (%) 

Connected 
Nodes after 
SFN (%) 

Increase In 
Connected 
nodes (%) 

No of 
Simulations 

Estimate 
Standard 
Deviation in  
No of nodes 

1 6.25 9.17 2.92 7 0.92 

2 6.97 10.13 3.16 20 0.95 

3 13.68 43.09 29.41 203 0.99 

4 19.05 77.58 58.52 116 0.99 

5 26.67 96.88 70.21 9 0.99 

6 28.70 96.10 67.40 7 0.63 

7 34.17 98.13 63.96 7 0.00 
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8 35.42 100.00 64.58 7 0.00 

9 42.71 100.00 57.29 8 0.99 

10 46.04 100.00 53.96 7 0.00 

11 55.00 100 45.00 7 0.92 

12 79.58 100 20.42 7 0 

13 98.13 100 1.88 7 0 
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Figure 23:  Result Graph for Forming SFNs Of Size Three with 80 Nodes  

Forming SFNs of size three of all the nodes, which in this case is 80, 
means that almost 70% more nodes can be reached. As can be seen in 
figure 23, 26.67 nodes were reachable before forming SFNs of size three, 
which increases to almost 96.88 nodes. After case 7, all the nodes simu-
lated in the topology can be reached  as shown in table 10. 
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Table 10: Forming SFN of Size Three with 40 Nodes 
  Summary of 40 Nodes   
Case Connected 

Nodes Before 
SFN (%) 

Connected 
Nodes after 
SFN (%) 

Increase In 
Connected 
nodes (%) 

No of 
Simulations 

Estimate 
Standard 
Deviation in  
No of nodes 

1 5.00 5.83 0.83 8 0.41 

2 12.50 16.25 3.75 8 0.79 

3 16.39 25.83 9.44 19 0.99 

4 18.50 35.25 16.75 11 0.92 

5 28.17 62.88 34.71 46 0.96 

6 30.56 70.81 40.25 41 0.9756 

7 31.56 73.96 42.40 25 0.998 

8 36.02 83.52 47.50 28 0.9989 

9 42.60 90.42 47.81 17 0.88 

10 44.72 95.00 50.28 10 0.9718 

11 57.50 98.75 41.25 7 0.96 

12 78.75 100.00 21.25 7 0.5 

13 97.92 100.00 2.08 7 0 
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Figure 24:  Result Graph for Forming SFNs Of Size Three with 40 Nodes 
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Forming SFNs of size three of all the nodes, which in this case is 40, 
means that almost 50% more nodes can be reached. As can be seen in 
figure 24, 44.72 nodes were reachable before forming SFNs of size three, 
which increases to almost 95.00 nodes.  
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6 Conclusions  
Significant number of nodes can be reached with transmitter macro-
diversity, depending on the strategy and the density of the nodes. Trans-
mitter macro-diversity is used to check the increase in network coverage 
area. Three different strategies are simulated with thirteen different 
cases. Broadcasting is used when forming an SFN of size one (strategy 
one) and uni-casting is used for forming SFNs of size two (strategy two) 
and size three (strategy three). 

 For the first strategy, which is creating one big SFN from all the con-
nected nodes, the maximum gain can be seen, when simulating for 160 
nodes. It is observed that up to 79% more nodes can be reached.  Up to 
62% more nodes are reachable in the case when a system for 80 nodes 
was simulated. In addition, up to 42% more nodes are reachable in the 
case when a system for 40 nodes was simulated. This shows that as the 
number of nodes decreases a significant decrease can be seen in the 
percentage of reachable nodes. 

For the second strategy, which is creating SFNs of size two, up to an 
80% gain can be seen when simulating a system for 160 nodes. Up to 
67% more nodes are reachable when a system for 80 nodes was simu-
lated and up to 44% more nodes are reachable in the case when a system 
for 40 nodes was simulated. 

For the third strategy, which is creating SFNs of size three, up to an 83% 
gain can be seen when simulating a system for 160 nodes. Up to 70% 
more nodes are reachable in the case when a system for 80 nodes was 
simulated and up to 50% more nodes are reachable in the case when a 
system for 40 nodes was simulated. 

The results show that the first strategy is the best one.  Although there 
was  a gain of 83% in strategy three this only occurred once as the high-
est value while in the first strategy the gain range is from 
79%(maximum) to 43%(average).  

From the results it is evident that as the number of nodes is increased in 
a system, more and more nodes can be reached.  It is also apparent from 
these results that if   the required power value of the receiver nodes is 
increased then fewer nodes can be reached and the required power value 
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is decreased then more nodes can be reached. As can be seen in the 
results table, when the power required is reduced, more and more nodes 
can be reached. As far as the power consumption is concerned, the first 
strategy will consume more energy compared to the second and third 
strategy. The reason is that all the nodes are sending the same data with 
the same frequency and there are thus too many broadcasts. However, 
in the second and third strategy a uni-casting technique is used to send 
data to the nearest node.  

Broadcasting technique is used in strategy one as one big SFN of all the 
nodes is being formed and uni-casting is used in strategy two and strat-
egy three for forming the SFNs. As smaller SFNs are being formed it is 
only necessary to send to the nearest node. A single frequency network 
is a broadcast network in which several transmitters transmit the same 
signal over the same frequency channel. The SFN technology is used in 
Digital Video Broadcast-Terrestrial and Digital Video Broadcast-
Handheld standards. In this case   the idea is to use it in multi-hop 
sensor networks to see how it can increase the network coverage area. 

This proved to be extremely useful work as three different strategies 
with thirteen different cases were simulated giving some significant 
results. It is possible to choose the case which suits the requirements of a 
particular system.  Strategy one is successful as only broadcasting is 
involved but unfortunately strategy two and strategy three in which uni-
casting is used may not be as useful as there is  no  back channel from 
the receiver to the base station.  
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7 Future Work 
Chapter 7, presents some ideas that will help future students or re-
searchers to improve on this thesis work: 

 Power consumption should be calculated to check which strategy 
is most useful. 

 A message passing algorithm can be developed for the scenario 
when an event occurs in the receiving node, at which point  the 
receiving node should be able to send data to the base station. 

 Fading can be incorporated into all the strategies in order to see 
the effect on the results. 

 Multi-casting technique can be incorporated to find any im-
provement.  

 Compromised node can be simulated to see what happens when 
a node goes down. 

 Compare SFNs with increased transmitter power. 

 Different sources should be used instead of a fixed base station as 
in this case. 

 One significant problem in forming SFNs is the synchronization 
of the signals from multiple transmitters and this should also be 
investigated. 
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