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Abstract 
At the present time, wireless sensor networks are becoming more and more 

common and energy consumption is a key factor in the deployment and 

maintenance of these networks. This thesis compares non-SFN multi-hop and 

a single frequency network (SFN) or cooperative diversity algorithms with 

respect to the energy consumed by the nodes. Since the nodes have limited 

power capacity it is extremely important to have an efficient algorithm. In 

addition, the behaviour of the network when SFN is employed must be 

studied and advice offered with regards to improvements in order to achieve 

preferential results. The effect on the network regarding macro diversity is 

positive but, the battery energy consumption is still higher and has a drainage 

effect on the network for simple multi-hop. The report will include 

background information regarding mobile ad-hoc networks and the 

relationship with cooperative diversity. It will also deal with how different 

algorithms affect the energy consumption in multi-hop networks. Simulations 

will also be presented in Matlab plots for two single frequency network 

scenarios against a simple multi-hop regarding node energy during the 

network discovery and decline. Results will include comparative figures which 

are followed by a discussion concerning the simulation results and its effects. 

The applications for wireless sensor networks include area monitoring, 

environmental monitoring, data logging, industrial monitoring, agriculture 

and the idea can additionally be used for wireless radio and TV distribution. 

The simulations have been conducted for cooperative diversity algorithms 

(SFN-A and SFN-D) against an algorithm which does not use cooperative 

diversity in Matlab. The node energy consumption is compared for both 

scenarios with regards to both  network reachability and decline. The node 

power is analysed during the reachability of the network from the start to 

attaining 100% of the discovered network. During network decline, the 

behaviour of the node energy is studied for algorithms with SFN-A, SFN-D 

and non SFN.  Also, the number of times node transmission occurs with 

regards to  node discovery is also analysed. 

Keywords: Macro diversity, Multi-hop, Single Frequency network, 

Reachability, Decline, Outage 
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1 Introduction 
In these modern times of the information society, wireless sensors and 

wireless sensor networks are expected to play an important role due to 

their low-power circuit design, efficient energy systems together with 

the communication device and which are  cost effective in terms of 

manufacturing and deployment. The purpose of the wireless sensor 

network can simply be described as a low-cost, low maintenance, device 

that communicates and senses and effectively maintains the 

environmental checks for various factors such as temperature, pressure, 

vibration, sound, radiation and many more. The wireless sensor is a 

small device equipped with a sensor (temperature, sound and pressure 

etc.), radio transceiver with an internal antenna and a microcomputer 

and circuit board for interfacing these components. Wireless sensors also 

contain built-in batteries which are  usually contained  in the same 

housing as the other components, for efficiency. The size of the wireless 

sensor can vary from very small, which are used in limited 

environments, to the size of directional beacons used on the roads and in 

sea for demarcation. The cost can also vary in terms of functionality, 

capability and purpose. Traditionally wireless nodes are small in size, 

with limited energy. Wireless sensor networks consist of wireless nodes 

distributed over a large area for the purpose of monitoring and to pass 

information through the network to some centralized location (also 

known as base station or access point). The wireless sensor network can 

be beneficial for a number of applications. An area monitoring WSN can 

be deployed over a region where a physical activity is being monitored. 

It can be very beneficial for environmental data gathering, for example 

in forests for fire detection and water quality in rivers and water tables. 

Wireless sensors are beneficial in indoor environments where it is 

hazardous for humans, for example with regards to radiation or in a 

corrosive environment. WSN can also benefit agriculture and irrigation 

where environmental concerns can damage the crops and must  be 

monitored closely over a large area. Nowadays, WSN can also include 

an actuator network where a device is also a part of a sensor node which 

can trigger an event such as automatic water distribution in agriculture. 

At a particular time, the water taps can be opened and closed. The water 

taps together with wireless nodes in a part of network, will form a 
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wireless actuator network. There are also issues regarding the use of 

sensors. Node battery is the most important since, once it has been 

deployed in certain cases, it cannot be replaced or the sensor cannot be 

retrieved for reuse. In addition, the WSN is prone to network failures. 

Network failures can occur because of physical constraints such a hill in 

between sensor nodes. The sensor nodes are also prone to 

environmental conditions such as snow, rain and heat that can reduce 

the performance of the sensor itself and can also impair the WSN . It  is 

also very difficult to simulate a WSN since the real world scenarios 

cannot be simulated in a convincing way. [8] 

 

1.1 Background and problem motivation 

 

In the connected world, wireless sensor networks are becoming 

important due to their versatility and maintenance free nature. WSN use 

broadcast messages to update software or time and, in the future, other 

tasks since wireless sensor nodes are becoming actuator nodes which 

can perform tasks in the environment which are either hazardous to 

humans or too cumbersome to be performed by humans. Cooperative 

diversity can be  one means of  enhancing  the network and operating it  

beyond its usual parameters with the same hardware configuration, 

since all the nodes will be ‘cooperating’ and transmitting at the same 

time over the same frequency in order to obtain  more network coverage 

and to use the sensors more efficiently. The problem lies not with the 

deployment but with the efficient use of these networks since energy 

constraint still limits it and these methods must be used in order to 

achieve the maximum efficiency from these networks In addition once 

the power is depleted from the nodes, batteries cannot be replaced and 

re-deployment of nodes must be performed,  which may not be very 

cost effective.  
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Figure 1.1 Simple architecture of sensor node [8] 

The goal is to obtain  the maximum from  the network even with as  few 

nodes as possible and using  less energy so as to extend the lifetime  of 

the network. The wireless sensor nodes communicate with each other to 

form a wireless network that includes topology discovery, node 

initialization and the transfer of data. Single Frequency Networks (SFN) 

is a broadcast network in which all the nodes transmit the same signal 

simultaneously on the same frequency over the same network. An SFN 

makes efficient use of the radio spectrum resulting in an overall increase 

in the coverage of the network.  

SFN usually use a broadcast method to communicate with the sensors in 

the network. It can also be incorporated with a simple multi-hop 

without employing any methodology. The ability to increase the 

coverage area, without using intermediate devices such as repeaters, is 

very important because the effects of increasing energy can have an 

effect on the  node battery consumption. If more transmission occurs in 

the network, the network can decline more quickly in the case of SFN 

networks. This thesis will analyse the battery consumption of the node 

when the network is in the reachability state and when the network is in 

the declining state [3][9].  
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1.2 Overall aim  

 

Several factors are taken into consideration of a wireless sensor network 

to be effective, for example; energy consumption, routing protocol, 

routing algorithm, deployment, fading, noise, signal strength, network 

effectiveness etc. Time is also an important factor. Also, in a broadcast 

network sensors are used more often than they are usually required 

which can be  cumbersome for  the network as a whole.  

An efficient network is one  that offers the  maximum coverage, 

maximum connectivity, maximum sleep and wake time and with 

minimal energy, connectivity and coverage loss. This thesis will look 

into some of the technologies and techniques involved. Additionally , 

simulations will be presented, not only for the networks during the 

reachability but, also during the decline and when it finally dies. 

1.3 Scope 

 

This report focuses on the node energy consumption with respect to a 

Multi-hop Single frequency network vs. a non-SFN (simple multi-hop) 

and how cooperative diversity affects the network. The reachability is 

observed and also the node energy consumption during the 

initialization of network is discussed. Similar aspects are  also discussed 

and presented for a declining network and  the behaviour of SFN 

formations in the network simulation is observed. 

1.4 Concrete and verifiable goals  

 

The energy consumption is one of the most important factors for any 

WSN device and network because, once the sensors are deployed, it 

would be impossible to change the battery. Thus, once sensors have 

been deployed they are meant to last for a long time.  
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Our goals is to simulate and compare a wireless network with random 

topologies with a variable number of nodes and node energy in a 

network and observe its effects on the reachability and declining 

network and compare a single frequency network algorithm over a non-

SFN algorithm in a broadcast environment for node power and node 

failures.  

The study will include the effects of transmission power on reachability 

for both SFN and non SFN. The effects of node energy during network 

reachability and network decline will also be presented. Network node 

failures during decline will also be discussed.  

 

1.5 Outline 

 

Chapter 2 describes the theory related to macro diversity, multi-hop and 

single frequency networks 

Chapter 3 describes the methodology, including the factors on which the 

network is evaluated and variables for the simulation. 

Chapter 4 describes the implementation of our simulation. A sample 

model is presented for this purpose. It also includes what results are to 

be attained from our simulations. 

Chapter 5 includes the results for  a sample simulation . 

Chapter 6 is a discussion on the simulation results and simulation 

parameters. Also, some observations on the simulations are presented. 

Future work is proposed.  

 

1.6 Contributions 

 

This report investigates the effect of variable node energy with respect 

to cooperative diversity, which has not yet been  covered in previous 

studies. Previous studies include the network during the highest 

reachability, whereas this study includes the effects of node energy 
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during the network decline and also investigates the node inactivity in 

the simulated network. This report is also the combined effort of both 

the authors. The authors are thankful to the supervisor for his guidance 

and help. 
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2 Related work 
 

With the advancement in wireless sensors, the sensor has become an 

actuator that performs certain tasks associated with the sensor. 

Advancement in chip design has meant that  wireless communication 

radio, data storage, signal processing and an energy source can be on a 

single chip which can be miniature in size. It also places  constraints on 

the same factors due to its size and limits the user to use it very 

efficiently. 

 

2.1 Wireless Sensor Technology 

 

There are four major components which affect the  WSN, namely, 

transceiver, microcontroller or microcomputer and battery working 

together with the sensors [8].  

Three major issues regarding wireless sensor networks are the size of 

the sensor, cost of the sensor and power consumption of the sensor. 

After the deployment of the sensors,  the node discovery must firstly be 

conducted, after which an  efficient routing scheme must be chosen so as 

to collect data gathered by the sensors at the centralized location for 

processing. Since sensor nodes, once deployed, rarely change their 

locations, the efficient routing schemes must be used for maximum 

performance.  

Once the nodes are connected, the network does not require  to change 

its  topology hence making the network more stable. This can be 

changed when the sensor encounters either battery depletion or physical 

damage. If that occurs, the network will rediscover and update its 

routing path according to the routing schemes.  

The sensor nodes are normally deployed for longer periods of time 

since, for the majority of the time ,sensors are supposed to be inactive 

and only be activated either by command or by a predefined event for 
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which the sensor is deployed. After deployment and use for a period of 

time, the sensors will start to lose  their energy and the routing schemes 

should be able to cope with such events. The network should be able to 

redeploy  the active sensors. Sensor node technology consists of a 

transceiver, microcontroller or microcomputer and a battery working 

together with the sensors.  

 

2.2 Wireless node Architecture 

 

 

Figure 2.2 Wireless node architecture [8] 

 

The wireless sensor node consists of a transceiver, microcontroller, 

sensor analog-to-digital converter and a power source. The transceiver 

provides the connectivity with the other nodes or access points in its 

proximity. The microcontroller or microcomputer calculates and 

performs computations for the algorithms. The sensor is connected to an 

analog-to-digital converter (ADC) to convert the physical quantity into 
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an electrical signal to be processed by the CPU. The power source can be 

autonomous or can also be supplied externally, for example, through 

the use of a solar cell etc. or it can be connected to some other external 

power source in the case for which the sensor is working as an access 

point or base station. An actuator can also be a part of a sensor device 

for performing tasks. 

 

2.3 Mobile Ad-Hoc Networks (MANET) 

 

Mobile ad-Hoc Network or MANET is a self-configuring network of 

mobile devices connected wirelessly, which in this  case involves 

wireless sensors.  In simple terms, sensors in MANET behave and 

operate independently of the infrastructure in terms of routing. No 

centralized head exists so there can be no centralized routing and, 

instead, distributed routing is required and used by the nodes. [1] 

 

2.4 Distributed Routing 

 

With the MANET, it is necessary for there to be a more efficient  de-

centralized routing protocol . There are two main types of routing that 

can be achieved. One is hop-based routing in which the routing depends 

upon the number of hops or nodes it takes to reach the destination and 

it uses flooding to discover the reachable nodes. The other  is geographic 

based routing in which it is assumed that the nodes are aware of their 

geographic location and the protocol uses  node location to route 

packets from the source to the destination. [2] 

 

2.5 Multi-Hop Networks 

 

Multi-hop network is a network that uses more than one hop (or sensor 

node) to reach the destination. Traditionally, the network is fully 

connected and thus, even if a path is down or disrupted, there is always 
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another route for the destination. This property is also called a self-

healing network. [3] 

 

2.6 Energy Consumption 

 

The most important factor in relation to a wireless sensor network is the 

energy because, once the mobile sensors are deployed, it will be 

impossible to change or recharge the battery supply. An energy efficient 

network is the single most area of interest. By means of the scenarios 

discussed above, we will simulate and compare and the results and 

these will be measured based on a less node energy hungry network. 

 

2.7 Cooperative Diversity 

 

Transmitter macro diversity is a technique in which multiple 

transmitters transmit the same data at the same time on the same 

frequency, thus increasing the signal strength and resulting in an 

increased reachability in a multi-hop wireless sensor network. Different 

algorithms, in this regard, can be applied thus increasing the diversity 

gain.   

 

It is also used in reducing the signal interference and fading. Transmitter 

macro diversity can be applied in different areas, for example, wireless 

sensor networks and broadcast networks are  known as a single 

frequency network and a cellular network, and it is possible to consider  

soft hand-off  since, during a hand-off, two antennas are collaborating 

during the exchange. [4] 
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Figure 2.7 Cooperative Diversity 

 

From the figure above, the nodes in blue (labelled as 1) are directly 

connected nodes to the access point. These nodes will discover nodes in 

green thorough a multi-hop (labelled as 2). These nodes in green will 

‘co-operate’ and discover node 3 in orange (labelled as 3). The two 

nodes will send data on the same frequency at the same time so that 

those nodes which are not reachable are discovered.  

 

 

2.8 Single Frequency Network 

 

Transmitter macro diversity is a technique in which multiple 

transmitters transmit the same data at the same time on the same 

frequency, thus increasing the signal strength and resulting in an 

increased reachability in a multi-hop wireless sensor network. Different 

algorithms, in this regard, can be applied thus increasing the diversity 

gain. 
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It is also used in reducing the signal interference and fading. Transmitter 

macro diversity can be applied in different areas, for example, wireless 

sensor networks and broadcast networks are  known as a single 

frequency network and a cellular network, and it is possible to consider  

soft hand-off  since, during a hand-off, two antennas are collaborating 

during the exchange. [4] 

 

 

Figure 2.8 Single frequency networks formation 

From the figure above, the nodes in blue (labelled as 1) are directly 

connected nodes to the access point. These nodes will discover nodes in 

green thorough a multi-hop (labelled as 2). These nodes in green will 

‘co-operate’ and discover node 3 in orange (labelled as 3). The two 

nodes will send data on the same frequency at the same time so that 

those nodes which are not reachable are discovered. [4][5] 
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2.9 Orthogonal Frequency Division Multiplexing 

 

OFDM is a special technique used in frequency division multiplexing, in 

which individual signals are assigned a different frequency within a 

range of bandwidth so as to share the wide  non-overlapping frequency 

spectrum for signal transmission.   

 

The most useful examples of FDM are  TV and radio broadcast in which 

multiple radio signals, at different frequencies, pass through a common 

space at the same time. FDM is also used by telephone systems to 

transmit multiple telephone connections through the same medium. 

FDM is also used to allow multiple users to share a common 

communication medium. This is known as FDMA (Frequency-division 

multiple access). [10][11][12][13] 

 

The OFDM spread spectrum is a technique,  which is a combination of 

modulation and multiplexing. The signal is first modulated i.e. a change 

in frequency or amplitude or both and then multiplexed i.e. sharing it 

with other data channels, to become an OFDM carrier.  

 

The idea is to provide the ‘orthogonality’ in the sub-carriers. This allows 

simultaneous transmissions without interference from other signals. 

OFDM utilizes a large number of slow low-bandwidth modulators with 

an autonomous frequency sub-channel and sub-carrier frequency 

instead of using single fast wide-band modulator. [10][11][12][13] 
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A brief  over view of an OFDM system is described in table 

Table 2.9 OFDM parameters 

 

OFDM is modulated at a low bit rate transmitted over numerous 

carriers. This multiplexing can be achieved by using an inverse fast-

Fourier transform (FFT) process. The preferred FFT can be either radix 2 

or radix 4 algorithms based on 2k or 8k carriers (2048 or 8192). OFDM 

architecture can be understood from the following block diagram. 

 

 
Figure 2.9 Block diagram of OFDM functionalities [10] 

 

Parameters  Threshold  

Data rates  6 Mbps to 48 Mbps  

Modulation  BPSK, QPSK, 16 QAM and 64 QAM  

Coding  Convolution concatenated  

FFT Size  64 with 52 sub carriers (48 for data, 4 for pilots)  

Sub-carrier frequency spacing  20 MHz divided by 64 carriers or 0.32125 MHz  

FFT Period (Symbol period)  3.2 μsec  

Guard duration  0.8 μsec (One quarter of symbol time) 

Symbol time  4 μsec  
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The serial to parallel block converts serial data into parallel OFDM. The 

constellation mapper block is used to modulate any active carriers for 

example BPSK, QPSK or QAM etc. [10] [11][12][13] 

 

An IFFT block takes parallel data streams as the input and then 

modulation and multiplexing takes place and the output is the sum of 

the signal samples.  The data is then transferred through a parallel to a 

serial converter block in order to be sent on a communication channel. 

The cyclic prefix is added to overcome inter-symbol interference or 

inter-carrier interference (ICI).   

 

The receiver block is the inverse of the sender block, where data from 

the transmission channel is converted from serial to parallel and a cyclic 

prefix is removed. It then passes through the FFT and a frequency 

domain equalizer assesses the actual data to be processed by the 

constellation de-mapper block. The process is called channel estimation 

and equalization. The data is finally converted from parallel to serial in 

order to be analysed. [10][11][12][13] 

 

2.10 Fading 

 

Fading occurs when the transmitted signal line of sight is blocked or 

obstructed between the transmitter and the receiver and the signal 

reaches its destination through different routes, which is similar to the 

original signal sent. This usually occurs in urban areas with buildings 

and obstructions or in a moving transport (for example a car).  

 

This obstruction and retransmission of a signal can result in delay and a 

different gain as a signal will be using different paths and each signal 

will utilize slightly different times to reach the destination. These delays 

in the signals result in phase shifts, which results in a degraded signal.  
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The delayed signal, added at the final destination, is also called the 

delay spread of the signal. The addition of the signal from the multiple 

sources can result in either a gain or a lost signal since; either the 

resulting signal will be strengthened or entirely lost.  Rayleigh fading is 

a term used when the entire signal reaching the destination is reflected. 

This usually occurs in densely populated urban areas. Rayleigh fading is 

applied when no line-of-sight communication exists between the 

transmitters and receivers. [13][14] 

 

 



Cooperative Diversity and Power 

Consumption in Multi-hop WSN- Effects of 

node energy on Single Frequency Networks  

Anwaar ul Haq and Haroon Malik  

 Related work 

2014-03-12 

 

17 

2.11 Soft Handoff 

 

A soft handover, also called a soft handoff, is a technique used by a 

CDMA based cellular network in which a transmitted signal is 

combined from two stations with different physical channels on the 

same frequency bandwidth.   

This results in a continuous bit stream, in which a signal is faded from 

one base station, but where there is a high probability that another base 

station is transmitting on a similar frequency bandwidth, thus enabling 

the uninterrupted transmission, which results in a high diversity gain. 

This is called a soft handover gain [16] [17]. 

 

 

 

 

Figure 2.11 Soft handoff [19] 
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2.12 Hard Handoff 

 

A hard handoff or hard handover is a technique utilized in FDMA and 

TDMA based cellular networks. A hard handover is when the 

transmission is disconnected when the receiver becomes out of range 

and, before it connects to another transmitting station, the other station 

is disconnected.  

 

This technique is applicable in WiMAX and Voip applications where the 

continuity is not always a requirement. A hard handover ensures that at 

least one base station remains connected at all times. The advantage of a 

hard handover is that it has a less complicated architecture and involves 

a lower cost [16][17].   

 

 

 

 

 
Figure 2.12 Hard handoff [18] 
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2.13 Wireless Sensor Network Applications 

 

A wireless sensor network has an almost infinite number of applications 

ranging from military, agriculture, environmental, , industrial, health, 

commercial, wireless meter reading and traffic monitoring [8]. 

 

2.13.1 Military Application 

 

Wireless sensor networks can be used by the military and police to 

monitor both their personnel and their equipment. Additionally 

movement can also be observed remotely and data can be collected for 

analysis and assessment for future planning. Attack detection and 

prevention is also one of the advantages of a WSN for the military. It can 

be used for targeting different areas for patrolling [8].  

 

2.13.2 Agricultural Application 

 

Wireless sensor networks can also be beneficial for agriculture and land 

monitoring. The agricultural systems can be monitored remotely at all 

times and assist in the decision making regarding the crops. The water 

management system for expensive crops can benefit from   WSN 

technologies[8]. 

 

2.13.3 Environmental Application 

 

Practically, the greatest benefit of WSN is in relation to the environment 

It can be used for a variety of purposes related to the environment. For 

example, climatic conditions in a particular area, forest fire detection 

and prevention and flood detection. It can also be beneficial in areas that 

have seismic and volcanic activities [8]. 
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2.13.4 Industrial Application   

 

WSN can also be used in hazardous industrial environments. It can be 

used where it is not safe for humans to interact with the environment 

due to a corrosive environment or which have radiation [8]. 

 

2.13.5 Health Application 

 

WSN can also be beneficial in the health sector for monitoring  patients 

and for drug administration. It can also be used for the benefit of old 

people or people with special needs [8]. 

 

2.13.6 Commercial Application 

 

WSN can also be used for commercial applications such as automated 

energy meter reading, vehicle tracking and monitoring and traffic flow 

surveillance [8]. 
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2.14 Routing Protocols for WSN 

 

Advances in Micro-Electronic mechanical systems has resulted in the 

development of the sensors which can collect information about their 

surroundings very efficiently due to smaller radio and processor and 

relay that information over a network possibly to some mobile access 

point or fixed base station.  

 

The Wireless sensor network consists of thousands of sensors working 

together constrained by its battery capacity and bandwidth. This 

constraint together with the un-favourable environment increases the 

demand for the need of efficient management of sensors. Development 

of efficient routing protocols can be a key factor in WSN management 

and it is imperative that the well-suited routing protocol be employed 

which is most effective for the particular network. Some routing 

protocols are presented for the comparison. 

 

It is important that some challenges be addressed in terms of routing 

protocols before deployment and implementation. [20] 

 

WSN Routing Protocols Characteristics 
 

The following must be considered since WSN are different in nature 

from mobile ad-hoc network (MANET) and some issues must be 

addressed [20] 

 

1. WSN has higher number of sensors than mobile network 

2. WSN may not be working on unique identification for example IP 

address 

3. WSN is cost effective in terms of deployment due to inexpensive 

sensors and easy deployment. 

4. WSN is energy-centric since there is no way sensors can be 

recharged once depleted. MANET can have rechargeable 

batteries 
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5. WSN has limited computational capability 

6. WSN node is vulnerable to weather and natural constraints 

7. WSN network topology is unpredictable 

8. WSN can use only broadcast whereas MANET can work on 

point-to point communication. 

 

WSN Routing Protocols Classifications 

 
Routing protocols can be manipulated to work in many ways. Routing 

protocols can be classified as data-centric, hierarchical and location 

based according to the network demand. Location based routing 

protocols are used to manage data traffic and thus can be very useful in 

exploiting the potential in a WSN. [21] 

 

 

2.14.1 Data-centric routing protocols 

 

Data-centric approach focuses on the access of data rather than the node. 

Due to the absence of addressing in the network and randomized nature 

of the topology and sensor nodes, data negotiations are done between 

nodes to save energy and eliminate redundant data. [21] 

 

 

2.14.1.1 Sensor Protocol for Information via Negotiations 

 

SPIN (Sensor Protocol for Information via Negotiations) is an example 

of data-centric routing protocol. SPIN uses ADV, REQ and DATA 

messages during data sending negotiations. 

 

ADV message is an advertisement message when a node wishes to send 

data. It contains what is called meta-data. Meta data describes the 

characteristics of the data that has to be sent. 
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REQ message is used when a node is ready to receive the data. 

DATA message is used with the actual data with the meta-data header. 

 

Firstly, the sensor nodes broadcast the ADV message containing meta-

data. The neighbouring node REQ message when it is ready to receive. 

After these negotiations the DATA message with the meta-data header 

is sent to the neighbouring node. This process is repeated until the data 

reaches the base station. [21][22] 

 

 

 

 

Figure 2.14.1.1 – SPIN Protocol Negotiations and Advertisements [21] [22] 

 

Each node sending and receiving will be on a single-hop to the 

neighbouring node. This has an advantage since the active nodes are in 

proximity and topological changes in the network will not be effected by 

the data sending process. However, SPIN advertisement cannot 
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guarantee data delivery since each hop the node must be able to accept 

the data and any node if unable to accept data will not be able to 

forward the packet and the data will not reach the destination. [21][22] 

 

 

2.14.1.2 Flooding and gossiping 

 

Flooding and gossiping are classical examples for data-centric routing. 

In flooding the node that wish to send data send it to all the nodes that 

are in the proximity and in range. The nodes receiving the data in-turn 

retransmits the data to the nodes that are in their proximity.  

 

This process carries on until the message reaches the destination or 

maximum hops are achieved. Flooding is very easy to implement 

however, it can create an implosion problem where same data packet 

reaches the destination from different sources resulting in duplication 

and consumes energy. [21][22] 

 

 

 

 

Figure 2.14.1.2a – Flooding and Implosion problem in flooding [21][22] 
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Figure 2.14.1.2b – Gossiping and the overlap problem [21][22] 

 

Gossiping is that the sending node sends the data packet randomly to 

any node in the proximity. The receiving node also selects the 

neighbouring node randomly to send the data packet. This carries on 

until the packet reaches the destination. Although, Gossiping consumes 

less energy than flooding, it can cause propagation delay through the 

network. [21][22] 

 

2.14.1.3 Directed Diffusion 

 

Directed diffusion is an idea in data-centric routing research in which 

the aim is to diffuse data through sensor nodes by employing naming 

scheme for the data.  

 

Attribute-value pairs are used for the data and queries the sensors by 

using those pairs when demanded. Firstly, a list of attribute-value pairs 

such as name of objects, interval, duration or geographical area is 

created for the query. This is sent to the neighbours and to the access 

point through broadcast. Each receiving node has a caching purpose so 
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that the interest can be used at a later time. The job of these nodes is also 

data aggregation.  

A reply to the interest received is called gradient. The gradient field is 

represented with data rates, duration and expiration time which is 

received from the interest. 

By this interests and gradients, the paths are estimated between source 

and destinations. The path selected is called reinforcement. The source 

sends the data through the path selected with fewer intervals so that 

data can be sent more frequently. 

Path repair occurs when the path previously selected is unavailable or 

node failure is encountered. The reinforcement process will be repeated 

with the other paths thus resulting in low energy consumption. 

[21][23][24] 

 

 

 

Figure 2.14.1.3 – Directed diffusion (a) Interest propagation, (b) Initial 

gradient setup, (c) data delivery [21] [23][24] 

 

The Directed diffusion is very useful since all communication is with the 

neighbouring nodes and there is no need for addressing but since all 

nodes requires continuous data delivery so it will be efficient for query 

driven on demand data model. [21] [23][24] 
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2.14.1.4 Energy aware Routing 

 

In energy aware routing, the paths are calculated and chosen for their 

energy consumption as a function of probability. The idea is that if the 

path with low energy is being used, the nodes on that path will be 

depleted of their energy. So, the paths calculated that have higher 

probability may be chosen so as to increase the lifetime of the WSN.  

 

The assumption for energy aware protocol is that nodes are addressable 

in a class based addressing which can include information such as 

location and type of nodes used. [21][25] 

 

There are three phases in the protocol 

 

Setup phase 

 

Routing tables and routes are created through flooding and total energy 

cost is calculated for each node. For example if the node Ni sends 

request to Node Nj, energy cost of the path will be calculated as follows:  

 

 

 

The energy metric used in the equation takes transmission and receiving 

costs. The paths with high cost are dropped. The proximity to the 

destination can be a deciding factor for node selection. Each neighbour 

is designated a probability by the node of the neighbouring node in 

routing/forwarding table. The probability is inversely proportional to 

the cost. Higher the probability, lower the cost. [21][25] 

 

 

 

Nj calculates the average cost for the destination using neighbour in the 

forwarding table FTj using the formula 
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The requested and forwarded cost field is set for Nj, 

 

Data communication phase 

 

The randomly chosen node from the forwarding table is used for each 

node using the probabilities which has the probability for energy cost 

[21][25]. 

 

Route maintenance phase 

 

Route and network is maintained through the process of flooding 

[21][25]. 

 

2.14.1.5 Rumor Routing 

 

Rumor routing is a variation of diffusion routing used where the 

geographic routing is not the intention. Directed Diffusion use flooding 

technique to query entire network where there is no geographic criteria. 

The Rumor routing is between event flooding and query flooding. 

 

The idea is to check for only those queries where a particular event has 

been encountered. This way the information will be routed to the nodes 

which have observed particular event or criteria rather than flooding the 

whole network [21][22]. 

 

For Rumor routing the packets are used called agents. When a node 

encounters an event, it stores that event information in the local table 

and generates an agent. The agent transmits information about events 

while propagating through network. When a node generates a query 

about event, the nodes that have encountered the agent will have 
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information about the event and the information can be routed to the 

relevant path and node. Hence flooding is not required and that 

decreases the energy consumption of the network as a whole. 

 

Rumor routing maintains only one path as opposed to diffused routing 

since diffused routing uses flooding and has access to multiple paths. 

[21][22] 

 

2.14.1.6 Gradient-based Routing 

 

Gradient-based routing is a kind of Directed diffusion in which the 

number of hops is also the factor when the interest is generated. The 

idea is to keep the minimum number of hops when the interest 

propagates through the network. The minimum hops discovered are 

called the height of the network. 

 

The difference between the node height between the current node and 

the node and the neighbouring node is called the gradient on that link. 

The data is propagated through the network that has the highest 

gradient  [21][26]. 

 

There are three types of techniques  

 

Stochastic scheme 

 

If the gradient is the same for the two hops, the node will choose any 

route at random. [21][26] 

 

Energy-based Scheme 

 

The height of the node increases due to energy starvation of the node so 

that other nodes will not be sending data to that node thus increasing 

energy efficiency since the energy will be equally distributed throughout 
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the network. Whenever the energy drops below certain threshold, the 

load is distributed to the other nodes in the network [21][26]. 

 

Stream-based Scheme 

 

Different streams are used where the nodes already have streams thus 

new streams will not be formed where there are already older streams 

[21][26]. 

 

2.14.1.7 CADR (Constrained Anisotropic Diffusion Routing) 

 

It is also a form of directed diffusion protocol. Two techniques 

Information-driven Sensor Querying (IDSQ) and Constrained 

Anisotropic Diffusion Routing (CADR) are applied. The idea is to 

decrease latency and bandwidth by querying sensors and routing data 

within the network.  

 

In this scheme, only those sensors are used which are closer to the 

events and route the data according the shortest path data can take to 

the sink. In CADR, the node evaluates the routes based on information 

such as local information/cost and end-user requirements. 

 

This can be more efficient than directed diffusion since the sensor relies 

on local data and set criteria for the route for efficient network 

operations [21][27]. 

 

2.14.1.8 COUGAR 

 

COUGAR acts as distributed database system and works between 

Network and application layer. It uses the network and application 

layer for functions such as relevant sensors and data aggregation for 

energy.  
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The sensor node selects the leader node to perform aggregation and 

transmits data to the sink.  

 

The sink is responsible for query plan which includes information about 

data flow and computes incoming query and send it to relevant node. 

The purpose of that sink is also to select leader for query. The network 

will have in-network computational ability. This is useful when the 

traffic to the leaders from the network is high [21][28]. 

 

 

 

 

Figure 2.14.1.8 – COUGAR implementation [21][28] 

 

The drawback of COUGAR is that extra query brings overhead to nodes 

in terms of storage and energy consumption. Synchronization is also 

another factor since the forwarding node will have to wait form each 

source. The leaders have to be dynamically updated since they are 

prone to failures. [21][28] 
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2.14.1.9 ACQUIRE (ACtive QUery forwarding In SensoR nEtworks) 

 

ACQUIRE takes the sensor network as distributed database and is 

suited for queries which consist of several sub-queries. The sink gets a 

partial response from the node sending the query before sending the 

packet to the neighbour. It uses pre-cached information for this action.  

 

The shortest path or reverse path is used once the query is answered. If 

this pre-cached information is not up-to-date, the lock-ahead of d hops is 

used from the neighbouring nodes. This d value parameter is way of 

routing efficiently. If the d is equal to network size it behaves similar to 

distributed diffusion which uses flooding. If the d value is small, then 

query will have to cover more hops to get to the destination thus 

increasing overhead [21][29]. 

 

2.14.2 Hierarchical Routing protocols  

 

The main aim of hierarchical routing protocols is to maintain energy 

consumption by putting the sensors in clusters and perform multi-hop 

communication with-in that cluster and perform data aggregation and 

fusion so that number of messages to the sink can be controlled , 

possibly decreased. This is one way of energy efficient routing where 

shortcomings such as latency can decrease the network performance 

and overload the network [21]. 

 

2.14.2.1 LEACH (Low-Energy Adaptive Clustering Hierarchy) 

 

LEACH is cluster-based protocol which employs hierarchical routing 

algorithms for sensors network. The nodes in LEACH form clusters 

based on received signal strength and employs cluster-head to send the 

data to the sink. The communication between the nodes and sinks must 

be forwarded by a designated cluster-head. The nodes cannot send data 

directly to the base stations or sink [21][22]. 
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Data aggregation is also done by the cluster-head to minimize over-

head. To maximize energy efficiency, the nodes in the network changes 

cluster-heads whenever the battery drops below the preset threshold. 

The cluster-heads works as ordinary sensor when it is not designated as 

cluster-head. The threshold for the cluster-head is calculated as follows:-  

 

 

 

P is the desired percentage of cluster heads (e.g. 0.05), r is the current 

round and G is the set of nodes that have not been designated cluster-

head in last 1/p rounds [21][22]. 

 

LEACH is considered distributed algorithm and thus there is no global 

exchange of information. LEACH used single-hop routing so the 

transmission can only between cluster-head and sink. 

 

The drawback is that it is not favourable for networks deployment in 

large geographical areas. Moreover, dynamic clustering creates 

overhead in the network diminishing network performance [21][22]. 

 

2.14.2.2 PEGASIS (Power-Efficient Gathering in Sensor Information 

 System) 

 

PEGASIS, a chain-based energy efficient protocol is an improvement of 

LEACH protocol since the sensors in this network communicates only 

with its neighbouring sensors by forming chains rather than clusters. A 

function of the neighbouring node is to perform data aggregation and 

forward data to the base station  [21][30]. 
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Figure 2.14.2.2 – PEAGSIS chaining [21][30] 

 

PEGASIS performs better than LEACH since dynamic allocation of 

cluster-heads is not required. However, PEGASIS can have delays for 

distant nodes since every node in-between sender and base-station must 

perform aggregation and forwarding which can add considerable 

delays. Moreover, some nodes might have bottleneck due to single-

leader structure [21][30]. 

 

2.14.2.3 TEEN and APTEEN 

 

Threshold Sensitive Energy Efficient sensor Network protocol (TEEN) is 

a protocol designed to respond to changes in physical attributes for e.g. 

temperature. TEEN employs data-centric mechanism in a hierarchical 

approach based on hierarchical grouping where neighbouring nodes 

form clusters and process goes on second level until data reaches base 

station.  

 

Two threshold levels are designed for the cluster-heads namely hard 

and soft threshold. These are hard and soft threshold for the physical 

attributes for the sensors. The hard threshold is the minimum value for a 

sensor to activate and transmit to cluster-head. 

 

Since this will only occur when a particular level is reached, there will be 

no unnecessary transmissions if the threshold remains below minimum 

level. Soft threshold is when the sensor senses no change in the physical 

attributes and only transmits when the physical attributes are changed. 

[31][32] 
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Figure 2.14.2.3 – Hierarchical clustering in TEEN and APTEEN [21] 

 

Adaptive TEEN (APTEEN) is advanced version of TEEN which employs 

periodic data collection and time-critical events reactions. In this case 

cluster-heads also performs data aggregation for energy consumption 

[21][31][32]. 

 

2.14.3 GEAR (Geographic and Energy Aware Routing)  

 

GEAR uses geographical information to route data and deals with the 

sensors with geographical attributes. GEAR uses energy-aware and 

geographically informed sensor selection to route data to the base 

station.  

 

It also keeps track of energy consumption of the sensors and network. It 

is also aware of the destination distance when sending data to the base-

station. That can also be cost of the transmission. Every time data is 

traversed through the network, the cost is adjusted based on location 

and energy consumption [21][33]. 
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Figure 2.14.3 – GEAR based cluster network [21] 

 

There are two phases  

 

1. Forwarding packets towards the target region 

 

When the packet is received, it is checked for the closest 

neighbour. If there is more than one neighbour, the one closer to 

the target is selected. If there is no node then that gap is called the 

hole. If a hole is detected in a network, the network will utilize 

the cost function and the packet will be traversed based on cost 

calculations and the cost will update accordingly [21][33]. 

 

 

2. Forwarding the packet with-in the region 

 

Restricted flooding is used to diffuse the region when the packet 

reached the region. Restricted flooding is good when the sensors 

are in distance and not in dense formation. Recursive geographic 

flooding is used for dense sensor configuration.  
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The region will be divided into four sub regions and four copies 

of the data are created. This splitting and forwarding will carry 

on until only one node is left. 

 

This algorithm is designed for mobile Ad-hoc networks and 

requires mapping sensors according to geographical locations. 

[21][33] 

 

 

 

Table 2.14.3 – Classification of routing protocol in sensor networks 

[21] 
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2.15 Mesh Network 

 

A mesh network is a network in which nodes are connected with its next 

hop.  Each node not only receive its own data but also work as a relay 

which can also be known as forwarding node for other nodes those are 

at further hops away from the sending node and sending node can't 

reach it on its own.  

 

Mesh network enable redundancy and hence is more reliable as if one 

node will fail the adjacent nodes will discover alternative routes to 

communicate with the node that was disconnected from the network. 

 

 

 

Figure 2.15 – Wireless mesh network 

 

As it can be seen in the figure each node is connected with its succeeding 

node and each node is being connected by several preceding nodes. 
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Multiple messages are being sent resulting in increased redundancy and 

making network more error prone.  

Message can be for the immediate next node or for the node at multiple 

hops in that case the connected node of sending node will forward the 

message to the node it is destined, and this forwarding will continue 

until it reaches its destination. Multiple copies of the same message may 

be received by the destination node, hence costing in extra overhead and 

cost. 

Due to the complex nature of the mesh network it is not possible to 

implement mesh wired network, as both the cost of wire and the 

connections itself will make the network more difficult and almost 

impractical to be implemented. Hence mesh network is practically 

implemented wirelessly, via cellular or the combination of one or more 

wireless technology. 

Mesh network is a self-healing network, and that make it more suitable 

for wireless sensor network scenario as well, where the focus is to enable 

networks to self-rehabilitation so it can last as long as possible. 
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2.15.1 Types of mesh topologies 

 

Mesh topologies can be either a fully mesh network or a partial mesh 

network. 

 

2.15.1.1 Full mesh topology 

 

Every node would be connected to the other nodes in the network, 

increasing reliability. It would be a redundant network and cost may be 

higher and due to this reason it is mainly used at the backbone of the 

network. 
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Figure 2.15.1.1 – Full mesh topology [35] 

 

 

2.15.1.2 Partial mesh topology 

 

It is a more realistic approach where some of the nodes will be 

connected as a mesh topology while other may be connected with one or 

two nodes only and these would be known as indirectly connected to 

the network. 
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Figure 2.15.1.2 – Partial mesh topology [36] 
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2.15.2 Mesh Topology Architecture 

 

The main purpose of mesh network architecture is to provide low cost 

and multipurpose high speed wireless network for a specific coverage 

area. To maintain signal strength low distance nodes are made part of 

the of the mesh network which result in improving signal strength and 

also making efficient routing decision based on the other nodes 

connected within the network. 

The architecture of a mesh network should consider the following points 

for an efficient, reliable and efficient mesh wireless network. [37] 

1. Reliability and Adaptability 

2. Scalability 

3. Redundancy 

4. Self-configuring 

5. Self-healing 

6. Self-discovering and automatic routing 

 

2.15.2.1 Reliability and Adaptability 

 

It is important that any network designed and implemented should be 

reliable almost like the wireless network itself [37]. If the mesh network 

is not reliable enough then its purpose of implementation would have 

less significance.  

 

When implementing wireless network and in our case mesh network, 

the network should be able to adapt the environment it is being installed 

too. If there are tall buildings or any other obstacle that may hinder 

performance that must be considered and rectified to make network 

both adaptable and reliable. 
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Figure 2.15.2.1 – Wireless mesh network reliability and adaptability 

[38] 

 

 

2.15.2.2 Scalability 

 

A network should be scalable, like all other networks wireless mesh 

network is also scalable and by adding "freestanding repeater" [37] 

capability and capacity of the mesh network can be increase to enable 

hundreds of node.  The figure below explains the extension of the mesh 

network thus forming multiple mesh networks. 
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Figure 2.15.2.2 – Example of mesh network[39] 

 

In the figure above blue circle are freestanding repeaters to increase the 

scalability of the mesh network forming multiple mesh networks and 

allowing hundreds of node to be connected to the mesh network. 

 

2.15.2.3 Redundancy 

 

Mesh network provide redundancy and it is the essential part of the 

network, which mean each node would be connected to several other 

node allowing multiple paths option. If one node will fail an alternative 

path would be adapted to transfer data. 
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Figure 2.15.2.3 – Redundancy Factor in Mesh network [40] 

 

Figure show that each node has multiple paths of transferring data and 

if one node will be disconnected, data transfer will start from another 

route. 

 

2.15.2.4 Self-configuring 

 

The network should be able to self-configure any changes taken place if 

a node die out and a new route is needed to adapt it should be done 

automatically without the need of a human resource checking and 

redirecting all the network traffic. 
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2.15.2.5 Self-healing 

 

An efficient network should be self-healing, and in our case mesh 

network is self-healing as each node is connected to several neighbours 

thus if one or two nodes dies the network would still be able to transmit 

data via other connected node and due to the self-configuring features 

the network will adapt new route without the need of any human 

intervention. 

 

2.15.2.6 Self-discovering and automatic routing 

 

Self-discovering and automatic routing are the primary feature of the 

self-healing network and since as described above that mesh network is 

a self -healing network so it uses discovery method of finding new 

routes [37]. 

 

 The route evaluation is done to detect any route failure and then trigger 

is used again to discover more routes. The network can also be capable 

of finding the shortest route and using it on priority basis before moving 

to other route once it fail or has traffic congestion. 

 

2.15.3 Routing Schemes 

 

Like in every other network, in mesh network the choice of  discovering 

new nodes and the routing schemes has their effects on network latency, 

throughput, resource needs, and power consumptions following are 

some of the routing scheme that we can use with mesh networks. 

 

2.15.3.1 Pro-active discovery 

 

In proactive discovery each nodes consistently try to find more nodes 

and it happen repeatedly. The network has an assumption that the 

network breakage and its performance is always changing so the nodes 
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try to re-establish linkage with the adjacent nodes or the best route 

available to establish the network connection [37].  

In mesh network each node is always in a ready mode expecting 

messaged to be forwarded or to route message destined for other nodes 

connected in the network. Due to this property of "always on" mesh 

network it is not possible to conserve battery power. 

 

2.15.3.2 On-demand discovery 

 

As the name suggest on-demand discovery is done only when it is been 

requested upon by the managing node which sends an explicit message 

to update the network. Since the network is not active all the time so it 

allows node battery power to be saved and the bandwidth resulting in 

almost no traffic in the network during the time network is in sleep 

mode [37]. 

 

It can take on-demand discovery longer time to deliver its message if the 

transmission link between the nodes has poor quality or some other 

distortion has hampered its network capability. 

 

2.15.3.3 Single path routing 

 

The single path is chosen by the network algorithm to transverse 

messages to the next node. In single path routing it is likely that the 

whole path is known to the network or in some cases the connected 

nodes has the knowledge of the next hop node only. 
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Figure2.15.3.3 – End-to-end link in a single path routing [37] 

 

The main advantage of the single path routing is that it can provide 

mean of saving battery power along with network bandwidth as the 

traffic is reduced after other nodes attach stops listening once they make 

sure that they are not the recipient node and only that node for which 

message is destined received the message, hence making only one node 

active at a time. 

 

The main disadvantage of single path routing is its high latency or can 

be a non-delivery [37], if one node fails in the network or take too long 

due to poor signal and communication link, it will take a long time for 

the whole network to heal out of that situation and establish a new 

route. 
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2.15.3.4 Dynamic routing 

 

In dynamic routing messages are broadcast to its final destination based 

on the least cost routing means that the lowest nodes path would be 

chosen. Once the message is received by the neighbouring nodes the 

node having least number of node hop and receiving message first will 

transmit it toward it destination while any node having similar or 

greater number of nodes hops would stop their transmission at that 

point.  

 

If due to the broken transmission link or due to other distortion message 

fail to be delivered the dynamic routing would allow next less hop node 

to forward the message to the final destination using a new route. 

 

 

 

Figure 2.15.3.4 – Dynamic routing [37] 
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Dynamic routing despite its advantages can create lots of traffic on the 

network resulting in messages getting stuck in endless loops   and hence 

creating a bottle-neck of the network. 
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3 Model 

Simulated results will be compared and presented for the single 

frequency network algorithm schemes suggested by Arif Mahmud [3] 

and also by Magnus Eriksson and Arif Mahmud [5]. 

 

The SFN algorithms will be compared against a Non-SFN algorithm 

with variable node energy. Two SFN scenarios will be modelled, namely 

the SFN-A and SFN-D and they will be simulated against a non-SFN 

(simple multi-hop) for transmission power against reachability and node 

SFN formations against node energy consumption and ultimately node 

failures. 

 

 

 

 

 

 
Figure 3 Simple WSN Multi-hop Network 

 



Cooperative Diversity and Power 

Consumption in Multi-hop WSN- Effects of 

node energy on Single Frequency Networks  

Anwaar ul Haq and Haroon Malik  

 Model 

2014-03-12 

 

53 

The above figure represents sample WSN multi-hop network model. 

The nodes in blue (labelled as 1) are directly connected nodes to the 

access point. The nodes in green (labelled as 2) are discovered through 

multi-hop by the blue nodes  and are at a  2 hop distance from the access 

point. 

 

3.1 SFN-A Algorithm  

 

In this scenario, the nodes will be connected through multi-hop and 

after all the nodes have been  discovered, the two nodes at the 

outermost part of the network  will form an SFN group to discover more 

nodes within the network. After more nodes have been  discovered,  the 

network will progress through the multi-hop and no more SFN will be 

formed [4][5]. 

 

 

 

 

 
 

Figure 3.1.1 SFN-A Model 
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The above figure represents an  SFN-A model in which the blue nodes 

represent directly connected nodes and nodes connected through multi-

hop. After all the nodes have been  discovered through a simple multi-

hop, the two nodes at the edge of the network  will ‘co-operate’ to 

discover the nodes represented by  yellow, which were previously 

unreachable. 

 

Once the nodes have been  discovered, they will be added to the 

network and no new discovery will be attempted. Note,  all the nodes 

will be discovered through cooperative diversity on the network  and no 

simple multi-hop will be attempted after the SFN formations. The nodes 

in purple represent nodes that are unreachable at all times. 
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Figure 3.1.2 Flow diagram for SFN-A[3] 
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Pseudo-code for SFN-A algorithm is  

 

 
 

 

3.2 SFN-D Algorithm 

 

In this scenario, the nodes will firstly be discovered through multi-hop 

and after all the nodes have been  discovered, the two nodes at the edge 

of the network will form an SFN group, which will discover more nodes 

within the network. After more nodes have been  discovered, the 

network will progress through multi-hop until all the  remaining nodes 

are discovered. Up to this point, the  SFN-D resembles the SFN-A.  

 

The difference between the SFN-A and the SFN-D is that the node 

discovery does not stop at this point and two nodes will form an SFN to 

discover more nodes. After more nodes have been  discovered,  multi-

hop is again employed in order  to progress though the network. If there 

are no more nodes,  the process of SFN forming and multi-hop will be 

repeated until there are no more nodes to be discovered. At this point,  

the maximum reachability will be considered to have been achieved. 

[4][5] 
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Figure 3.2.1 SFN-D Model 

 

The above figure represent an SFN-D model in which the blue nodes 

represent directly connected nodes and the nodes connected through a 

simple multi-hop to the access point. After  the blue nodes have been  

discovered, the SFN will be applied and more nodes will be discovered, 

which are  in yellow. 

 

After the SFN formations, the network will use a  simple multi-hop to 

connect to those nodes which are reachable. No SFN will be used for the 

nodes which are reachable without SFN formations. This procedure will 

be repeated until the whole network has been  discovered and the 

network reaches its limit. Some nodes will remain unreachable (purple 

nodes). 
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Figure 3.2.2 Flow Diagram for SFN-D[3] 

 

Pseudo-code for SFN-D algorithm is 
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3.3 Non-SFN Algorithm 

 

A non-SFN is basically a simple multi-hop network in which no SFN 

will be formed and where the network is covered by the coverage of the 

nodes  which are in proximity to one another and as soon as the node 

energy is depleted and a node becomes out-of-service, the whole 

network will be compromised. 

 

 

 

 

 

 
 

Figure 3.3.1 Non SFN Multi-hop Model 
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The above figure represents a simple multi-hop network. The nodes 

labelled as 1 are directly connected nodes to the access point. The nodes 

labelled as 2 are discovered through multi-hop and they are at a  two 

hop distance from the access point. If the corresponding node 1 is 

unavailable, for some reason, the subsequent node 2 will also be 

unavailable. 
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Figure 3.3.2 Flow diagram for Non SFN Algorithm 
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3.4 Simulation variables 

 

The analysis is based on four performance measures 

Reachability, Energy Consumption, Network Stability and Life Cycle 

Simulation will be based on four parameters 

Transmission Power, Topology Size, Node Density and Node power 

 

3.4.1 Reachability  

 

The number of nodes that can be reached which is the opposite to the 

outage state. 

 

3.4.2 Network Decline 

 

The state of the network remaining after  full reachability has been 

attained. The nodes in the network will start losing their battery energy, 

thus affecting the SFN formations and the network will start to lose  

cohesion. When only  20% of the network remains, the network will be 

considered as being dead. 

 

3.4.3 Energy Consumption  

 

This is the utilization of energy for both transmission and node battery 

power. The goal is to show that the  SFN (supposedly) uses less energy 

as compared to the Non-SFN and, additionally, the amount of energy 

consumed by the nodes during the network decline for both the SFN 

and Non-SFN scenarios. 
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3.4.4 Network Stability 

 

This involves  the time it takes the network to recover to its limit in the 

case  of node failure due to outage or battery fatigue. 

 

3.4.5 Life Cycle  

 

The time and total energy consumed by the network from the first node 

discovery up to the point at which  the network is presumed to be dead. 

In this case, if only 10% of the nodes remain in the network with more 

than 25% of battery power, the network will be presumed to be dead 

and non-recoverable.  

 

These four criteria will be the focus for the simulation models and 

calculations.  

 

3.4.6 Transmission Power 

 

Ranges from -20dBm to -2dBm. 

 

3.4.7 Topology Size 

 

User Input 

 

3.4.8 Node Density and Number of Nodes 

 

Node density is random and number of nodes is user input. 

 

3.4.9 Node Energy 

 

Assumed 100 Energy Units at the start of simulation 
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3.5 Mathematical Model 

 

[4][5]Mathematically only the  SFN Scenario is at 100% reachability.  

Calculate the SNR, Signal Strength of the SFN. The SNR, in simple 

terms, is the sum of the power received by receivers inside the SFN 

divided by the sum of the power received by the receivers generated by 

the transmitters outside the SFN + Noise ‘N’ (Taken as constant 1). There 

is an example below. 

 

 

 
 

 
 

Figure 3.5 Representation of sample WSN in relation to SFN [4] 

   

Assuming the following for signal-to-noise ratio: 

 

For an SFN-D, two nodes send the same signal on  the same frequency 

at the same time. 
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This results in an increase in the coverage area thus, some nodes outside 

the reachability become reachable. 

 

Some calculations are required to be made assuming the formula [6] 

 

 
 

where  represents the useful power received by the  receiver j which 

is generated by the transmitter i when both receiver and transmitter are 

inside the SFN 

 

represents the interference power received by the receiver j which is 

generated by the transmitter i but the transmitters are outside the SFN 

and the receivers are inside the SFN. 

 

N represents external noise. (Taken as constant) 

G represents the antenna gain which, in this case is assumed to be  1, 

but, which , in  reality, has a much lower value. 

 

For example, from the figure above 

 represents the power received by Rx3, which is generated by Tx1. 

The transmission power is taken as 1mW. 

 

The distance between the transmitter Tx1 and receiver Rx3 is assumed 

to be  1m. 

Thus, 

 

 
 = 1mW 

 

 

 represents the power received by R3 generated by T2. 
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 mW 

 

 represent the interfering power received by Rx3 generated by Tx4 

(outside SFN) 

For example, this  is taken as being 0.1mW 

N represents noise, which can be taken as 0.2 mW (for example) 

Thus  from our previous formula , 

 

 
 

 
 

From the example above, there is now an  SNR value. 

 

The next step for calculating the signal strength of the SFN is 

 

 
 

It is often required that the SNR be taken as 5dB 

 

 

 

 

 
 

For example, if a noise value of  30mW is taken , 

 

 
 

S represents the  signal strength 

 

N represents the noise value. 
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3.6 Node Energy Utilization Model 

 

To calculate the energy consumption for detecting nodes, it is necessary 

to consider  the number of directly connected nodes and forwarding 

nodes. In figure 3.7 it can be observed that there are three directly 

connected nodes, namely  node4, node 7 and node 8. Node 2, node 3, 

node 6 and node 11 are forwarding nodes at the second hop. Node 5, 

node 9, node 10, node 13 and node 15 are also forwarding nodes at the 

third hop. 

 

 

 

 

Figure 3.6 Node Energy Utilization Model 

 

The energy consumption required for detecting nodes can be calculated 

as 

No. of packets = 1+ No. of connected nodes + 2(No. of forwarding nodes) 

 

If node1 wants to detect node 10, it will traverse through four steps.  

At the first step, three directly connected nodes will be discovered.  
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At the second step, four forwarding nodes will be discovered by the 

directly connected nodes. 

At the  third step, five forwarding nodes which are connected to the 

nodes at the second step will be discovered.  

 

The node 10 will be discovered through the access point to node 8, from 

node 8 to node 11 and from node 11 to node 10 

 

The energy  spent will be equal to 1+3+8+10 = 22 Energy Units.  
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3.7 Simulation Example 

 

The following simulation model  plots attributes which are taken into 

account during the simulation and in relation to the  formulation of the 

result. 

 

3.7.1 User Input (Matlab GUI) 

 

The user input is the number of nodes, size of network (in meters) and 

initial node energy. 

 

3.7.2 General distribution of nodes plot 

 

The first plot will be the general node distribution. The figure will show 

the nodes within range of the access-point and also nodes which are in 

the state of outage. 

 

3.7.3 Node Connectivity for SFN-D algorithm 

 

The second figure will show the network connectivity at -20dBm for the 

SFN-D algorithm in relation to multi-hop from network initialization up  

to  the full reachability being  attained within the specified node energy. 

 

3.7.4 Node Connectivity for SFN-A algorithm 

 

The third figure will show the network connectivity at -20dBm for the 

SFN-A algorithm in relation to multi-hop from the network initialization 

up to  the full reachability being  attained within the specified node 

energy. 
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3.7.5 Relation between Transmission Power and Reachability 

 

The fourth figure will show the network initialization up to full 

reachability in relation to the transmission power for SFN-A, SFN-D and 

Multi-hop. 

 

3.7.6 Power after Network Discovery 

 

The fifth figure will show the average power of the nodes at -20dBm 

after the network discovery. This also shows that some power is lost 

during the initialization phase of nodes in the network. 

 

3.7.7 Plots and Figures  

 

The Matlab plots, in general, will show the relationship and 

performance between the SFN-A, SFN-D and multi-hop. The plots will 

also be able to show the network connectivity for these algorithm's  

simulated implementation that will assist in relation to the  

understanding of the connectivity issues with regards to the  node 

energy consumption that will, in general,  affect the  network stability. 
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3.8 Design input (Example Simulation) 

 

 

 

Figure 3.8 Input Parameters 
 

Figure 3.9 is the user interface (GUI) for the number of nodes, network 

size and initial node energy. As a case scenario, there are 10 nodes in 

30m2 with the average node having  10 energy units. The percentage of 

sink sensors shows the number of access points (base station) when the 

nodes exceed  100, after which  more than one access point (base station) 

can also be included in terms of percentage.   

 

The value can be taken between 0 and 1, 0 meaning one access point 

(base station) and 1 being the percentage of the total sensors and which 

is only applied when the nodes exceed 100 in round figures only. The 

number of access points cannot be less than 1 and is located at the 

geographical centre of the simulation. 
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3.9 Network Initialization (Example Simulation) 
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Figure 3.9 Network Initialization 

 

The network initialization shows nodes within  reach of the access point 

for the input parameters from  figure 3.10, where the network size is 

30m2. The access point is shown in red at the geographical centre.  

 

The nodes show the reachability with 10 energy units. If some node is 

out of reach then it will also be shown in green ,without the blue circle, 

which is shown in the above figure. For example, nodes 7, 3, 2, 9, 4 and 

10 are  unreachable regarding  the access point, in  figure 3.11, and it can 

be seen that only node 10 remains unreachable and all others are 

reachable due to SFN formations. 
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3.10 Node Connectivity for SFN-D (Example Simulation) 
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Figure 3.10 Node Connectivity for SFN-D 

 

The above figure shows an example of SFN-D topology. The red 

represents the non-SFN and blue represents SFN. The network is 

connected through a non-SFN multi-hop (in red) and an SFN formation 

(in blue). Nodes 2, 7 and 3 (connected through blue) are nodes 

discovered through the SFN formation from nodes 6 and 5 (in red).  

 

For example, nodes 6 and 5 form an SFN to reach nodes 7, 3 and 2, thus 

increasing the reachability of the network.  Also, note that after the SFN 

formation at node 3, another node, 9, is discovered through the non-SFN 

(in red), which explains the working of the SFN-D algorithm. Also to 

note is that node 10 will remain at the state of outage. 
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3.11 Node Connectivity for SFN-A (Example Simulation) 
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Figure 3.11 Node Connectivity for SFN-A 

 

In this case scenario, the  SFN-A is acting in almost the same manner as 

the SFN-D but, node 9 is discovered by the SFN and not by the non-

SFN. A Single Frequency network will form only once and no new 

nodes can be discovered by the non-SFN multi-hop. 
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3.12 Transmission power to Reachability relationship 

(Example Simulation) 
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Figure 3.12 Transmission  Power to Reachability Relationship 

 

The above figure shows the relationship between the reachability and 

the transmission power. Both the SFN-A and SFN-D act in the same 

manner and the non-SFN multi-hop reaches a  maximum at -8dBm, 

whereas, the SFN-D and SFN-A reaches a  maximum at -12dBm ,which 

clearly shows a considerable diversity gain.  

 

The figure also shows the transmission power (Tx) and the power 

remaining  in the network when the network reaches a certain 

reachability. For example, a non-SFN multi-hop at 75% reachability uses 

-17.33dBm and 8.70  power remains  in the network. However, for the  

SFN-A and SFN-D, there will be  a  Tx value of -19.20, but the SFN-A 

will have 8.48 and the SFN-D will have 8.51 power remaining  in the 

network. 
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3.13 Average power at node Initialization (Example 

Simulation) 

 

 

Figure 3.13 Average Power of Nodes 

 

The final  table will show the average power of the nodes at -20dBm 

after the network has been  discovered. The initial  node energy is  10 

energy units. 
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4 Results 
 

The results are simulated and analysed for a maximum of 100 nodes 

with a network size of 100m2 with the initial node energy being a  

maximum of 100 energy units.  

 

4.1 The interface  

 

 
Figure 4.1 - Input Parameters 

 

Taking a simulation scenario, with 100 nodes distributed randomly, the 

network  size is 100 and the node power is set to a maximum of 100. The 

percentage of sink sensors indicates 0,  which means that there is   1 

access point represented at the geographic centre of the simulation. For 

the future, this value can be set for multiple access points. 
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4.2 Connectivity of nodes for SFN-D 

 

 

 
Figure 4.2 SFN-D Reachability 

 

The above figure shows the connectivity of nodes at -20dBm for a  

maximum of 100 nodes for the SFN-D. The non SFN multi-hop is firstly 

applied (shown in red) and after the  network achieves its limit, the   

SFN is applied, which increases the reachability by discovering more 

nodes (shown in blue). After this, the SFN-D non SFN multi-hop is 

applied and more nodes are discovered (shown in red). Some nodes will 

remain unreachable due to a reduced  node/network density. 
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4.3 Connectivity of nodes for SFN-A 

 

 
 

Figure 4.3 SFN-A Reachability 

 

The above figure shows the connectivity of nodes at -20dBm for 100 

nodes for SFN-A. A  simple non SFN multi-hop is firstly applied (shown 

in red) and after the  network has reached its limit, the  SFN-A is applied 

which extends the reachability of the network (shown in blue). Notice 

that the non-SFN multi-hop is applied after the SFN formations. Some 

nodes remain unreachable due to a reduced  node/network density.  
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4.4 Transmission power to reachability relationship 

 

 
Figure 4.4 Transmission Power to Reachability Relationship 

 

The above plot shows the relationship between  the transmitter power 

(Tx) and the reachability for the 100 node scenario of a non-SFN multi-

hop (shown in blue), SFN-A and SFN-D.  

 

The table below shows the relationship between the transmission power 

and the remaining node battery for the non-SFN and SFN algorithms. 

 

 

 

 

 

 



Cooperative Diversity and Power 

Consumption in Multi-hop WSN- Effects of 

node energy on Single Frequency Networks  

Anwaar ul Haq and Haroon Malik  

 Results 

2014-03-12 

 

81 

 
Table 4.4.1 Relationship between Reachability andTransmission 

Power and Battery Remaining 

 

From the table 4.4.1, the reachability can be observed at 25%. 50%, 75% 

and 100%.  

 

The network attains 100% reachability at -2.00dBm for the non-SFN 

multi-hop with a node energy of 94.32. The SFN-A and SFN-D attain 

100% reachability at -4.00dBm with a node energy of 91.02 and 93.02 

energy units, respectively. 

 

At 75% reachability, the non-SFN multi-hop has -12.73dBm with a  node 

energy of 96.52 energy units. The SFN-A and SFN-D attain 75% 

reachability at -15.31 with node energy levels at 93.17 and 95.45 energy 

units, respectively.  

 

At 50% reachability, the non SFN multi-hop has -14.60dBm with a  node 

energy level at 98.02. The SFN-A and SFN-D attain 50% reachability at -

17.25dBm, with node energy levels at 95.72 and 97.96 energy units, 

respectively.  
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At 25% reachability, the non-SFN multi-hop has -16.62dBm transmission 

power and a node energy level at 99.52 energy units. The SFN-A and 

SFN-D both attain 25% reachability at -19.32dBm transmission power 

with node energy levels of  97.38 and 98.49 energy units, respectively.  

 

SFN scenarios clearly performed better with a diversity gain of -2.0 

dBm. The SFN-A and SFN-D scenarios appear  to be performing in a 

similar manner, in terms of the transmission power.   

 

It is observed that the SFN-D performed better than the SFN-A in terms 

of battery consumption and that the non-SFN multi-hop performed 

better than both the SFN scenarios. It can also be observed that the SFN 

attained reachability at a lower transmission power than was the case 

for the non-SFN during reachability. 

 

 

 
Table 4.4.2 Diversity Gain and battery Consumption  

 

The above table show that the non-SFN multi-hop attains maximum 

reachability using 5.68% from the node energy. 

 

The SFN-A attains maximum reachability, consuming 8.98% from the 

total node energy. 

 

SFN-D attains a maximum reachability consuming 6.98% of the total 

node energy.  
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For the SFN-D, it is observed that it consumed 23% more node energy 

than  the  non-SFN multi-hop during reachability. 

 

For SFN-A, it is observed that it consumed 58% more node energy than 

was the case for the non-SFN multi-hop, during reachability. 

 

SFN-D performed 29% better than the SFN-A in terms of node energy 

consumption. 
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4.5 Stability and life cycle for declining network 

 

 

 
Figure 4.5 Declining Network 

 

The above plot shows the declining network after the network has  

attained full reachability and one of the node reaches 25% of the total 

energy, after which the network will attempt  to re-establish and  

discover new nodes to which it can be connected within the  already 

discovered network. 

 

The nodes in the network will transmit simultaneously to discover new 

nodes. These simultaneous transmissions are called  rounds in our 

simulation. 

 

From the above plot, it can be seen that, as the network starts to decline, 

the non- SFN multi-hop at 75% performs 6.50 rounds with 6.20 inactive 

nodes. 
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The SFN-A performs 8.29 rounds with 9.39 inactive nodes. SFN-D 

performs 7.73 rounds with 8.41 inactive nodes. 

 

At 50% network decline, the non -SFN multi-hop performs 16.05 rounds 

with 15.56 inactive nodes. SFN-A performs 16.83 rounds with 18.12 

inactive nodes. SFN-D performs 18.72 rounds with 18.93 inactive nodes. 

 

At 25% remaining network, non -SFN multi-hop performs 48.42 rounds 

with 27.20 inactive nodes. SFN-A performs 49.05 rounds with 30.34 

inactive nodes. SFN-D performs 49.12 rounds with 31.20 inactive nodes.  

 

When 20% of the network is remaining, it is assumed to be dead. 

 

 

 

 
 

Table 4.5 Network Decline 

 

 

From the above table it  can be deduced that at   25%, the  non-SFN has 

27% of the inactive nodes whereas ,the node energy is 48% consumed. 

The SFN-A has 31% inactive nodes and 49% node energy is consumed. 

SFN-D has 30% inactive nodes and 49% node energy is consumed. 

 

It is observed that SFN-D has 12% more inactive nodes and it consumes 

1.3% more node energy than the non- SFN. 

 

It is also observed that the SFN-A has 15% more inactive nodes and it 

consumes 1.5% more node energy than the non-SFN. 
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5 Discussion 
The case, which is taken for the study of multi-hop and SFN- A and 

SFN-D with respect to node energy, clearly shows that single frequency 

networks perform much better with respect to multi-hop. During the 

simulation, it is noted that the distribution of nodes affects far more than 

the number of nodes in the network with regards  to SFN formations. 

From the simulations, the nodes can also be seen in state of outages and 

reason for that is the node distribution. 

 

As already discussed, the  SFN-A and SFN-D are performing equally in 

terms of transmission power in reachability. It is true that  there is little 

power difference after node initialization, which shows that the SFN-D 

consumes less power than the SFN-A during the network initialization 

phase. 

 

The effects of the node energy during the initialization of the network 

and after the maximum reachability is attained was studied. The node 

energy does affect the network but the SFN-D algorithm provides more 

stability and uses less power as compared to the SFN-A and that the 

non-SFN multi-hop performs less than as was  anticipated. 

 

It can also be observed that, during the network decline, although the  

non-SFN multi-hop has less node inactivity, the  SFN-D has more 

inactive nodes and consumes slightly more node energy. 

 

 It is also observed that the number of times that the nodes transmit 

power for the SFN is increased exponentially as the network declines, 

leading to more node failures for both the SFN and non-SFN multi-hop 

with fewer node failures.  

 

Reaching 100% of the discovered network, the SFN-D requires 23% 

more battery energy than is the case for the non-SFN and has a diversity 

gain of -2dBm. 
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During the network decline, it is observed that, when 25% of the 

network is remaining, the SFN-D will require  1% more battery energy 

than that of the non-SFN and 12% more dead nodes. 

For the reachability scenario, the diversity gain between the SFN-D and 

the non-SFN is 23% and the battery consumption loss is 23%. 

 

The simulation of the SFN-D and SFN-A provides a good picture 

regarding  how the network and the algorithm behave and the random 

distribution of nodes makes it even more unpredictable, but, closer to 

real-time scenarios where it is not possible to guarantee node 

distribution in proximity to one another.  

 

Moreover, the real world scenarios such as noise and fading are taken as 

constant and a future simulation can produce some results which are 

able to  complement the real world if those parameters are assumed. 

 

5.1 Future Works 

 

SFN shows a good performance in terms of reachability and stability. 

During network decline, non-SFN has fewer node failures against 

reachability. 

It will be interesting to analyse the effectiveness of a multicast scenario 

in conjunction with SFN, since multicast is assumed to be more energy 

efficient. 

Also, the simulation of multiple access points fixed or dispersed 

randomly would be of great interest. 
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