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Abstract 

Multicasting is the process of disseminating the same information to multiple destinations as 

in file distribution, distance learning, and video-on-demand services. Multicasting 

applications are broadly classified based on whether they require reliable or unreliable 

transmissions. In unreliable applications like on-demand video transmissions or live video 

streaming, high video quality within a predefined threshold time is required. The hard 

deadline for packet reception is achieved for all the clients with some packet loss. In reliable 

multicasting applications like a software update or downloading a medical image, strict 

packet reliability is needed at the receivers. The primary objective is to communicate all the 

packets to the destination nodes with efficient network resource utilization. This thesis 

focuses explicitly on reliable multicasting where the source and destination nodes are 

deployed in a multi-hop wireless network scenario. 

   In the existing multicasting schemes, the wireless links are independent of each other, and 

the proposed protocols aim specifically on reducing delays, bandwidth utilization, energy 

consumption, and expected transmission count. Multicasting in wireless networks involves 

many receiving nodes, and their links may not always be completely independent of each 

other. Link correlation may then have an impact on multicasting performance. This thesis 

considers the correlation between the links while designing the multicasting protocols. The 

first contribution is to determine the multicasting cost and the associated forwarder set while 

taking links correlation into account. 

   Network Coding is used in multicasting to combine multiple lost packets and send them in 

a single transmission. The second contribution demonstrates the application of network 

coding in multicasting over a multi-hop wireless network. The packets are efficiently 

transmitted from the source node to the corresponding destination set using the selected 
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forwarder nodes to reduce the ETXs for efficient network capacity usage. Network coded 

packets are transmitted by allocating traffic efficiently among the forwarding nodes while 

ensuring that each destination receives all packets. Extensive simulation results are presented 

for both cases when the packets receptions over the different links are independent or 

correlated. The proposed protocol significantly reduces the expected number of overall 

transmissions in the network, for both independent links and correlated links, as compared to 

the existing multicasting schemes.  

   In a random wireless network, the wireless broadcasting feature can combine packets of 

different sessions, which are simultaneously going on in the network. Due to the broad 

applications of multicasting, there are higher chances of having multiple-multicasting 

sessions in the network. The third contribution of this thesis introduces a network coding 

assisted reliable multi-source multicasting technique for multi-hop wireless networks. The 

selected forwarding nodes are used to efficiently transmit the packets from multiple source 

nodes to their corresponding destination sets. A CW is defined at each intermediate node, and 

the packets present in it are judiciously combined. These packets are efficiently distributed 

among the neighboring nodes so that the destinations connected to each source receive the 

desired packets. The primary objective is to reduce the multicasting cost expressed in terms 

of the average number of packet transmissions over the network. This in turn reduces 

resource expenditure and tackles the traffic congestion problem of the network. A significant 

reduction is found in the overall transmission cost of the proposed scheme for both correlated 

and independent link networks. 
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Chapter 1 

 
Introduction 

 

 
Over the past few years, a major portion of internet traffic has moved on to the wireless 

medium. Wireless communication is widely employed in applications such as online TV, 

health care services, home automation and video conferencing. Traditionally, the primary 

mode of communication has been unicasting with one-to-one transmission as, for example, in 

a client-server exchange. Broadcasting is a one-to-all transmission as in radio and television 

communication systems where a source node transmits to all receivers within range. In this 

thesis, the focus is on multicasting which is a one-to-many (but may not be to all) 

transmission mode combining attributes of both unicasting and broadcasting for one-to-many 

communications. Therefore, multicasting is the process of distributing the same information 

to multiple receivers present in a wireless network. Many subscription services like music 

club subscriptions or newspaper subscriptions would require the same information to be sent 

to all the requesting clients. Distributing latest version of the software as demanded by a 

number of users would require efficient multicast transmission over the network. Similarly, 

many sales representatives may use multicasting to advertise their products simultaneously to 

several customers present in different parts of the world. Other applications which would 

need multicasting support are distance learning, file distribution and video-on-demand 

services. Looking at the broad demand for these services, it is not surprising that multicasting 

becoming increasingly popular to support this type of group communication using the 

network resources as efficiently as possible.   
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1.1 Wireless Correlated Links 

Due to  the broadcast nature of wireless transmissions, any node within the coverage range of 

the sender can receive the packet and transmit it further [1], [2]. Packet dissemination over 

the wireless medium is error-prone and therefore, it is desirable to exploit the inherently 

broadcast nature of wireless links as much as possible while designing multicasting protocols 

which use network resources efficiently. The design of multicasting protocols depends on the 

wireless link cost and the correlations between the neighboring links. The Expected Number 

of Transmissions (ETX) required to reliably communicate a packet over the link is a key 

metric used to determine wireless link cost. The neighboring links in a wireless network are 

considered to be independent of each other, if the packet reception at the associated receive 

nodes is uncorrelated. This type of independence has typically been what has been assumed 

for the links in wireless networks. However, this assumption does not hold in many practical 

scenarios where the neighboring links do have some finite correlation between themselves 

even when the ETX cost of individual links remain the same [3]. The links of a network are 

considered to be highly correlated if the receiving nodes have higher chances of successfully 

getting the packet in the same transmissions. When links have a low correlation, the 

probability of the packet traversing the links correctly in the same transmissions would be 

less. The advantage offered in wireless broadcasting would therefore depend on the extent of 

correlation between the neighboring links. This would not only affect the multicasting cost 

but also the choice of the forwarding nodes used for packet transmissions. Therefore, taking 

link correlation into account may be expected to lead to more efficient multicast routing 

protocols.   
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1.2 Network Coding 

The inherent advantage of a wireless broadcast network is that it provides excellent 

opportunities to combine packets of different receivers and send it forward in a single 

transmission. Network Coding (NC) can then use this to improve the overall throughput and 

delay performance of the network. The combined packets do not have to be from the same 

unicast/broadcast session as it is possible to judiciously use this approach even for packets 

belonging to different but concurrent sessions. Intra-session NC involves mixing packets of 

the same session whereas inter-session NC combines packets of different sessions. It is 

possible to do this with Random Linear NC (RLNC) [4], which would combine packets using 

random coding coefficients belonging to a finite field. RLNC is generally used to avoid 

feedback explosion issues. The packet formed on choosing random coding coefficients from 

a large finite field has higher chances of independency with other packets present at the 

receiver end. Using the corresponding feedback messages, positive acknowledgements 

(ACKs) and negative acknowledgements (NACKs), the sender generally uses binary NC with 

coding coefficient 0 and 1 to form network-coded packets.   

 

 

 

Figure 1.1: Example network: Network coding 

As a simple example of NC, consider the network of Figure 1.1, where the wireless links are 

assumed to be perfect. Node a1 sends its packet p1 to the destination node a2 and node a2 

sends its packet q1 to the destination node a1, node a3 acts as a relay node for the two cases. 

    a1 

   p1    q1 

a3 

a2 
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The two source nodes require four timeslots to transmit packets to the desired destinations. In 

case of NC, a1 first sends (p1) to a3, a2 sends (q1) to a3, node a3 performs simple XOR 

operation of the two packets, (p1  q1) and broadcasts it to both a1 and a2. Node a1 can 

extract (q1) using (p1) and (p1  q1) and node a2 can extract (p1) using (q1) and (p1  q1). 

Thus, a total of three timeslots are required, which saves one timeslot compared to the case 

when NC is not employed. NC increases the transmission efficiency by combining missing 

packets into one coded packet where intra-session NC is used to improve the throughput of a 

single session while inter-session NC operates over multiple sessions and increases the 

overall throughput of the network. 

1.3 Reliable and Unreliable Multicast 

Multicasting applications are broadly classified based on their requirement for reliable or 

unreliable delivery to their intended destinations. In reliable multicasting for applications like 

software updates and downloading a new security patch, strict packet reliability is needed at 

all the intended receivers. The feedback messages, i.e. ACKs and NACKs, are used to ensure 

reliable delivery of all the packets to each member of the destination set. The primary 

objective of reliable multicasting is to send all the intended packets to the destined destination 

nodes with as efficient network resource utilization [5] as possible. Unreliable multicasting 

may be sufficient for applications like on-demand video transmissions and live video 

streaming which requires packet delivery within a predefined threshold time; packets which 

are not delivered within this time are typically discarded and are not used at the destination. 

In typical network, destination users and intermediate forwarders would be randomly located, 

and the aim would be determining the minimum cost multicasting path [6] which delivers the 

data within a specific upper-bounded end-to-end delay. The specific details of the 
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multicasting approach used would greatly depend on the nature of the applications that are 

required to be supported. 

1.4 Motivation and Research Objectives 

This thesis focuses on reliable multicasting over multi-hop wireless networks. Reliable 

multicasting addresses emerging applications where strict packet reliability is maintained as 

in file distribution, popular file downloads, billing records, electronic newspaper, and medical 

images. A random wireless network may have multicasting clients present anywhere in the 

network. Therefore, the critical challenge is to send all the packets to the desired destinations 

by utilizing network resources efficiently in any random topology. Most of the existing 

multicasting schemes assume that the wireless links are independent of each other, and the 

proposed protocols aim specifically on reducing delays, bandwidth utilization, energy 

consumption, and expected transmission count. However, multicasting in wireless networks 

involves many receiving nodes, and the links used to reach them may not be completely 

independent of each other. The correlation between the wireless links has an impact on the 

performance metrics and therefore, should be taken into consideration while designing the 

multicasting protocols.  

   NC can be used in multicasting to combine multiple lost packets into one coded packet and 

communicate it to the intended receivers. A coded packet is considered innovative if it is 

linearly independent of the packets already present at the receiving node. Various authors 

have earlier considered NC-assisted multicasting protocols but these have usually been 

specific to particular types of networks and it would be difficult to generalize them to any 

random multi-hop wireless network. Other multicasting protocols proposed for multi-hop 

wireless networks using RLNC, like Medium Access Control (MAC)-independent 
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Opportunistic Routing Protocol (MORE)  [4] and Pacifier [7], randomly mix the packets for 

forwarding to the neighboring nodes but have fairly complicated encoding and decoding 

structures. Using RLNC in a multi-hop wireless network may cause unnecessary packet 

transmissions and lead to traffic congestions and inefficient bandwidth utilization [4].  This 

can be overcome with proper use of ACKs and NACKs to implement binary NC, which has 

simpler coding and decoding structures rather than RLNC schemes. 

   In a random wireless network, the wireless broadcasting feature has the advantage of also 

being able to combine packets of different sessions, which are going on in the network 

simultaneously. Due to the broad applications of multicasting, there are higher chances of 

having multiple-multicasting sessions in the network. A straightforward way of 

communicating packets from each source to its respective destinations is to apply the 

protocols defined for single-source multicasting scenarios directly. However, this scheme 

may result in high overhead and inefficient data transmission.  

The specific objectives of the thesis are 

 Formulate a generalized expression to calculate multicasting cost so as to determine the 

associated forwarder set having least cost in a correlated link environment.  

 Propose a novel NC assisted multicasting protocol in multi-hop wireless network 

applicable for both independent and correlated links.   

 Show the impact of link correlation on NC where the packets are judiciously combined 

such that the network-coded packet formed is innovative for the maximum number of 

receiving nodes. 
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 Propose a new NC assisted multi-source multicasting protocol in multi-hop wireless 

network such that the overall throughput is improved for both independent and correlated 

link networks. 

The thesis presents a comprehensive study of reliable multicasting in the multi-hop wireless 

network. The impact of correlation between the wireless links on the multicasting cost is 

studied and the corresponding forwarder set associated with it is determined. A generalized 

expression is proposed to determine the least-cost multicasting path that can be used to 

transmit packets efficiently from the source node to the designated destination set. 

Incorporation of NC further improves the multicasting efficiency by reducing the expected 

number of overall transmissions in the network. A NC assisted multicasting protocol is 

proposed in which packet reception is tracked using ACKs and NACKs. The scheme ensures 

that all the innovative packets are efficiently forwarded to the successive nodes so as to 

ultimately reach the destination set, improving the overall network performance. Since NC 

can also take into account the information content of several sessions which may be 

simultaneously present in the network, it can be used to further improve the overall 

throughput of the network. NC scheme is proposed for the multi-source multicasting 

scenarios where intermediate nodes store packets of different sessions and can therefore 

perform both intra-session and inter-session NC. The packet reception at the neighboring 

nodes are communicated using ACKs and NACKs which ensure that the innovative packets 

of all the multicasting sessions are transmitted to forwarding nodes which can then send them 

further towards their associated destination sets. With the help of NC, the expected number of 

overall transmissions in the network can then be reduced. This would, in turn, ensure that 

resources are used efficiently and would better tackle delay and congestion problems in the 

network.     
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1.5 Thesis Outline and Contributions 

The proposed multicasting protocols consider a multi-hop wireless network with independent 

and correlated links. The impact of link correlation in multicasting is shown which is 

applicable in a real-life scenario. NC assisted transmission protocols are presented which 

improve the network performance by reducing the multicasting cost. For the proposed 

protocol, a Coding Window (CW) is introduced at the intermediate nodes where packets of 

different multicasting sessions are stored and combined judiciously before communicating 

them to their neighboring nodes. The contributions of this thesis are listed below.  

 In Chapter 2, a thorough discussion on the literature work related to reliable, unreliable, 

and multi-source multicasting is presented. The role of NC in improving the network 

throughput in different scenarios is also discussed in the chapter.  

 An analytical expression for cost calculation in case of multicasting over correlated 

wireless links is proposed in Chapter 3. The number of transmissions needed to 

successfully communicate a packet over a network with correlated links is different from 

that of a network where links are assumed independent, considering the link costs to be 

the same in both the cases. The cost metric of correlated links is computed using the cost 

for direct transmission and correlation between the neighboring links. The Multicast Least 

Cost Anypath Routing (MLCAR) scheme [5] is used to identify the least cost route for 

networks with known link correlations and for a network with no information on link 

correlations and the results are compared. The simulation results show that the 

multicasting cost and the corresponding routes differ significantly between the two.  
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 Chapter 4 demonstrates the application of NC in multicasting over a multi-hop wireless 

network. The forwarder set is selected using the MLCAR algorithm [5]. The packets are 

efficiently transmitted from the source node to the corresponding destination set using a 

forwarder set selected to reduce the ETXs for efficient network capacity usage. Network-

coded packets are transmitted by allocating traffic efficiently between the nodes of the 

forwarder set while ensuring that each destination receives all the packets. Extensive 

simulation presented for the cases when the packets receptions over different links are 

considered to be both independent and correlated. The proposed protocol significantly 

reduces the expected number of overall transmissions in the network, for both 

independent links and correlated links, as compared to the existing multicasting schemes.  

 In Chapter 5, a NC assisted reliable multi-source multicasting (NCRMM) technique is 

presented for multi-hop wireless networks. The MLCAR algorithm is used to select the 

neighboring nodes participating in packet transmission from multiple source nodes to the 

corresponding destination sets. A CW is defined at each intermediate node and the 

packets present in it are judiciously combined. These packets are efficiently distributed 

among the neighboring nodes so that the destinations for each source can ultimately 

receive the desired packets. Our primary objective is to reduce the overall multicasting 

cost of the network expressed in terms of the average number of packet transmissions 

from multiple sources to their respective destination sets. The simulation results are 

presented for both independent and correlated link networks.  

 Chapter 6 concludes this thesis with suggestions on future directions which can be 

investigated. 
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Chapter 2 

 
Literature Survey: Review of Related Work 

 

 
In this chapter, the major research works, which are publicly available, dealing with 

multicasting in wireless networks, is briefly described. Due to the inherent broadcast 

capability (full or limited) of wireless networks, a packet communicated from the source may 

be received simultaneously by multiple receivers in its coverage area. This broadcast 

advantage may reduce overall energy consumption and the use of network resources and 

would also help to lower traffic congestion in the network [1] - [5]. However, correlations 

between the neighboring links significantly impact the broadcast advantage and performance 

of the network. In Section 2.1, research work considering the correlation between the links is 

discussed. The research work related to single-source, reliable multicasting using wireless 

broadcast are discussed in Section 2.2. Similarly, Section 2.3 presents various schemes which 

provide unreliable multicasting from a single source to the corresponding destinations. The 

throughput of these and other similar schemes may be improved by using Network Coding 

(NC) where multiple packets, either from the same session or from multiple sessions/sources, 

are combined and transmitted. Intra-session NC refers to the case where packets of the same 

session are combined in a single-source multicasting application. This may further improve 

the multicasting efficiency and is discussed in Section 2.2 and 2.3. The increasing demand for 

multicasting applications leads to multi-source multicasting scenarios. The literature work 

related to multi-source multicasting in wireless networks is discussed in Section 2.4. Here 

packets of different multicasting sessions may be combined, using inter-session NC, for 

better overall throughput and delay performance for all the multicasting sessions in the 

network. Section 2.5 concludes the chapter.     
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2.1 Wireless Networks with Correlated Links 

Opportunistic Routing (OR) [1] exhibits wireless broadcast advantage and improves the 

network performance. In OR, instead of pre-selecting a specific node as a next-hop forwarder 

for a packet, multiple nodes, usually called a Candidate Set, can potentially be selected as the 

next-hop forwarder. Hence, each node in OR can use different potential paths to send packets 

toward the destination. This is different from the traditional unipath routing which selects one 

next-hop forwarder before starting the transmission. By using OR, for each packet a dynamic 

route toward the destination is built, this is done according to the condition of the wireless 

links at the moment when the packet is being transmitted. Most of the existing protocols 

assume the signal paths (wireless links) from source to the neighboring nodes are 

independent of each other. The authors in [8] carried out empirical measurements using 

802.11 indoor test-beds and discovered that the wireless links are not entirely independent of 

each other, i.e. a finite correlation may exist between them. A candidate set selection 

algorithm is presented in [8] for unicast transmissions considering wireless links that are 

correlated with each other. The authors in [9] have introduced a new kappa-metric. It captures 

the link correlation and determines the extent to which the links are correlated with each 

other. This metric provides a better understanding of the protocols which exploit wireless 

broadcast under a correlated links environment.  

   The impact of link correlations in wireless sensor networks is shown in [10] – [13] where 

an efficient data transmission technique under a correlated link environment is discussed. In 

[10], the nodes with smaller ETXs cost to the downstream nodes are selected as the core 

nodes that are used for data dissemination. This reduces the total transmission count and 

improves network performance when the wireless links are correlated with each other. 

Subsequently, in [11], authors exploit NC for data transmission where the network-coded 
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packet is formed based on feedback messages from the neighboring nodes. Collective 

Flooding (CF) technique may also be used in a wireless sensor network for transmitting data 

[12]. Here, the authors have proposed a data transmission protocol considering link 

correlations that reduces energy consumption and increases the lifetime of the wireless sensor 

nodes. A correlation aware OR protocol is proposed in [13], which combines the impact of 

link correlations and opportunistic forwarding to improve the network performance in lossy 

wireless sensor networks. 

   A general framework to capture correlations between the links in the wireless networks is 

proposed in [14]. The structure uses the signal to interference plus noise ratio (SINR) to 

accurately model the link correlations. The proposed model can be used to design the new 

NC and OR protocols in a wireless correlated link environment. The authors in [3] have 

shown the effect of link correlation in OR and proposed a novel metric that determines the 

average number of transmissions needed to unicast a packet from source to the destination in 

multi-hop wireless networks. A new forwarder set selection algorithm is proposed, which 

fully utilizes the wireless broadcast advantage with wireless correlated links. The work is 

evaluated with test-bed implementations and extensive simulations that show the impact of 

link correlation in network routing. A link correlation detection model for low-power 

wireless networks is proposed in [15] taking network layer parameters (packet length and 

packet transmission interval) into consideration. The proposed model is validated by 

incorporating it with the existing protocols for measuring link correlations. Experimental 

outcomes help to accurately measure the correlation between the links, which in turn results 

in better protocol performance.  
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   A link-correlation aware cost metric that determines the expected number of packet 

transmissions in the network for unicast and broadcast communication is proposed in [16]. 

Wireless broadcasting is advantageous (because of diversity benefits) because the packet lost 

in one node may be received by another neighboring node that can then forward the packet 

further in the network.  

   Highly correlated neighboring links provide less diversity benefit as the probability of 

receiving and missing the packet at the neighboring nodes in the same transmission is high 

[16]. Random Linear Network Coding (RLNC) is an efficient NC approach that enables 

network nodes to generate independently and randomly linear mappings of input to output 

data symbols over a finite field. The authors in [16] use RLNC for broadcasting packets and 

discovered that the coding advantage is less when the wireless links are highly correlated. 

This is because the numbers of disjoint packets missing at the neighboring nodes that can be 

combined into one network-coded packet are less and therefore the coding gain gets reduced. 

An enhanced version of the ETX metric for wireless correlated links called cETX is proposed 

in [17]. The cETX metric provides forwarder set which has least cost from a source to the 

destination considering wireless correlation between the links. The authors have 

experimentally validated the effectiveness of the proposed metric in existing unicasting and 

broadcasting protocols. In [18], authors exploit OR to transmit packets in batches under the 

wireless correlated link environment where the destination node is present at a two-hop 

distance from the source. The source node communicates packets of a batch to its first-hop 

forwarding nodes. A forwarding node having the least ETX cost to the destination is called 

the best (highest priority) forwarder and communicates its received packets first. The other 

least priority forwarding nodes transmit the remaining packets according to their ETX cost to 

the destination node. In their second routing algorithm, the authors have incorporated OR 
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with NC in which the source node employs RLNC and combines the packets of a batch to 

form a network-coded packet and sends it to its forwarding nodes. The forwarding nodes 

randomly mix the packets present in their buffer and communicate them to the destination 

node.  

   The effect of link correlation in interconnecting Internet of Things (IoT) devices over multi-

hop wireless networks is discussed in [19]. In a wireless network, the protocol performance is 

highly dependent on the link quality and the correlations between the neighboring links. In 

[20], each network node sends beacon messages at regular intervals to its corresponding 

neighboring nodes. The neighboring nodes record the reception of the messages in the form 

of bitmaps where ‘1’ denotes packet reception, and ‘0’ denotes packet loss. After receiving 

the bitmap information, the sender node updates its link quality with the neighboring nodes 

and the correlation between the neighboring links. The authors have also discussed a spoofing 

attack where a malicious node alters bitmaps information to force undue errors in link 

correlation measurements. This issue is addressed by proposing a beacon-trap approach [20] 

that identifies malicious nodes and avoids their impact on the protocol performance.        

2.2 Reliable Multicast in Wireless Networks 

OR [1] explicitly exploits the inherent broadcast capability of wireless networks to improve 

on traditional routing techniques which are limited to using fixed intermediate nodes between 

the source and its destination. Methods for determining the appropriate relay nodes known as 

the Candidate Relay Set (CRS) for this routing are found for multi-casting in wireless sensor 

networks. The OR protocol was originally proposed to deal with the unreliability and time-

varying nature of wireless link quality. OR is reported to be able to improve the overall 

performance of wireless networks with fewer transmissions, higher throughput and lower  
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latency. By not restricting to unicast communications that only focus on a single link, OR can 

utilize the possibility that more distant nodes can successfully receive a packet by “chance” 

and hence the term “opportunistic”. The Least Cost Anypath Routing (LCAR) algorithm 

introduced in [2] is a generalization of OR, which facilitates finding the candidate set with the 

least cost to the destination. In [21], OR is extended for multicasting scenarios (MC-OR) 

where packets are reliably transmitted in batches to all the destinations. MLCAR [5] is an 

extension of LCAR for multicast routing which exploits the opportunistic advantage of 

packet reception for selecting forwarding nodes which improve the multicasting efficiency. In 

MLCAR, multicasting costs to all possible subsets of the destination set are calculated at the 

nodes of the network, using a distributed Bellman-Ford type algorithm. The multicasting 

costs and the selected forwarding nodes are then used to route packets efficiently from the 

source to the intended destination subset. Efficient and scalable multicast routing schemes 

have also been proposed for Data Center Networks (DCN’s) in [22-25]. Since multicasting 

can support group communications, it may significantly reduce network traffic and improve 

the throughput of the DCN’s. In emergency applications like earthquake early warning 

systems, tsunami or tornado watch systems, the critical requirement is to efficiently 

disseminate the information to the possibly affected users as quickly as possible. In [26], the 

authors propose a multicasting protocol to deliver such critical information reliably to a large 

number of receivers. The Expected Multicast Transmission Count (EMTX) metric proposed 

in [27] evaluates the performance of such reliable multicast in multi-hop wireless networks. 

The design of the EMTX based multicasting tree takes into account the wireless broadcast 

feature and the link quality of the wireless links to reduce packet retransmissions and improve 

the overall performance of the system. The objective here is to minimize the sum of the 

EMTX between the forwarding nodes of the multicasting tree. Therefore,  to  increase  the  
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network throughput, the authors have proposed a mathematical model to determine the 

multicasting tree whose overall EMTX value is the lowest.  

   Multicasting applications like multi-player gaming and text-based chats require multiple 

nodes to form a group, where each node of a group may communicate with all the other 

nodes present in the group. The communication between the nodes in a group can be 

performed by using a relay node, and therefore the network is known as multi-group multi-

way relay networks [28]. Here, multiple antennas mounted at each relay node are divided into 

clusters where each cluster of antennas serves a specific number of nodes in a group. Using 

the algorithm proposed in [28], one can increase the number of nodes (users) served by the 

same number of relay antennas, thereby saving the antenna resources which are limited in 

general. Further, to increase the multicasting throughput, authors in [29] have used the 

beamforming approach to multicast data from a single transmitter to a large number of 

receivers within a group. Device-to-Device (D2D) multicast communication is also becoming 

increasingly important for applications in densely populated areas such as supermarkets or a 

stadium where a large number of users are likely to share the same type of contents. In a 

typical D2D multicasting scenario, the users are allocated in different disjoint clusters, and 

for each cluster, a particular user is selected to be the cluster head (CH). The CH is 

responsible for communicating the entire content that needs to be shared between all the users 

in a cluster by using D2D multicasting. The CHs may suffer from mutual interference which 

is mitigated by using a game-theoretic approach in [30]. The performance analysis of D2D 

multicasting in wireless networks is presented in [31].    

   NC is a powerful technique to take into account the information content of each 

transmission and use that knowledge to improve network throughput further. The MORE [4] 

is a reliable multi-hop multicast routing protocol where packets in a batch are combined using 
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RLNC and transmitted to the forwarding nodes. All the forwarding nodes linearly combine 

the packets stored in their respective buffers to form a coded packet for further downstream 

transmission. Once the destination collects a sufficient number of coded packets to recover 

the original packets in a batch, it sends back an ACK to the source to trigger the transmission 

of a new batch, if any. Therefore, here, the network performance is governed by the weakest 

link from the source to destinations. In any random network, performing NC in every 

network node would be uneconomical. To reduce costs, NC is limited to a subset of the 

network nodes, and the necessary and sufficient condition for a node to act as an encoding 

node is proposed in [32]. Note that this approach would reduce the network throughput by 

limiting the number of nodes where NC may be done. Pacifier [7] addresses the shortcoming 

of MORE by allowing the source to transmit the next batch, every time the batch is received 

by one of the receivers, thereby improving the throughput of the well-connected destinations. 

After, the source has finished the transmission of the last batch; it retransmits the batches 

which have not yet been received at all the destinations, and does this starting from the first 

missing batch. Pacifier improves the time taken to transmit the batch to the well-connected 

destinations but increases the delays for the poorly linked ones [7]. In the process, the 

network may lose a large number of packets due to frequent batch switching. To overcome 

these issues, a NC Assisted MLCAR (NC-MLCAR) scheme is proposed in Chapter 4 where 

NC is performed after determining the ETX based least cost multicasting route. NC-MLCAR 

outperforms both MORE and Pacifier by transmitting a new batch every time the desired 

downstream nodes successfully receive the current batch. 

   Wireless relay assisted multicasting scheme using binary NC with a single source, single 

relay, and two destinations is presented in [33]. The source node broadcasts packets for a 

fixed time period and collects the packet receptions status from the relay and destinations 
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using ACKs and NACKs. Packets received at the relay are combined and then reliably 

communicated to destinations. The source subsequently retransmits the packets which are 

missing at the destinations. Wireless network performance often degrades due to the 

interference caused by subsequent transmissions at the neighboring nodes. In order to 

improve the performance of the network, the authors in [34] and [35] have proposed 

scheduling techniques which carefully perform interference-free multicast transmission using 

RLNC over multi-hop wireless networks. In [36], the authors consider random arrival of 

packets at the source node and the queuing delay associated with them. A study of queuing 

delay analysis is performed for multicasting using RLNC over a one-hop wireless network. 

NC provides throughput gain at the cost of decoding delay as all the multicasting destinations 

need the required number of packets to decode the information successfully. The authors 

have proposed a scheduling scheme in [37] which determines the packets that have to be 

mixed together to form a coded packet and the intermediate nodes of the network, which will 

perform this coding operation. The proposed coding-aware scheduling scheme reduces the 

network delay and bandwidth requirement and improves the transmission efficiency of the 

network. Similarly, in order to reduce the decoding delay at the end-users, scheduling 

algorithms are discussed in [38] and [39] for a network where the source node communicates 

a data block of K packets using an intermediate node, to multiple users which are two-hops 

away from the source. The intermediate node stores the packets successfully received from 

the source in its buffer, and forms a coded packet which is then transmitted to all the 

multicasting destinations. With the help of the proposed scheduling algorithm, an 

intermediate node decides either to fetch a new packet from the source or to multicast a 

network-coded packet to the receivers, using the packets already available in its queue.  
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   With increasing demand for wireless applications, many schemes involving multi-rate 

multi-channel communications have been proposed to improve the efficiency of wireless 

networks. Multicasting using intra-session NC in a multi-rate, multi-channel scenario is 

discussed in [40], where the authors have proposed an optimization model to improve the 

throughput of the network at the cost of increased network resource usage. In [41], an 

optimization strategy has been suggested for reliably multicasting data to one-hop 

destinations using RLNC. Recently, in [42], the authors have analyzed its performance in 

terms of probability of successful packet delivery to an arbitrary number of users. The 

authors in [43] employ optimal decoders at the receivers, which are one hop away from the 

source. The proposed binary NC scheme combines the disjoint packets missing at the 

receivers. The coded packet is then broadcast to the desired receivers for better multicasting 

efficiency. A topology-aware NC technique is proposed in [44] to reduce the expected 

number of packet transmissions for multicasting data to one-hop destinations. With the help 

of network topology information, different lost packets are combined using RLNC into one 

coded packet, which is then broadcast to the desired users. A binary NC scheme is proposed 

in [45] for multicasting to one-hop users. For multi-hop wireless multicasting, the authors in 

[46] propose an energy-efficient algorithm where directional antennas are used for 

communicating network-coded packets to the destination nodes. The intermediate nodes stay 

in a sleeping mode when not in use, in order to conserve power.  The   combined   impact   of 

NC and the sleeping scheme keep energy consumption low while improving multicasting 

transmission efficiency. 
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2.3 Unreliable Multicast in Wireless Networks 

Multicasting in real-time multimedia applications like video-on-demand, voice-over-IP, 

internet protocol television, and video-conferencing has hard deadlines on packet 

transmission while maintaining a high quality-of-service (QoS). This is achieved at the cost 

of some packet loss. The increasing demand for multimedia applications in mobile ad-hoc 

networks (MANETs) is addressed by the authors in [47]. An algorithm is proposed to 

construct a bandwidth-satisfied multicasting tree connecting a source to its corresponding 

destinations where forwarders participating in packet transmission are selected to reduce the 

overall bandwidth and power consumption for the network. Since most real-time and 

multimedia applications are delay-sensitive, the design of multicast routing protocol 

considers end-to-end delay. A multicast routing protocol is presented in [48] that exhibits 

acceptable packet transmission and delivery while satisfying the required average bandwidth 

and end-to-end delay requirements in MANETs. The authors in [49]-[51] have proposed 

delay-constrained multicast routing algorithms that determine a path that delivers data to all 

the destination users within a specific upper-bounded end-to-end delay time while 

minimizing the energy consumption over the wireless network. 

   Wireless video-streaming applications like live football matches or music concerts require 

delivering a good video quality within a predefined threshold time. Therefore, a Scalable 

Video Transmission (SVT) technique that divides the video stream into multiple layers is 

generally used to multicast [52]-[54]. The most significant layer is the base layer (BL) which 

contains the essential features of a video and therefore ensures the necessary video quality.  
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   The additional layers known as enhancement layers (ELs) are used for further quality 

refining. The viewing experience (video quality) at the user end improves with an increase in 

the number of ELs. Therefore, the primary objective of SVT is that the users should 

successfully receive all the packets belonging to the BL and a maximum number of packets 

from the ELs within a specific upper-bounded delay. Further, a downlink scheduler is 

proposed in [53] that provides multicasting gain to the users present over one-hop distance 

from the source; the users may arrive and leave the network in between the running 

transmissions. The optimization techniques to improve efficiency on video multicasting to 

clients in a two-hop network with a designated relay node are discussed in [54] and [55]. In 

[56], the authors have proposed an algorithm for multicasting in the cellular networks which 

ensures that all the mobile users in a cell receive satisfactory video quality. 

   NC is used to further improve the multicasting efficiency through scalable video 

transmissions which are popularly known as Scalable Video Coding (SVC) [57]. In SVC, the 

BL is the essential layer; therefore the packets of the BL should be protected during 

transmission. Once the BL is successfully reconstructed at the user end, packets of the ELs 

can be transmitted in a hierarchical manner to improve the video quality. Here, the second EL 

is useful only when the first EL is successfully received at the user end. Thus, multicast 

video-stream in SVC involves broadcasting packets of the BL followed by that from multiple 

ELs to multiple clients present over one-hop distance from the Base Station (BS). Due to the 

lossy nature of wireless networks, some clients may not receive a sufficient number of 

packets in order to retrieve a good quality video. In [58], an efficient packet retransmission  
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strategy is presented that imposes a hard deadline constraint on data transmission. The BS 

uses the RLNC technique to combine the missing packets such that the clients are able to get 

the desired video quality with fewer transmissions. In [59], a packet-level scheduling 

technique with a predefined threshold time is proposed to multicast data. The authors in [60] 

have proposed an optimization framework that reduces the complexity of the RLNC decoder 

and ensures the desired video quality at all the multicasting clients.  

   Due to the heterogeneous nature of the wireless links, multicast network performance is 

limited by the poorest link connecting source to the destination [61]. Using an 

omnidirectional antenna may result in the wastage of power and bandwidth in non-targeted 

areas where no users are present. In order to address these issues, a physical layer 

beamforming technique is incorporated with packet scheduling. This improves the 

performance of all the users present at one-hop distance from the BS [61]. The joint use of 

beamforming and RLNC for packet transmission maximizes the overall throughput of the 

network. Recently, in [62], Software-Defined Networking (SDN) is used for multicasting a 

video-stream over a multi-hop wireless network. SDN consists of a central controller that 

checks network traffic and manages forwarding elements like switches and routers. The 

controller identifies the least congested path to the BL in order to provide the desired video 

quality to all the users. The controller collects the information on network topology and 

available end-to-end bandwidth, which can be used to build an efficient multicasting tree that, 

maximizes the overall video quality.    

   Wireless multicasting of the multimedia applications requires maximum throughput with 

minimum delay. A scheduling algorithm is proposed in [63] where users are one-hop away 

from the source (e.g., Wi-Fi networks).  The  source  node  exploits  RLNC  to  intelligently  
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combine  the  native  packets  to  reduce  the  packet  delay  to  reach  the  receiving  end.  A 

multicasting delay-sensitive application over a multi-hop wireless network is discussed in 

[64]. The multicasting data is divided into blocks of packets, and the packets belonging to 

each block should be successfully received at the receiver’s end within a specific threshold 

time. An intra-session RLNC is applied where packets belonging to the same block are 

combined and transmitted to the forwarding nodes. A forwarding node combines the packets 

present in its buffer using RLNC and communicates it further. To improve the multicasting 

efficiency, packet scheduling is performed such that the destinations receive the maximum 

number of packets of a block within a predefined threshold time.  

   The multicasting efficiency of the wireless networks generally depends on being able to 

reach the more weakly connected destinations from the source. This can be tackled by using 

multi-rate multicasting, which allows transmitting at different transmission rates to different 

users leading to better network resource utilization. This kind of multi-rate multicasting to 

multiple clients which are more than two-hops away from the BS, using multiple relay nodes, 

is presented in [65].  Block-wise packet transmission is done where BS broadcasts a block of 

N native packets such that all the relay nodes receive the block. The clients may receive some 

native packets, and the missing packets are communicated from the relay nodes using RLNC. 

The relay nodes transmit network-coded packets using different transmission rates such that 

the overall packet transmission delay is minimized. In [66], authors have presented multi-rate 

multicasting to improve the throughput of the multi-hop wireless network. However, authors 

in [67] have used multiple channels with multiple radios at every network node to improve 

the multicasting efficiency in multi-hop wireless networks. Simulation-based performance 

evaluation is presented considering end-to-end packet delay, packet delivery ratio, and file 

completion time.  
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   Wireless communications tend to be error-prone since the performance of the network 

generally depends on multiple factors such as fading, interference, mobility, and quality of 

the wireless channel. Multicasting routing protocols should be designed for optimum network 

resource utilization. Bandwidth-satisfied multicasting protocols for MANETs are proposed in 

[68] and [69]. The multicasting tree is designed to reduce the overall bandwidth consumption 

of the network. Here, the nodes use network-coding in the tree, which further improves the 

multicasting efficiency. In [70], an OR protocol enhancing MORE [4] for video-streaming 

applications is proposed where the destination nodes are at most two hops away from the 

source. In a typical wireless network where users are one hop away from the BS, it is possible 

that a user may get all the desired network-coded packets and can then act as a secondary 

source for the other users (D2D communication). The authors in [71] have proposed a hybrid 

multicast and D2D transmission scheme where source node transmits data in batches of 

packets. In every time-slot, BS decides to operate in either the multicast mode or the D2D 

mode. In the case of multicasting mode, the BS scheduler combines packets of a batch using 

RLNC and broadcasts it to all the users. When the D2D method is selected, one of the users is 

chosen as the source to transmit a network-coded packet to the other users. This scheduling 

scheme combines the impact of multicasting and D2D communication to improve the overall 

throughput of the network.    

2.4 Multi-Source Multicast in Wireless Networks 

Multi-source multicasting caters to emerging applications where different clients demand 

data from their respective source nodes as in multimedia applications, software updates, 

billing records, electronic newspapers, and medical images. In [72], authors introduce multi-

source multicasting where a sub-network is designated for each source. The primary aim is to 

satisfy the end-to-end delay bound of all the clients demanding multimedia applications. The 
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authors in [73] further strengthen multimedia streaming applications consisting of multiple 

multicasting sessions. One of the critical aspects of wireless transmissions is link scheduling, 

as discussed in [74] where various source nodes transmit data to their respective users located 

at one-hop distance from the source nodes. The main concern is to reduce interference at the 

destination nodes due to simultaneous transmissions as this may improve the overall network 

throughput. An efficient multi-flow multicasting algorithm is proposed in [75] for multimedia 

applications. The flow scheduling policy admits new multicasting flow without affecting the 

existing scheduled transmissions. This scheme improves the capability of the networks to 

acknowledge new multicasting flows to utilize the network resources efficiently. Meanwhile, 

authors in [76] introduce multi-source multicasting for information-centric networks. A 

spanning tree is built for sending data to the different multicasting groups. In [77], the authors 

discuss multi-source video multicasting scenarios over a wireless mesh network. They have 

introduced a resource-efficient algorithm employing efficient bandwidth utilization and 

performance-guaranteed scheduling for all the multicasting sessions, where different sources 

can share an integrated routing path to control overhead costs due to individual routes.  

   Wireless broadcasting gives an opportunity for performing NC, where a single coded 

packet is beneficial for different sessions. COPE is introduced in [78] for any random 

topology where an inter-session NC is used for transmitting packets of an arbitrary number of 

unicast flows that arrive and leave dynamically. The authors of [79] aims to reduce the 

coding complexity for a multi-source multi-destination network by eliminating the encoding 

nodes. An optimal path that does not require a coding node is chosen considering all the 

sources and their corresponding destinations. In [80], an analytical expression is obtained to 

show the impact of random NC on the system delay in a multi-source, multi-destination 

scenario. This work explicitly focuses on two-hop transmissions, where relay nodes are used 
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to improve network throughput. Subsequently, in [81], packet-wise data transmission of 

multiple unicasting sessions using inter-session NC with two common destination nodes is 

studied. With the help of the packet reception reports from the destination nodes, the relay 

node broadcasts a new inter-session coded packet to improve the overall system performance. 

In [82], the authors study the multi-source, multi-destination case for two-hop wireless 

networks having a relay node. This work is based on batch-wise transmission where each 

source broadcasts packets in batches. The destination nodes send packet reception status to 

the relay node using which the node transmits the missing packets on performing an inter-

session NC. Following the batch-wise transmission, the authors in [83], [84] show advantage 

of an intra-session and inter-session NC in case of multiple unicasting sessions over multi-

hop wireless networks. An intra-session NC increases redundancy, and inter-session coding 

improves the overall network throughput. In [84], the authors have mainly focused on 

grouping packets of different sessions to make an efficient use of inter-session NC.  

   Furthermore, using intra-session and inter-session NC schemes, the authors in [85] transmit 

data over a two-hop relay network with two unicasting sessions. It is found that increasing the 

number of sessions adds to the coding advantage because more packets are available for NC. 

For applications like video streaming, authors in [86] use inter-session NC to transmit packets 

of two unicasting sessions with hard deadline constraints. Thus, the packets of each 

unicasting session must reach the corresponding destination set within a specific threshold 

interval; otherwise the packets are considered to be useless. This work suggests packet 

transmissions in small batch sizes to maximize the overall number of successful packet 

transmissions. Applications like search and rescue operations, satellite communication, and 

Wi-Fi communication involve broadcasting of information from the source node to all the 

neighboring nodes. The authors in [87] discuss a multi-source broadcasting strategy where 
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packets in the batches formed at different sources are combined and transmitted to increase 

the packet delivery ratio of the network.  

   NC for multi-source multicasting scenarios is considered in [89], where the original 

network is divided into several sub-graphs with a source and its corresponding destination 

set. Linear NC is performed at each source having a different destination set. The routing 

paths of different multicasting sessions do not coincide with each other. Routing and packet 

scheduling algorithms for multicast sessions where network nodes apply intra-session RLNC 

to form a network-coded packet are proposed in [90]. The authors in [91] provide support to 

the sources of different multicasting sessions which are unable to meet flow-constraints at the 

cost of reduced throughput. NC scheme for multi-source multicasting, which improves the 

throughput of the network using intra-session and inter-session NC is proposed in [92]. The 

transmission topology (TT) problem for multi-source multicasting is approached using a 

game-theoretic method and the computational complexity is reduced by employing NC in 

[93]. Multimedia multicasting with a continuous demand for the same content from various 

sources to the same set of destinations is considered in [94]. This work provides an optimal 

transmission topology (TT) that employs a secure linear NC (SLNC) technique to protect the 

information from an eavesdropper. The authors of [95] address security concerns and 

introduce RLNC based secure multi-source multicasting for real-time streaming applications 

where the data transmission is initiated in the presence of an eavesdropper. 

2.5 Summary 

Wireless broadcasting advantage depends on the correlation between the wireless links. The 

correlation between the wireless links allows a better understanding of wireless routing 

protocols. Multicasting supports one-to-many communications, and its applications are 
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characterized based on the requirement for either reliable or unreliable data transmissions. 

Reliable multicasting requires strict packet reliability at the receiver’s end as in software 

updates, electronics newspapers, and medical images. On the other hand, unreliable 

multicasting deals with hard deadline constraint-based data transmissions like video 

streaming applications and on-demand video services. This chapter discussed both reliable 

and unreliable multicasting schemes in detail when the source node and its corresponding 

destination nodes are present anywhere in the network. NC assists in the wireless broadcast 

by combining missing packets into a coded packet that is then subsequently transmitted to the 

corresponding receivers. This chapter discussed the impact of NC on both reliable and 

unreliable multicast transmissions. A multi-source multicasting protocol design is also a 

relevant research domain in this context. The presence of packets from different sessions at a 

network node provides an opportunity to perform both intra-session and inter-session NC. 

Intra-session NC increases the multicasting efficiency of a session, and inter-session NC 

improves the overall throughput of the network. 
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Chapter 3 

 
Multicasting in Wireless Networks with Correlated 

Links 

 

 
This chapter presents our approach for cost calculations that may be followed for multi-hop 

multicasting over correlated wireless links. The MLCAR scheme of [5] is used to identify the 

least cost route for networks with known link correlations, and the results are compared to a 

network with no information on link correlations. Analytical results obtained for a multicast 

network with correlated links are subsequently verified through simulations. 

3.1 Introduction 

Multicasting in wireless networks involves simultaneous transmission of information to 

multiple receivers. The links connecting the transmitting and the receiving devices may not 

be completely independent of each other. In that case, the number of transmissions needed to 

send a packet reliably from the source to the corresponding destinations would differ from 

that for a network where the links are independent, even if the individual link costs are the 

same in both cases. The cost metrics for correlated links are computed using the direct 

link costs and the correlation between the links. In MLCAR, a Bellman-Ford type approach is 

used to calculate the multicasting cost from each source to all possible subsets of its 

destination set. Based on this cost, the forwarder set is selected and the strategy is decided 

upon to transmit the packet to all nodes in the destination set with the lowest multicasting 

cost. It may be noted that when link correlations are taken into account, the least-cost route to 

the destination subset may change in some cases. In [1] and [2], the authors assumed the 

simple scenario where all the links of the wireless network are independent. However, in 

practical wireless implementations, there may be a finite correlation between different 
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(typically neighboring) links as in [3] and [8] - [20]. The links of a network are considered to 

be highly correlated if the receiving nodes have higher chances of successfully receiving the 

packet in the same transmission. When links have low correlation, the probability of the 

packet traversing the links correctly in the same transmission would be low. 

   The rest of the chapter is organized as follows. In Section 3.2, an example is presented to 

illustrate our approach to calculate the multicasting cost in a correlated wireless link 

environment. Section 3.3 presents the multicast route cost calculations with correlated links 

for a generalized network. In Section 3.4, a packet transmission strategy is introduced. In 

Section 3.5, the simulation results are discussed and finally the chapter is concluded in 

Section 3.6. 

3.2 Multicasting over a Network with Correlated Links    

Consider a simple one-hop wireless multicasting network with a source (1)S  and two 

destinations 
1D  and 

2D  as shown in Fig. 3.1. The link cost metric is given as  

, ,i j i jETX  = 1/p . The multicasting cost to send a packet to both destinations using a simple 

link-by-link unicasting approach will be 4.50 (2.00+2.50). When wireless broadcasting is 

being used and node (1)S  broadcasts a packet, it is possible that the packet is received by 

either or both of the two destination nodes 
1D  or 

2D . If the packet does not reach either of 

the destinations 
1D  or 

2D , then node (1)S  has to retransmit the packet. The probability of 

correlation between the links (1)

1S - D  and (1)

2S - D  are considered to be (1) (1)
1 2S ,D S ,D

P(E , E ) , 

where 
,

(1)

iS D
E is the event (probability) that the packet transmitted at (1)S  is successfully 

received by node 
iD , i  (1, 2) . For a packet transmitted by node (1)S , the following events 

may happen 
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1. Packet is not received at both 
1D  and

2D .  

2. Packet is received at 
1D  but not at 

2D .  

3. Packet is received at 
2D  but not at 

1D .  

4. Packet is successfully received at both 
1D  and 

2D . 

In cases 1 to 3, the packet is retransmitted by (1)S  to the intended destination(s). The 

multicasting cost of the network in Fig. 3.1 is then given by- 

(1)
1 2

(1),w

S ,{D ,D }
C = (probability that both 

1D  and 
2D  do not receive the packet)   (1 + cost of 

multicasting the packet at (1)S ) + (probability that 
1D  receives the packet and 

2D  does not) 

  (1 + cost of transmitting the packet from (1)S  to 
2D ) + (probability that 

2D  receives the 

packet and 
1D  does not)   (1 + cost of transmitting the packet from (1)S  to 

1D ) + 

(probability that both 
1D  and 

2D  receive the packet successfully).   

This multicasting cost is examined under two scenarios.  

Scenario 1: Links are independent  

For the network in Fig. 3.1 

 probability that both 
1D  and 

2D  do not receive the packet = (1) (1)
1 2S ,D S ,D

(1 - p )(1 - p )= 

0.30 

 probability that 
1D  receives the packet and 

2D  does not = (1) (1)
1 2S ,D S ,D

(p )(1 - p )= 0.30 

 probability that 
2D  receives the packet and 

1D  does not = (1) (1)
1 2S ,D S ,D

(1 - p )(p )= 0.20 

 probability that both 
1D  and 

2D  receive the packet successfully = (1) (1)
1 2S ,D S ,D

(p )(p )= 

0.20 
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On substituting, the multicasting cost in case of independent link scenario is given by- 

(1)
1 2

(1),i

S ,{D ,D }
C = (0.30)   (1 + (1)

1 2

(1),i

S ,{D ,D }
C ) + (0.30)  (1 + 2.50) + (0.20)  (1 + 2) + (0.20). 

On simplifying, (1)
1 2

(1),i

S ,{D ,D }
C = 3.07. 

 

2.00

2.50

2.00

2.50

Independent Correlated

(a) (b)

(1)
1S , D

E (1)
2S , D

E

1D
1D

2D
2D

(1) (1)
1 2S , D S , D

P(E , E )

(1)
S

(1)
S

 

Figure 3.1: Example network 1 with correlation between the links 

 

Scenario 2: Links are correlated with probability of correlation, (1) (1)
1 2S ,D S ,D

P(E , E )= 0.38 

In this case 

 probability that both 
1D  and 

2D  do not receive the packet  

= (1) (1) (1) (1)
1 2 1 2S ,D S ,D S ,D S ,D

1 - p  - p  + P(E , E )  = 0.48 

 probability that 
1D  receives the packet and 

2D  does not  

= (1) (1) (1)
1 1 2S ,D S ,D S ,D

p  - P(E , E )= 0.12 

 probability that 
2D  receives the packet and 

1D  does not  

= (1) (1) (1)
2 1 2S ,D S ,D S ,D

p  - P(E , E ) = 0.02 
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 probability that both 
1D  and 

2D  receive the packet successfully  

= (1) (1)
1 2S ,D S ,D

P(E , E )= 0.38  

On substituting, the multicasting cost in case of correlated link scenario is given by- 

(1)
1 2

(1),c

S ,{D ,D }
C = (0.48)   (1 + (1)

1 2

(1),c

S ,{D ,D }
C ) + (0.12)  (1 + 2.50) + (0.02)  (1 + 2) + (0.38). 

 

On simplifying, (1)
1 2

(1),c

S ,{D ,D }
C = 2.58.  

   It has been observed that the multicasting costs differ for both the scenarios. This shows the 

importance of considering link correlation while calculating multicasting cost. In Scenario 1, 

the multicasting cost is computed as 3.07. However, if the links are considered correlated 

(scenario 2), the difference in the multicasting cost over the network with independent links 

is around 16%. This shows that the link correlation has a significant impact on the 

multicasting cost.  

3.3 Multicasting Route Cost Calculation with Correlated Links 

Consider a multicast network where source node (1)S  broadcasts packets over a wireless 

medium intended for destination set (1)

(1)

1 M
DS  {D , . . . , D } . (1)S  is connected to (1)DS  

through first-hop neighbors 
nNS . A forwarder set (1),c

xf  is selected from the first-hop 

neighbors of (1)S , such that, it reaches all nodes in (1)DS . Nodes in (1),c

xf  act as (1)S  for the 

second-hop neighbors and the forwarder set for the selected (1)S  are its first-hop neighbors. 

At each successive hop, (1)S  and (1),c

xf  are updated until all the destinations are covered. The 

link cost and the probability of correlation between the links are assumed to be known. The 

link cost metric of link from i to j is 
i,j i,jETX =1/p , where i ≠ j,  j is first-hop downstream 

neighbor of i, and 
,i jp  is the probability of successful packet transmission over the link i - j. 
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The probability of correlation between L links is defined as the probability of the event when 

the packet is successfully received at all the L nodes simultaneously, and is represented as

(1) (1)
1 LS ,f S ,f

P(E , . . . , E ) , where (1)
iS ,f

E
 
is the event when the packet transmitted by (1)S

 
is 

successfully received at ,if  i (1 , . . . , L) . The multicast route cost is the ETXs needed for 

reliably delivering a packet from (1)S  to (1)DS  using forwarder set (1),c

xf . At every successive 

hop the transmitting node is considered as (1)S , the direct intended receivers which reach at 

least one node of (1)DS  belongs to the forwarder set (1),c

xf . Let (1),c

af  
be the subset of (1),c

xf  

which receives the packet with probability (1),c
a

(1),c

f
β  and (1),c

yf
 
be the subset of (1),c

xf which does 

not receives the packet. In case of network with correlated links, the multicast route cost for 

transmitting a packet from (1)S  to (1)DS  using (1),c

xf  is given by-                                                                                                          

          
   

,

(1),c (1) (1)(1),c (1)
a a (1),c (1),c(1),c (1),c (1),c f fa y

a x a

(1) (1) (1),c
x

(1),c (1),c (1),c

f f ,DS S ,DS
f  f f  (1),c (1),c

xS ,DS f k-1 k

k=1

1 + β C  + C

C (f ) =   
-1 P f

  

 
 
 




            (3.1) 

Here kf  is subset of (1),c

xf  with size k and kP(f )  is probability that k nodes of (1),c

xf  

successfully receives the packet and communicate ACK to the source. kP(f )  in (3.1) is 

written as-               

                                

)(1) k (1) k (1) k
1 2 k

k (1),c
x

k

S ,f S ,f S ,f
f  f

P(f ) = P(E , E , . . . , E



                          

(3.2)
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4.00
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2D

(1)
S

 

Figure 3.2: Example network 2: Multicasting 

 

The multicast route cost for an upstream node u, which is directly connected to the 

destination (1)d  (d DS )
 

is the same as the ETX cost, that is ,

(1),c

u,d u dC ETX . Cost 

calculation for the example network in Fig. 3.2, where (1)S
 

multicasts a packet to 

(1)

1 2DS  (D , D )  
considering (1),c

x 1 2 3f  = {f , f , f }  is shown. The other possible options for 

(1),c

xf  
are 

3{f } , 
1 2{f , f } , 

1 3{f , f } , and 
2 3{f , f } . The ETX cost of each link is mentioned in 

Fig. 3.2.

 

The probabilities of correlation between different links are assumed to be 

(1) (1)
1 2S ,f S ,f

P[E , E ]  = 0.23, 
3

(1) (1)
1S ,f S ,f

P[E , E ]  = 0.02, 
2 3

(1) (1)S ,f S ,f
P[E , E ]  = 0.02, 

,(1) (1) (1)
1 2 3S ,f S ,f S ,f

P[E  E , E ]  = 0.01, 
, ,3 1 3 2f D f DP[E , E ]  = 0.24. For the example network in Fig. 

3.2, the denominator of (3.1) can be written as-          

        

(1),c
x

(1) (1) (1) (1) (1) (1) (1)
1 2 3 1 2 1 3

(1) (1) (1) (1)
2 3 1

f

k-1 k

S ,f S ,f S ,f S ,f S ,f S ,f S ,f
k=1

S ,f S ,f S ,f S ,

(-1) P(f ) p + p + p  - P(E , E ) - P(E , E ) - 

                                                       P(E , E ) + P(E , E



(1)
2 3f S ,f
, E )

    (3.3)              
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In Fig. 3.2, it is observed that 
1D  can be accessed using 

1 3{f , f }  and 
2D  using  

2 3{f , f } . The 

cost of direct links from node 
if  for i = {1, 2, 3} to destination nodes 

1D
 
and 

2D  is given in 

Fig. 3.2. The cost is infinity if the corresponding link between the forwarder node and the 

Algorithm 1: Route cost calculation (1)
n

(1) (1),c (1)

n n nn,DS
(n, DS , NS , NN, C , FS )  

1. 
(1)

(1),c (1) (1)

x n n 1 l n 1 M
f  = { }, FS  = { }, NS  = {f , . . . , f }, DS  = {D , . . . , D }  

2. if 
(1)

nn DS
 
then  

3. 
(1)
n

(1),c

n,DS
C =   

4. else 0(1)
n

(1),c

n,DS
C  = ; 

5. for each (1),c

x nf NS
 
do  

6. 0(1)
nn,DS

C =  

7. for each (1),c (1),c

a xf  f
 
do 

8. 
(1)(1),c

a (1),c
fa

(1),c

f ,DS
C =  

9. for each (1),c (1),c

aa af f
 
do  

10. 0(1),c

optC =
 
and (1),c (1),c

a a

(1),copy (1)

f f
DS = DS  

11. for each (1),c

aai f  do 

12. for each (1),c
a

(1),copy

f
j DS

 
do 

13. 
,min i jC  = min C ;; 

14. (1),c (1),c

opt opt minC = C  + C
 
and (1),c (1),c

a a

(1),copy (1),copy

f f
DS = DS  - j  

15. if (1),c
a

(1),copy

f
DS { }

 
then 

16. (1),c (1),c

aa aaf = f  - i  

17. if (1),c

aaf { }
 
then  

18. go to 11 

19. else go to 9 ;; 

20. if 
(1)(1),c

a (1),c
fa

(1),c (1),c

opt f ,DS
C < C

 
then  

21. 
(1)(1),c

a (1),c
fa

(1),c (1),c

optf ,DS
C C

 
;; 

22. 
(1) (1) (1),c (1) (1)(1),c
n n a a (1),c (1),c

f fa y

(1),c (1),c (1),c

n,DS n,DS f f ,DS n,DS
C = C + β (1 + C + C )

 
; 

23. if (1) (1)
n n

(1),c

n,DS n,DS
C < C

  
then  

24. 
(1) (1)
n n

(1),c

n,DS n,DS
C = C

 
and (1) (1),c

n xFS  = f  ;;  
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destination node does not exist. The forwarding node 
1f  and 

2f  are connected to the subset 

of (1)DS  through a direct link, thus the costs from 
1f  to 

1D  and 
2f  to 

2D  is same as the link 

cost. The cost of a packet transmitted from 
3f  to be successfully received by  

1D
  

and  
2D
 
 is 

computed using (3.1). The computed costs at
1f ,

2f , and 
3f  are propagated to their upstream 

node .(1)S  

(1) (1)
1 3S ,f S ,f

P(E , E )

(1)
1S ,f

p

(1)
3S ,f

p

(1)
2S ,f

p

(1) (1)
1 2S ,f S ,f

P(E , E )

(1) (1)
2 3S ,f S ,f

P(E , E )

,(1) (1) (1)
1 2 3S ,f S ,f S ,f

P(E E , E ) 3 1f ,D
p

3 2f ,D
p

3 1 3 2f ,D f ,D
P(E , E )

 

Figure 3.3: Venn diagram showing correlation between the links of the example network 2  

   

   For (1),c

x 1 2 3f  = {f , f , f } , if a packet communicated from (1)S  is received by node 
1{f }

 
alone, 

then (1),c

a 1f  = {f } , 
(1),c

y 2 3f  = {f , f } , (1),c
a

(1)

1f
DS = {D } , 

2(1),c
y

(1)

f
DS = {D } , and (1),c

a

(1),c

f
β

 
= (1)

1S ,f
p

 
- 

(1) (1)
1 2S ,f S ,f

P[E , E ]
 

- 
3

(1) (1)
1S ,f S ,f

P[E , E ]
 

+ 
2 3

,(1) (1) (1)
1S ,f S ,f S ,f

P[E , E  E ]  = 0.01. In this case,   

(1)(1),c
a (1),c

fa

(1),c

f ,DS
C = 3.57 from Fig. 3.2 and (1)(1)

(1),c
f y

(1),c

S ,DS
C = 5.94 using (3.1). Similarly, for (1),c

a 2f  = {f } , 

(1),c
a

(1)

2f
DS  = {D } , 

(1)(1),c
a (1),c

fa

(1),c

f ,DS
C = 3.33, and (1)(1)

(1),c
f y

(1),c

S ,DS
C =  6.07. 

(1)(1),c
a (1),c

fa

(1),c

f ,DS
C = 4.15 for (1),c

a 3f  = {f }  

and      
1(1),c

a

(1)

2f
DS  = {D , D } .      For (1),c

a 1 2f  = {f , f } ,       
(1),c

y 3f  = {f } ,      (1),c
a

(1)

1 2f
DS = {D , D } , 
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,(1),c
y

(1)

f
DS = { }  and (1),c

a

(1),c

f
β

 
= (1) (1)

1 2S ,f S ,f
P[E , E ]  - ,(1) (1) (1)

1 2 3S ,f S ,f S ,f
P[E , E  E ]

 
= 0.22. In this case, 

(1)(1),c
a (1),c

fa

(1),c

f ,DS
C = 6.90 (3.57+3.33). Similarly, for (1),c

a 1 3f  = {f , f } , 
(1)(1),c

a (1),c
fa

(1),c

f ,DS
C  = 4.15 and for 

(1),c

a 2 3f  = {f , f } , 
(1)(1),c

a (1),c
fa

(1),c

f ,DS
C = 4.15. For (1),c

a 1 2 3f  = {f , f , f } , 
(1),c

yf  = { } , (1),c
a

(1)

1 2f
DS = {D , D } , 

(1),c
y

(1)

f
DS = { } , and (1),c

a

(1),c

f
β = ,(1) (1) (1)

1 2 3S ,f S ,f S ,f
P[E , E  E ]

 
=  0.01. In this case, 

(1)(1),c
a (1),c

fa

(1),c

f ,DS
C = 4.15. 

Using (3.1), the multicasting cost for (1),c

x 1 2 3f  = {f , f , f }
 
is (1) (1)

(1),c

S ,DS
C  = 8.04. The multicasting 

cost for other subsets of 
1 2 3{f , f , f }

 
which reaches (1)DS  can be similarly calculated.  

 

    

Algorithm 2: Simulation (1)
n

(1) (1) (1),c

n n n,DS
(n, DS , FS , C , count)  

1. 
01; 0; ; 0; ;(1),c (1)

n us nk =  s  =  fs  = { }  count =  DS  = DS  

 ; ;(1) (1) (1) (1)

n n n nF [1] F [2]      D [1]  D [2]     

2. for each (1)

b nf   FS ,  where {0 }(1)

b nf  = , . . . , FS  do 

3. compute (1),c
a

(1),c

f
β  in (3.1) for 

bf , represent it as (1),c
a

(1),c

bf
β (f )  

4. 
(1),c
a

(1),c

k k-1 bf
s  = s  + β (f ) , where [ ]ks 0, 1  

5. k = k + 1 ; 

6. Generate rand 

7. count = count + 1 

8. 
if 

k-1 ks  < rand  s , where 
(1)
nFS

k = 1, . . . , 2  then 

9. 
bf  corresponding to 

k-1 k(s , s ]  is noted and (1),c (1),c

n n bfs  = fs  f ; 

10. 
(1),c
n

(1)

us us fs
DS  = DS  - DS  

11. if 
usDS { }  then 

12. go to 6 ; 

13. for each (1),c

u nf  fs  do 

14. for each 
u

(1)

f nD DS
 
do 

15. Find nodes 'suf  
and the corresponding '

uf
D s, such that the overall cost to reach from          

 (1),c

nfs  
to (1),c (1)

n n

(1) (1),c

n fs ,DS
DS  (C )

 
is minimum ;; 

16. Store in sequence all 'suf  
and its corresponding '

uf
D s in (1)

nF
 
and ,(1)

nD
 
respectively 

17. for 1j   
to | |(1)

nF  do 

18. if (1)

nD [j ] { }  then 

19. (1) (1) (1)

n n nn = F [j ], DS D [j ], and go to 1 ;; 
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   For the given network, it is found that (1),c

x 1 2 3f  = {f , f , f }  is the forwarder set which has the 

least multicasting cost of 8.04 to (1)DS . In case of independent links, the least multicasting 

cost is 9.80 with 
1 2 3{f , f , f }

 
as the forwarder set. When the probabilities of correlation 

between different links are assumed to be (1) (1)
1 2S ,f S ,f

P[E , E ]  = 0.19, (1) (1)
1 3S ,f S ,f

P[E , E ]  = 0.19, 

(1) (1)
2 3S ,f S ,f

P[E , E ]  = 0.19, ,(1) (1) (1)
1 2 3S ,f S ,f S ,f

P[E  E , E ]  = 0.18, 
, ,,

3 1 3 2f D f DP[E  E ]  = 0.24, the least 

multicasting cost is 9.15 with 
3{f }

 
as the forwarder set. The multicasting cost is different 

when correlations between the links are considered, and the corresponding forwarder set may 

also change in some cases. 

   In Algorithm 1, the pseudo-code for route cost calculation is given. Using this, the 

forwarder set which provides minimum costs from (1)S  to subsets of 
(1)DS  is obtained. The 

forwarder set selection requires knowledge of cost to (1)DS  at all the nodes. A Distributed 

Bellman-Ford type approach is used to calculate cost at all the network nodes. At first, the 

cost from the immediately upstream nodes of (1)DS  to all subsets of (1)DS  is calculated while 

considering the link correlation. Later, immediately upstream nodes of (1)DS  will be 

considered as a forwarder set which assists the upstream nodes directly connected to them to 

reach .(1)DS  This backtracking of the nodes will continue until the least cost from all the 

nodes in the network to the subsets of (1)DS  be known. For the least cost calculation in a 

network, the link cost and the probability of the correlation are assumed to be known. Any 

changes in the multicast routes or their costs would initiate a recalculation of the least cost at 

all the affected nodes, which would compensate for dynamic changes in the network. Routing 

loops in a network can be avoided by using a split-horizon type approach [5]. However, these 

loops mostly get eliminated due to their higher cost. Using the multicast least cost algorithm, 

(1)FS  and least cost from all the nodes of the network to (1)DS  and subsets of (1)DS  is 
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obtained. This assists in packet transmission through a least cost path of the network and 

provides us the number of transmissions required for successful reception of the packet at the 

nodes of (1)DS . 

3.4 Packet Transmission Strategy 

In this section, a packet transmission scheme for multicasting over a network with correlated 

links is presented. The least cost path information is first obtained at the source (1)S  using the 

analysis presented in Section 3.3. A packet transmitted by (1)S  may be received by the nodes 

within the coverage range of (1)S . The packet received is processed only by the forwarder 

nodes (1)FS  and is discarded by the other nodes. The source node broadcasts a packet until 

forwarder nodes, which can reach all destinations, receive the packet successfully. If, during 

this process, the packet is successfully received by some of the forwarding nodes, which can 

reach subset of ,(1)DS  then they discard further reception, and the packet is targeted for 

forwarding nodes which cover the remaining destinations. Nodes in (1)FS  acknowledge (1)S  

after the successful reception of the packet. If a node belongs to both (1)FS  and ,(1)DS  then 

the node keeps the packet, and forwards a copy of the packet to the intended nodes of (1)DS . 

Packet transmission from (1)FS  to (1)DS  is done by searching over all the possible 

combinations of the nodes in (1)FS  which can reach (1)DS  with the minimum possible cost. 

The Pseudo-code to simulate packet transmission is presented in Algorithm 2.  

3.5 Multicasting with Correlated Links: Example 

A network is considered where link costs and correlations between them are randomly 

assumed, as shown in Fig. 3.4. The different source nodes are represented by (1)S  and (1)DS  

correspond to different multicast destination sets out of nodes 11, 14, and 15. The cost of 

transmitting a packet from the source node (1)S  to the destination set (1)DS  is computed using  
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1

3

5

6

7

4

8

9

13

11

12

10

14

15

2.67

2

1.78

2.4

2.4

4

2

1.85

2

1.78

2

2

2

2

2

2.22

2.22

2

2.4

2.4

2.18

1.85
2

2.33

2

2

2

0

2

2

3

2

3

2

P[E0,1 , E0,2] = 0.30

P[E0,1 , E0,6] = 0.0333 

P[E0,2 , E0,6] = 0.0333 

P[E1,3 , E1,4] = 0.4667 

P[E3,4 , E3,7] = 0.4375 

P[E3,7 , E3,10] = 0.0625 

P[E4,7 , E4,9] = 0.0417 

P[E5,8 , E5,9] = 0.0417 

P[E7,10 , E7,11] = 0.0417 

P[E8,9 , E8,12] = 0.375 

P[E9,14 , E9,15] = 0.0417 

P[E12,14 , E12,15] = 0.0417

P[E13,9 , E13,15] = 0.10    

P[E0,1 , E0,2 , E0-5] = 0.2667 

P[E0,1 , E0,5 , E0-6] = 0.0333 

P[E3,4 , E3,7 , E3,10] = 0.0625 

P[E8,9 , E8,11 , E8,12] = 0.0417 

P[E0,1 , E0,2 , E0-5 , E0,6] = 0.0333

P[E0,1 , E0,5] = 0.30, 

P[E0,2 , E0,5] = 0.4667 

P[E0,5 , E0,6] = 0.0333 

P[E2,4 , E2,5] = 0.4667 

P[E3,4 , E3,10] = 0.0625 

P[E4,7 , E4,8] = 0.0417 

P[E4,8 , E4,9] = 0.21 

P[E6,9 , E6,13] = 0.0625 

P[E8,9 , E8,11] = 0.0417 

P[E8,11 , E8,12] = 0.0417

P[E10,11 , E10,14] = 0.0714 

P[E13,9 , E13,14] = 0.10 

P[E13,14 , E13,15] = 0.40 

P[E0,1 , E0,2 , E0-6] = 0.0333  

P[E0,2 , E0,5 , E0-6] = 0.0333  

P[E4,7 , E4,8 , E4,9] = 0.0417  

P[E13,9 , E13,14 , E13,15] = 0.10

 Figure 3.4: Example network 3: Multicasting 

Table 3.1: Comparison of multicast route cost and selected forwarder set for an example network 3 having 

independent links and correlated links. 

Source 

(S(1)) 

Destination Set (DS(1)) 

{11, 14} {11, 15} {14, 15} {11, 14, 15} 

Independent 

links 

Correlated 

links 

Independent 

links 

Correlated 

links 

Independent 

links 

Correlated 

links 

Independent 

links 

Correlated 

links 

0 7.62 

(1,2,5) 

8.41 (8.41) 

(1,5) 

7.89 

(2,5) 

8.49 (8.48) 

(2,5) 

5.72 

(5,6) 

5.58 (5.58) 

(5,6) 

8.56 

(2,5) 

9.45 (9.44) 

(2,5) 

1 6.62 

(3,4) 

7.10 (7.10) 

(3,4) 

8.25 

(3,4) 

8.78 (8.87) 

(3,4) 

7.21 

(3,4) 

8.12 (8.13) 

(3,4) 

8.92 

(3,4) 

9.74 (9.83) 

(3,4) 

2 7.20 

(4,5) 

7.73 (7.73) 

(4,5) 

7.50 

(4,5) 

8.40 (8.40) 

(4,5) 

6.04 

(4,5) 

6.77 (6.77) 

(4,5) 

8.17 

(4,5) 

9.35 (9.36) 

(4,5) 

3 5.06 

(7,10) 

5.18 (5.18) 

(7,10) 

8.10 

(4) 

8.58 (8.66) 

(4) 

7.06 

(4) 

7.91 (7.91) 

(4) 

8.77 

(4) 

9.53 (9.62) 

(4) 

4 5.76 

(7,8,9) 

5.81 (5.81) 

(7,8,9) 

6.33 

(7,8,9) 

6.80 (6.88) 

(8,9) 

5.28 

(8,9) 

6.13 (6.13) 

(8,9) 

6.99 

(7,8,9) 

7.75 (7.84) 

(8,9) 

5 6.09 

(8,9) 

6.50 (6.50) 

(8,9) 

6.09 

(8,9) 

6.50 (6.51) 

(8,9) 

4.41 

(8,9) 

4.81 (4.80) 

(9) 

6.75 

(8,9) 

7.46 (7.46) 

(8,9) 

6         4.01 

(9,13) 

3.66 (3.66) 

(9,13) 
    

7 4.41 

(10,11) 

4.61 (4.61) 

(10,11) 
            

8 4.31 

(9,11,12) 

5.10 (5.10) 

(9,10,11) 

4.31 

(9,11,12) 

5.10 (5.10) 

(9,11,12) 

4.18 

(9,12) 

5.14 (5.14) 

(9,12) 

4.97 

(9,11,12) 

6.05 (6.05) 

(9,11,12) 

9         2.67 

(14,15) 

2.96 (2.95) 

(14,15) 
    

10 2.93 

(11,14) 

3.16 (3.16) 

(11,14) 
            

12         2.67 

(14,15) 

2.96 (2.95) 

(14,15) 
    

13          2.87 

(9,14,15) 

2.42 (2.43) 

(14,15) 
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algorithm 1. The results are tabulated in Table 3.1 and are compared with the network where 

the links are assumed to be independent. It is observed from Table 3.1 that the costs from 

(1)S to the destination set (1)DS  for the two cases are different. To confirm our results, the 

packet transmission is performed using algorithm 2. Each simulation is run for 1 million 

packets, and the average number of transmissions needed to deliver a packet from source to 

destination set reliably is calculated. The six independent runs are done to evaluate 

confidence levels and confidence intervals to confirm that the experimental results are 

statistically significant. The results are within 5% of the mean value with a confidence level 

of at least 95%. Simulation results for multicasting considering link correlation are mentioned 

next to analytical results in bold for comparison. 

3.6 Summary 

In this chapter, an analytical expression to compute cost in case of multicasting with 

correlated links is presented. Costs calculated using M-LCAR [5] with link correlations taken 

into account are employed as input to decide the packet transmission strategy. It is observed 

that multicasting costs to reach destination subsets are significantly different on considering 

the link correlations when compared to the network with independent links where the ETX 

costs of the network links are considered to be the same. It is also observed that the least cost 

route to the destination subset also changes in some cases. Analytical results obtained for the 

multicast network with correlated links are verified through simulations. 
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Chapter 4 

 
Network Coding Assisted Reliable Multicasting in 

Multi-Hop Wireless Networks 

 

 
In the previous chapter, the impact of link correlations on multicast route cost calculation is 

shown and a packet transmission strategy proposed for networks with correlated links. This 

chapter presents a NC-MLCAR scheme for packet transmission over a multi-hop wireless 

network for both independent links and for a correlated links environment. The extensive 

simulation results show that the proposed NC-MLCAR scheme significantly reduces the 

expected number of overall transmissions in the network for independent and correlated links 

compared to the existing multicasting schemes. 

4.1 Introduction 

NC takes into account the information content of each transmission and uses that knowledge 

to form a network-coded packet. In this chapter, a binary NC scheme for packet transmission 

is considered, which has simpler coding and decoding structure when compared to the 

complex RLNC scheme [4]. The objective is to transmit packets efficiently from the source 

node to the destination set with the help of a selected forwarder set to reduce the ETXs for 

efficient network capacity usage. The forwarder set is selected using MLCAR algorithm [5]. 

Network-coded packets are then transmitted by allocating traffic efficiently between the 

nodes of the forwarder set, while ensuring that each destination receives all the packets. The 

complexity analysis of NC-MLCAR is presented and compared with the corresponding 

MLCAR scheme.  
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   The rest of the chapter is organized as follows. In Section 4.2, the implementation details of 

NC-MLCAR are presented. Section 4.3 presents the proposed algorithm to transmit packets 

from the source to the destination set efficiently. In Section 4.4, simulation results and 

complexity analysis of NC-MLCAR is introduced. Finally, Section 4.5 concludes the chapter. 

4.2 Implementation Details: NC-MLCAR    

A stationary multi-hop wireless mesh network is considered where the source node (1)S  

multicasts a data file to (1) (1)M  (M  > 1)  destinations (1)1 M
D , . . . , D  with the help of (1)FS  

selected using the MLCAR algorithm [5]. The data file from (1)S  is transmitted as batches of 

packets, where each packet is communicated in a time slot of fixed duration. At ,(1)S  the data 

file is divided into batches of (1)N packets. Let (1)B  be a batch of (1)N  packets, represented 

by .(1)

(1) (1) (1)

1 N
B  = (P , . . . , P )

 
Information regarding successful or unsuccessful reception of a 

packet is communicated to the sender using ACKs and NACKs, respectively. ACKs/NACKs 

are assumed to be instantaneous and error-free. Once a batch is successfully received at the 

first-hop neighbors of the source towards the destined destination nodes, the next batch is 

forwarded by the source. The network-coded packets are transmitted over a wireless medium. 

At ,(1)S  the coded combinations of packets in a batch (1)B  are formed. The k
th

 coded packet is 

,

(1)N
(1) (1)

k ki i

i 1

P  = c P  where {0, 1}kic   and (1)

iP
 
is i

th
 packet in .(1)B  The code vector for the k

th
 

coded packet is .(1)k k1 kN
c  = (c , . . . , c )  Therefore, a network-coded packet (1)

kP  is the XOR 

combination of packets for which the elements of 
kc  are 1. The code vector is decided such 

that the coded packet is innovative for a maximum number of selected receiving nodes. A 

packet is said to be an innovative packet for a node if it is linearly independent from the 

packets, which are already present there. Once all the destinations receive (1)N  innovative 

TH-2318_136102015



 
 
 

49 
 

packets (i.e. (1)N  packets with linearly independent binary code vectors), they can retrieve 

the batch. A coded packet formed by combination of J  packets can be decoded at a node, 

only if the node has J - 1  innovative packets out of J  packets.   

   In the proposed scheme, a (1)FS  is selected from the neighboring nodes, such that the cost 

to (1)DS  is minimum. The multicast cost metric is determined using the ETX link cost. 

Network link cost metric ETX is defined as 
s1/p , where 

sp
 
is the probability that packets are 

successfully transmitted over the link. The probability that the packet is not received at any of 

the nodes in (1),i

xf  
is given by 

FP . The cost to multicast a packet from (1)S  to (1)DS  over an 

independent link network is given by (4.1)  

         

1(1),i (1) (1)(1),i (1)
a a (1),i (1),i(1),i (1),i f fa y

a x

(1) (1)

(1),i (1),i (1),i

F f f ,DS S ,DS
f f(1),i (1),i

xS ,DS
F

P  + β  + C  + C

C (f ) = 
1 - P

 

 
 
 



             (4.1)

 

The cost to multicast a packet from (1)S  to (1)DS  over a correlated link network is given by 

(4.2) 

           
   

,

(1),c (1) (1)(1),c (1)
a a (1),c (1),c(1),c (1),c (1),c f fa y

a x a

(1) (1) (1),c
x

(1),c (1),c (1),c

f f ,DS S ,DS
f  f f  (1),c (1),c

xS ,DS f k-1 k

k=1

1 + β C  + C

C (f ) =   
-1 P f

  

 
 
 




             

(4.2)
        

                  

 

   The algorithm for (1)FS  selection in an independent link network is presented in [5]. 

Chapter 3 introduced the (1)FS  selection algorithm for a network with correlated wireless 

links. In the NC-MLCAR scheme, (1)FS  selection for the network with both independent and 

correlated links is done by applying the multicasting cost defined in (4.1) and (4.2), 

respectively. The index i and c are dropped in the subsequent sections for the convenience of 

notation. The MAC layer multicast protocol discussed in [88] is followed. In the protocol, the 
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Figure 4.1: Flowchart of NC-MLCAR 

Define source node n, forwarder set 𝐹𝑆𝑛
(1)

, destination set 𝐷𝑆𝑛
(1)

  

and batch of packets to be transmitted by n to 𝐷𝑆𝑛
(1)

 as  𝐵𝑛
(1) 

 

Node n multicast first 𝑁𝑛
(1)

  packets without network coding and 

receives ACKs/NACKs from nodes in each set of ENE(1)  
 

Each set in ENE(1) 

receive 𝑁𝑛
(1)

 innovative 

packets?  

 

Yes 

Algorithm 1 

Find set of nodes in forwarder set (𝐹𝑆𝑛
(1)

) connected to 𝑑th node of 

𝐷𝑆𝑛
(1)

 and save as 𝐹𝑆𝑇𝑑
(1) 

 

No Employ network coding for 

all subsequent packet 

transmission based on packet 

reception status at each set of 

ENE(1)   
 

Algorithm 2 

Assign a node of 𝐹𝑆𝑛
(1)

 as new source n to transmit the identified 

packets (defined as new batch) to the specific destination subset 

(defined as new destination set) 

 

The packets received at each subset of 𝐹𝑆𝑛
(1)

(FSU(1)) reaching 𝐷𝑆𝑛
(1)

 are 

noted and assigned among the nodes of FSU(1) for further transmission  such 

that the MLCAR cost to communicate the packets to 𝐷𝑆𝑛
(1)

 is minimum.  

 

Nodes of 𝐹𝑆𝑛
(1)

are assigned 

to transmit 𝑁𝑛
(1)

 innovative 

packets to each node of 

𝐷𝑆𝑛
(1)

?  

Yes 

No 

Identify the packets not assigned 

to nodes of 𝐹𝑆𝑛
(1)

. Find the subset 

of 𝐹𝑆𝑛
(1)

with the unassigned 

packets and make it a new 

𝐹𝑆𝑛
(1)

to transmit the unassigned 

packets to the corresponding 

subset of 𝐷𝑆𝑛
(1)

as new 𝐷𝑆𝑛
(1)

. 
 

Algorithm 3 

Algorithm 4 

N(1) innovative packets 

are received at each 

node of DS(1)  for the 

batch? 

𝑁𝑛
(1)

innovative packets 

are received at each 

node of 𝐷𝑆𝑛
(1)

? 
Go to next batch 

No 

No 

Yes 

Yes 

From all 𝐹𝑆𝑇𝑑
(1)

s, discard 𝐹𝑆𝑇𝑑
(1)

s whose subset is a  𝐹𝑆𝑇𝑑
(1)

 in itself 

and keep the remaining 𝐹𝑆𝑇𝑑
(1)

s in ENE(1).  The sets in ENE(1) must 

receive 𝑁𝑛
(1)

 innovative packets so that each node of 𝐷𝑆𝑛
(1)

 receives 

all 𝑁𝑛
(1)

transmitted packets 

TH-2318_136102015



 
 
 

51 
 

signaling overhead to execute reliable multicasting includes RTS  (Ready to Send), CTS  

(Clear to Send), and ACK/NACK. Overhead packets required to transmit the i
th

 by the 

network node n  are ,(1)

i nn  = RTS + V (CTS + ACK/NACK)  where (1)

nV is size of .(1)

nFS   

4.3 Proposed Algorithm: NC-MLCAR  

In this section, a scheme is presented for efficient transmission of innovative packets from n  

to (1)

nDS  with a selected .(1)

nFS  The scheme is presented with the help of four algorithms. In 

Algorithm 1, subsets of forwarder set which must receive all innovative packets are 

identified.  This  is  done  to  ensure  that  all  the  destinations  can  eventually  receive (1)

nN

innovative packets. Next, in Algorithm 2, (1)

nN  innovative packets are reliably transmitted to 

the subsets of the (1)

nFS  obtained in Algorithm 1. This includes deciding the code vector for 

Algorithm 1: Finding subsets of (1)

nFS
 
which must have (1)

nN innovative packets 

Initial Conditions: (1) (1)
n n

(1) (1)

n 1 n 1V M
n; FS  = {f , . . . , f }; DS  ={ D , . . . , D };  

(1)

dFST  for ;(1)

nd DS ;(1) (1) (1)AFST [1] AFST [|AFST |]  

Output: ; ( ) ;(1) (1) (1)ENE  K size ENE   

1.     for each (1)

nd DS  do 

2.        for each (1)

nf FS  do 

3.           if , ( , )(1),w

f,dC <  w i  c
 
then  

4.          (1) (1)

d dFST FST f  

5.           end if 

6.        end for 

7.     end for 

8.    
(1)AFST = set of '(1)

dFST s sorted in ascending order of their size  

9.     for i = 1
 
to (1)

nM
 
do  

10.      for j = (i + 1)
 
to (1)

nM
 
do  

11.         if , ,(1) (1) (1) (1)AFST [i]  AFST [j]  AFST [i] AFST [j]
 
then  

12.        (1)AFST [j] =  

13.         end if 

14.      end for 

15.   end for 

16.  
(1) (1)ENE  = AFST excluding all null elements 
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more efficient transmission. Algorithm 3 does packet distribution at the nodes of the ,(1)

nFS  

so that each destination receives (1)

nN  innovative packets. After traffic distribution in 

Algorithm 3, ,n ,(1)

nDS  and (1)

nFS  are updated in Algorithm 4 to forward the packets to the 

destination nodes. Nodes of the (1)

nFS  in Algorithm 4 act as the new source to transmit the 

assigned packets further to their corresponding destination set. The proposed algorithm is 

shown with the help of a flowchart in Fig. 4.1. 

 

4.00

3.53

3.53
4.00

4.00

4.00

5.00

(1)
S

1f

2f

3f

1D

2D

5.00

4.00 D3

 

Figure 4.2: Example network 1: Multicasting 

   To follow the steps of the proposed algorithms, a simple multicast network with 

independent links shown in Fig. 4.2 is considered. Here (1)S  multicasts a batch of 5 packets 

, , , ,(1) (1) (1) (1) (1)

1 2 3 4 5(P  P  P  P  P )  to .(1)

1 2 3DS  = {D , D , D }  The ETX cost of a link are mentioned 

against it in the figure. Using MLCAR algorithm, (1)

1 2 3FS  = {f , f , f }
 
is identified as the 

(1)FS  with the least cost to .(1)DS  The selected (1)FS  is used to communicate packets from 

node (1)S  to (1)DS  using Algorithms 1 - 4. To start with, the variables 

, , , , , ,(1) (1) (1) (1) (1)

n n n n nn  FS  DS  N  V  M
 

and (1)

nIP  are defined as , ,(1) (1) (1)

nn S  FS FS  

, , ,(1) (1) (1) (1) (1) (1) (1) (1)

n n n n DS DS  N N  V V  M  = M and .(1) (1)

nIP  = B  

TH-2318_136102015



 
 
 

53 
 

In Algorithm 1 (lines 1 - 7), nodes in (1)

nFS  connected to p
th

 node of (1)

nDS  are identified and 

stored in (1)

dFST  for .(1)

nd  = {1, . . . , M }  For the network in Fig. 4.2, 

1 1 2 3, ,
1 2

(1) (1)

D DFST  = {f }  FST  = {f , f , f }  and 
2 33

(1)

DFST  = {f , f } . Next, '(1)

dFST s are sorted in 

ascending order of their size and stored in (1)AFST  (line 8). This gives 

.(1)

1 2 3 1 2 3AFST  = {{f }, {f , f }, {f , f , f }}  Since each element of (1)AFST  communicates 

packets to a specific node of ;(1)

nDS  each element of (1)AFST
 
must receive all ( 5)(1)

nN  

Algorithm 2: Packet Transmission 

Initial Conditions: ;(1)
n

(1) (1) (1)

n 1 N
IP  = (P , . . . , P )  

Input: ; ; ; ;(1) (1) (1) (1)

n nENE  K  N  FS  

Output: Packet reception status at nodes of ;(1)

nFS  

1.     Node n
 
multicast packets (1)

nIP
 
as first (1)

nN  transmissions 

2.     Nodes in (1)

nFS  sends packet reception status with the help of ACKs/NACKs to n  

3.     if (1)K  = 1
 
then   

4.     n  transmits missing packets without network coding until nodes of 
(1)ENE collectively     

        receives (1)

nN innovative packets    

5.     end if 

6.     if (1)K  > 1 and packet is missing at all the nodes of (1) (1)ENE [k], k = 1, . . . , K
 
then  

7.    n  transmits missing packets without network coding until the packet is successfully  

        received by at least one node of any (1) (1)ENE [k], k = 1, . . . , K  

8.     end if 

9.     if (1)K  > 1 and packet is missing at the nodes of (1) (1)ENE [k], k = 1, . . . , K
 
then 

10.  n  multicast XOR combinations of disjoint packets missing at more than one (1)ENE [k]s. 

        If packets are missing at only one (1)ENE [k]  or common packets are missing at    

       ,(1)ENE [k]s n
 
transmits packets without network coding. The transmission continues  

        until nodes of ,(1) (1)ENE [k], k = 1, . . . , K
 
collectively receives (1)

nN
 
innovative packets 

11.   end if 

12.   if 
(1)N  innovative packets are received at all nodes (1)1 M

D , . . . ,D  then 

13.   Initialize: (1) (1) (1) (1) (1) (1) (1) (1) (1) (1) (1)

n n n n nn = S , FS  = FS , DS  = DS , N  = N , V  = V , M  = M ,
 
 

        and (1) (1)

nIP  = B ,
 
and  switch to next batch and go to step 1 of Algorithm 1 

14.   else if (1)

nN
 
innovative packets are received at all nodes (1)

n
1 M

D , . . . ,D then 

15.   go to step 1 of Algorithm 4  

16.   end if 
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innovative packets. An element of (1)AFST  may be a subset of another element of ,(1)AFST  

and since both the elements receive all the (1)

nN  innovative packets, the element with a 

bigger set size is discarded. The remaining elements are stored in (1)ENE  (lines 9 - 16). For 

the network in Fig. 4.2, (1)

1 2 3ENE  = {{f }, {f , f }}
 
and .(1)K  = 2  

   Next, Algorithm 2 is followed for packet transmission from n  to (1)

nFS  until each element 

of (1)ENE
 
receives (1)

nN  innovative packets ( (1)

nIP ). At first (line 1), node n  multicast (1)

nN  

packets of the batch without NC. Once node n  receives the status of the packets it has 

transmitted, it can decide the code vector for its subsequent transmissions. After first (1)

nN  

transmissions, a coded combination of packets is sent from the source only if the coded 

packet is innovative for more than one element of ;(1)ENE
 
otherwise an uncoded (native) 

packet is transmitted (lines 3 - 11). For the network example of Fig. 4.2, suppose that the 

packets received after the first 5 transmissions at (1)

nFS
 

nodes , ,1 2f  f
 

and 
3f  are 

, ,(1) (1) (1) (1) (1)

1 3 4 2 5(P , P , P )  (P , P )  and ,(1) (1)

1 5(P , P )  respectively. Then, packets received at 
1{f }  

and 
2 3{f , f }  are (1) (1) (1)

1 3 4(P , P , P )and ,(1) (1) (1)

1 2 5(P , P , P )  respectively. Since each element of 

(1)ENE  has not received 5 innovative packets, n  transmit combination of packets which are 

innovative for more than one element of .(1)ENE
 
Suppose, n  transmits (1) (1)

2 3(P P )  and the 

packet is successfully received at 
1f  and 

2f  but not at .3f  The updated packet reception 

status for forwarders , ,1 2f  f
 

and 
3f  are then ,(1) (1) (1) (1) (1)

1 3 4 2 3(P , P , P , P P )  

5 ,(1) (1) (1) (1)

2 2 3(P , P , P P )  and  
5

(1) (1)

1(P , P )  respectively. 
1f  can extract (1)

2(P )
 
using (1)

3(P )  and 

(1) (1)

2 3(P P )  and 
2f  can extract (1)

3(P )  using (1)

2(P )  and (1) (1)

2 3(P P ) . Again a coded packet 

(1) (1)

4 5(P P )  is multicast from .n
 
On successful reception, the packet status at , ,1 2f  f

 
and 

3f  

is updated to : ,(1) (1) (1) (1) (1)

1 1 2 3 4 5f  (P , P , P , P , P )  : ,(1) (1) (1) (1)

2 2 3 4 5f  (P , P , P , P )
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: .(1) (1) (1)

3 1 4 5f  (P , P , P )
 

Thus, intermediate nodes of (1)ENE [1]
 

and (1)ENE [2]
 

have  

received   5   innovative   packets.   In    order    to    further    communicate   the   packets   to   

  

, ,1 2D  D
 
and 

3D  (lines 12 - 16), Algorithm 3 is followed. 

Algorithm 3: Traffic Distribution 

Initial Conditions: ; ;(1) (1) (1) (1)

n n n nF [1] F [2]      D [1]  D [2]     

;(1) (1)

n nIP [1] IP [2]     

Input Conditions: Packet reception status at nodes of ; ; ; ;(1) (1) (1) (1)

n n n nFS  N  FS  DS  

Output: ; ; ;(1) (1) (1)

n n nF  D  IP  

1.     for l = 1 to (1)|FSU |  do 

2.        for each 
(1)

pf FSU [l]  do 

3.           for each 
p

(1)

fDSU
 
do  

4.           Find nodes 'spf
 
and the corresponding '

p

(1)

fDSU s, such that the overall cost to reach     

              from (1)FSU [l]
 
to (1) (1)

n

(1) (1),w

n FSU [l],DS
DS  (C , w  {i, c})  

is minimum  

5.           end for 

6.        end for  

7.        Store in sequence all 'spf
 
and '

p

(1)

fDSU s in (1)

nF
 
and ,(1)

nD
 
respectively 

8.  
      

Innovative packets successfully received at all the nodes of (1)FSU [l]  and not at nodes 

           of (1) (1)

nFS  - FSU [l]  (packets may have different code vector) are stored against the 

           corresponding (1)

nF
 
and (1)

nD
 
in .(1)

nIP
 
Delete the null elements of (1)

nIP
 
and its  

           corresponding (1)

nF
 
and ,(1)

nD
 
if any 

9.     end for 

10.   if  nodes of (1)

nFS are assigned to communicate (1)

nN innovative packets to each node of  

       (1)

nDS then 

11.   continue 

12.   else 

13.   Find the unassigned packets at the nodes of (1)

nFS
 
and the corresponding nodes of (1)

nDS  

        with the unassigned packets. Find the (1)

nFS
 
subset with these unassigned packets. Make 

        this (1)

nFS
 
subset a new (1)

nFS  to transmit unassigned packets to the identified subset of  

        (1)

nDS
 
as new (1)

nDS
 
and go to step 1 of Algorithm 3 

14.   end if  

15.   Sort elements of (1)

nD
 
in ascending order of size and arrange (1)

nF
 
and (1)

nIP
 
based on  

        modified index order of (1)

nD
 
on sorting 
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Algorithm 4: Initialization 

Input Conditions: ; ; ; ;(1) (1) (1) (1)

n n n nF  D  IP  FS  

Output: ; ; ; ;(1) (1) (1)

n n nn  DS  IP  N   

1.     for each (1)

u nf FS  do 

2.    ; ; ; ;
u u u u

(1) (1) (1) (1)

f f f fi = 1  j = 1  DE [1]  DE [2]   PE [1]  PE [2]   

3.        for each (1)

v nf F
 
do  

4.           if u vf f
 
then 

5.              if 
u

(1)

fDE [1]
 
then 

6.             ;
u u u u

(1) (1) (1) (1) (1) (1)

f f n f f nDE [1]  DE [1]  D [v]  PE [1]  PE [1]  IP [v]  

7.              end if 

8.              if j 1
 
then 

9.             
u u

(1) (1) (1)

f f nDE [j]  DE [j]  D [v]  

10.               for  i 1
 
to j-1

 
do 

11.                 if ,
u u u u

(1) (1) (1) (1)

f f f fDE [j]  DE [i] = DE [i]  DE [i]
 
then 

12.                 
u u

(1) (1) (1)

f f nPE [i]  PE [i]  IP [v]  

13.                  end if 

14.                  if ,
u u u u

(1) (1) (1) (1)

f f f f(DE [j]  DE [i]) - DE [i]  DE [i]
 
then 

15.                 
u u u u

(1) (1) (1) (1)

f f f fDE [j]  (DE [j]  DE [i]) - DE [i]  

16.                 
u u

(1) (1) (1)

f f nPE [j]  PE [j]  IP [v]  

17.                  else 

18.                 ,
u u

(1) (1)

f fDE [j]   PE [j]   

19.                  end if 

20.               end for 

21.            end if 

22.           j = j + 1 

23.         end if 

24.      end for 

25.      Remove null elements of 
u

(1)

fDE and .
u

(1)

fPE
 
Set | | | .

u u

(1) (1) (1)

f ft  = |DE   PE  

26.      if (1)t  > 0
 
then 

27.      Initialize: , ,
u u

(1) (1) (1) (1)

u n f fn = f  DS   {DE [1],…, DE [t ]}   

          ,
u u

(1) (1) (1) (1) (1) (1)

n n f n fIP  {IP PE [1],…, IP PE [t ]}  

          u u

(1) (1) (1) (1)

n f fN   max{size(PE [1]),…, size(PE [t ])}
 
and go to step 1 of Algorithm 1 

 
28.      else 

29.      go to step 1 of Algorithm 4 

30.      end if 

31.   end for 
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   In Algorithm 3, the multicasting cost 
(1)

p f p

(1),w

f ,DSU
C of independent and correlated link network 

computed using (4.1) and (4.2), respectively is fetched for each node of .(1)FSU [l]  The 

'spf ( (1)

pf FSU [l] ) and corresponding '
p

(1)

fDSU s are identified, such that the 

multicasting cost from (1)FSU [l]  to reach (1)

nDS  is minimum. The nodes 'scf  of 

(1)FSU [l]  and the corresponding '
p

(1)

fDSU s are stored in (1)

nF  and ,(1)

nD  respectively. Next, 

the packet reception status at the nodes of (1)

nFS  obtained in Algorithm 2 is used to find the 

packets received at all nodes of (1)FSU [l]  and missing at nodes of .(1) (1)

nFS  - FSU [l]  The 

packets thus found for each (1)FSU [l]  are stored in (1)

nIP  for the corresponding elements of 

(1)

nF  and (1)

nD
 

(lines 1 - 9). Consider the network in Fig. 4.2 with 

.(1)

1 2 1 3 1 2 3FSU  = {{f , f }, {f , f }, {f , f , f }}  
The cost from (1)FSU [1]  to (1)

nDS is minimum 

when 
1f  transmits to 

1 2{D , D }  and 
2f  to 

3{D }  (line 4). Then, 'spf  and the corresponding 

'
p

(1)

fDSU s are stored in (1)

nF  and (1)

nD
 
as (1)

n 1 2F  = {{f }, {f }}  and 
2

(1)

n 1 3D  = {{D , D }, {D }}
 

respectively (line 7). Using the packet reception status at the nodes of (1)

nFS  obtained in 

Algorithm 2, packets (1) (1)

2 3(P , P )  are present in (1)FSU [1]  and not in 

(1) (1)

n 3FS  - FSU [1] = {f } . Therefore, 
1f  is assigned to transmit packets (1) (1)

2 3(P , P )  to 

21{D , D }  and 
2f  is assigned to transmit packets (1) (1)

2 3(P , P )  to 
3{D }  (line 8). Thus, 

.(1) (1) (1) (1) (1)

n 2 3 2 3IP  = {(P , P ), (P , P )}
 

On following the same steps for (1)FSU [2]  and 

, ,(1) (1)

nFSU [3]  F  ,(1)

nD  and (1)

nIP  in line 15 of Algorithm 3 are updated as   

(1)

n 2 3 2 1 1 1

(1)

n 3 3 3 1 2 1 2 1 2

(1) (1) (1) (1) (1) (1) (1) (1) (1) (1) (1)

n 2 3 1 4 5 2 3 1 4 5

F  = {{f }, {f }, {f }, {f }, {f }, {f }}

D  = {{D }, {D }, {D }, {D , D }, {D , D }, {D , D }} 

IP  = {(P , P ), (P ), (P , P ), (P , P ), (P ), (P , P )}
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   In Algorithm 4, , ,(1)

nn  DS and the innovative packets assigned to node n  for further 

transmission are initialized based on the outcome of Algorithm 3. For the example being 

considered, 
1f  is assigned to act as source for communicating packets 

(1) (1) (1) (1) (1)

1 2 3 4 5(P , P , P , P , P )
 

to .1 2{D , D }
 

Similarly, 
2f  and 

3f  are assigned to send 

(1) (1) (1) (1)

2 3 4 5(P , P , P , P )
 
and ,(1)

1(P )
 
respectively to .3{D }

 
Next, different cases encountered 

while executing Algorithm 3 and Algorithm 4 are illustrated. Note that an independent link 

assumption is made in the example networks.

 
Case I: Different nodes in the (1)

nFS  have common innovative packet but with different code 

vectors. 

For illustration, consider the example network in Fig. 4.2 with the same outcome of 

Algorithm 1 and the packet reception after the first 5 transmissions in Algorithm 2. Now, 

assume that the innovative packet (1) (1)

2 3(P P )  transmitted by (1)S  is successfully received 

only at 
1f  and 

3f . Then, (1)S  broadcasts (1) (1)

4 5(P P ) , which is successfully received at 

, ,1 2f  f  and 
3f . The reception status of packets at the nodes of (1)FS

 
are

;(1) (1) (1) (1) (1)

1 1 2 3 4 5f : (P , P , P , P , P ) ;(1) (1)

2 2 5f : (P , P ) (1) (1) (1) (1)

3 1 5 2 3f : (P , P , P P ) . Next, Algorithm 

3 is followed considering changes in results of Algorithm 2 for the network in Fig. 4.2. The 

minimum multicasting cost from (1)FSU [2]  to (1)DS  is achieved when 
1f  transmits packets 

to 
1 2{D , D }  and 

3f  to .3{D }  Now, 
1f  has (1)

3(P )and 
3f  has (1) (1)

2 3(P P ) , which are 

common innovative packet at 
1f  and 

3f , but with different code vectors, i.e., (0, 0, 1, 0, 0) 

and (0, 1, 1, 0, 0), respectively. Therefore, 
1 2{D , D }  receives (1) (1)

1 3(P , P )
 
from 

1f  while 

3{D }  receives (1) (1) (1)

1 2 3(P , P P )  from 
3f . Later, 

3{D }  receives (1)

2(P )  from 
2f , and thus, 

can extract (1)

3(P )  by XORing (1) (1)

2 3(P P )  with (1)

2(P ) . Therefore, , ,(1) (1)

n nF  D and (1)

nIP  on 

sorting are  
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(1)

n 2 3 2 1 1 1

(1)

n 3 3 3 1 2 1 2 1 2

(1) (1) (1) (1) (1) (1) (1) (1) (1) (1) (1) (1)

n 2 1 2 3 4 5 2 1 3 4 5

F  = {{f }, {f }, {f }, {f }, {f }, {f }}

D  = {{D }, {D }, {D }, {D , D }, {D , D }, {D , D }} 

IP  = {(P ), (P , P P ), (P , P ), (P ), (P , P ), (P , P )}
 

 

In Algorithm 4, nodes of (1)FS  are assigned as source to communicate the corresponding 

batches to the destined subset of (1)DS . 

Case II: Distinct packets of a batch are assigned to the same (1)

nFS
 
node which are destined 

for different destination subsets 

Consider the example network shown in Fig. 4.3, where , ,(1) (1)S  = 0  DS  = {6, 7, 8}  and      

.(1)FS  = {1, 2}  A batch (1) (1) (1) (1) (1) (1)

1 2 3 4 5B  = (P , P , P , P , P )  is to be reliably multicast from 

(1)S  to .(1)DS  Using Algorithm 1, the subset of (1)FS  which must have (1)N  innovative 

packets is identified as .(1)ENE  = {1}  Let packets received at the nodes of (1)FS  after 

completion of Algorithm 2 be (1) (1) (1) (1) (1)

1 2 3 4 51: (P , P , P , P , P )  and .(1) (1) (1)

3 4 52: (P , P , P )  For 

Algorithm 3, .(1)FSU  = {{1}, {1, 2}}
 

Using the outcomes of Algorithms 1 and 2, the 

outcome of Algorithm 3 i.e. , ,(1) (1)

n nF  D and (1)

nIP  on sorting are 

(1)

n

(1)

n

(1) (1) (1) (1) (1) (1) (1) (1) (1)

n 3 4 5 3 4 5 1 2

F  = {{2}, {1}, {1}}

D  = {{8}, {6, 7}, {6, 7, 8}} 

IP  = {(P , P , P ), (P , P , P ), (P , P )}
 

For n = {1}  in Algorithm 4 (line 27), , ,(1)

nn = {1}  DS  = {6, 7}  

,(1) (1) (1) (1) (1) (1)

n 1 2 3 4 5IP  = (P , P , P , P , P ) (1)

nN  = 5
 

and (1) (1) (1) (1)

n n 1 2n = {1}, DS  = {8}, IP  = (P , P ),  

.(1)

n N  = 2
 
That is, node 1 is assigned to send packets (1) (1) (1) (1) (1)

1 2 3 4 5(P , P , P , P , P )
 
to {6, 7}

 

and (1) (1)

1 2(P , P )  to .{8}  Similarly, node 2 is assigned to send packets (1) (1) (1)

3 4 5(P , P , P )  to {8} . 

For ,n = {1}  the outcome of Algorithm 1 is .(1)ENE  = {{5}, {3, 4}}  On executing     
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Algorithm 2, let us assume that the packet reception status are 

; ; .(1) (1) (1) (1) (1) (1) (1) (1)

1 2 3 3 4 5 1 23: (P , P , P )  4: (P , P , P )  5: (P , P )   
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Figure 4.3: Example network 2: Multicasting 

   
The traffic distribution is performed using Algorithm 3 with 

.(1)FSU  = {{3, 5}, {4, 5}, {3, 4, 5}}  , ,(1) (1)

n nF  D  and (1)

nIP  are ,(1)

nF  = {{3}, {5}}  

,(1)

nD  = {{6, 7}, {8}}
 

and .(1) (1) (1) (1) (1)

n 1 2 1 2IP  = {(P , P ), (P , P )}  It is observed that, 

(1) (1) (1)

3 4 5(P , P , P )  are not assigned to any of the forwarding nodes. Therefore, in line 13 of 

Algorithm 3, a subset of (1)

nFS  with the unassigned packets is identified.  These packets are 

multicast to the corresponding destinations with the least multicasting cost. In this case, node 

n = 1 communicates the unassigned packets (1) (1) (1)

3 4 5(P , P , P )
 
to (1)

nDS  = {6, 7}
 
with the help 

of .(1)

nFS  = {3, 4}
 
Since, 

3(P )  is present at node 3 and node 4, and (1),i

4, {6,7}C  is the least 

multicasting cost, node 4 is assigned to transmit .(1)

3(P )  (1)

4(P )  and (1)

5(P )  are only available at 

node 4; therefore node 4 is assigned to transmit packets .(1) (1)

4 5(P , P )
 

, ,(1) (1)

n nF  D and (1)

nIP
 
are 

updated and sorted as  
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(1)

n

(1)

n

(1) (1) (1) (1) (1) (1) (1) (1)

n 1 2 1 2 3 4 5

F  = {{5}, {3}, {4}}

D  = {{8}, {6, 7}, {6, 7}} 

IP  = {(P , P ), (P , P ), (P , P , P )}  

4.4 Simulation Results and Complexity Analysis 

In this section, simulation results and complexity analysis for the proposed NC-MLCAR 

scheme are presented. The multicasting cost of the scheme is compared with the other state-

of-the-art schemes like MORE [4], Pacifier [7], and MLCAR [5] for both independent and 

correlated link networks. 

4.4.1 Simulation Results  

An event driven simulator is designed for MORE, Pacifier, MLCAR, and NC-MLCAR in the 

C++ programming to obtain their multicasting costs. Each protocol is simulated for 10 

randomly generated topologies with 20 static nodes. A source node (1)S
 
and destination set 

(1)DS
 
of size 4 are randomly selected for each topology. The probabilities of successful 

packet transmissions 
Sp  on the different links of the network are randomly generated in the 

range {0.15, 0.85}. In correlated link networks, the probability of correlation between links 

of the network is dependent on .Sp
 

Let 
n,1 n,Hmin{p ,…, p }

 
for any node n of the 

network, where 
, ,n hp  h = {1,…, H}  is 

Sp
 
for the link between n and h, and H is size of 

.nNS
 
The impact of link correlation on the performance gain is presented for three cases: (i) 

low link correlation, 
Cp 10%

 
of ,  (ii) moderate link correlation, 

Cp 50%
 
of ,

 
and 

(iii) high link correlation, 
Cp 90%

 
of ,

 
where 

Cp  is the probability of correlation among 

the possible combinations of links from n to the respective nodes of .nNS   
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   MORE eliminates the forwarders with less than 10% of the batch transmission. This 

pruning threshold disconnects some receivers, which may obstruct in initiating the 

communication for the next batch by the source. Pacifier reduces the pruning threshold from 

0.10 to 0.01 so that the receivers are not disconnected. The best average throughput in 

Pacifier is obtained by selecting the parameter value knob = 1 [7]. The same pruning 

threshold and knob value are used while implementing MORE and Pacifier. The size of N
(1)

 is 

assumed to be 32, which is the same as in [4, 7]. The data file at the source node is divided 

into 10
5
 batches with N

(1)
  packets in each batch.   

    

 

 
 

             

              

              

              

              

              

              

              

              

              

              

              

              

              

              

              
 

 

 

 

 

  

 

      

               

Figure 4.4: Average multicasting cost of different schemes for independent and correlated links. 

   The multicasting cost is defined as the ETXs required to reliably send packets from (1)S
 
to 

.(1)DS
 
In Fig. 4.4, the average multicasting costs of MORE, Pacifier, MLCAR, and NC-

MLCAR schemes are plotted for both independent and correlated link networks. For 
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networks with correlated links, three cases of low (10%), moderate (50%) and high (90%) 

correlation are considered, as was defined earlier. It is observed that the average multicasting 

cost of the proposed NC-MLCAR scheme is significantly lower than that of the MORE, 

Pacifier, and MLCAR protocols. Further, the average multicasting cost of MORE, Pacifier, 

and NC-MLCAR is almost constant on varying link correlation. However, the average 

multicasting cost of MLCAR reduces with an increase in the network links correlation. When 

the correlation between the links is high, the packets received at nodes are almost identical. 

The decrement in the cost of NC-MLCAR over MLCAR is around 5 with a performance gain 

of 19% for independent links, as shown in Fig. 4.4. For correlated links, it varies with the 

correlation as 5 (Case 1), 3.40 (Case 2), and 1.5 (Case 3) with performance gain of 19.5%, 

14%, and 6%, respectively. 

4.4.2 Complexity Analysis  

Complexity analysis for NC-MLCAR involves identifying the complexity of route cost 

calculations and packet transmissions. The complexity incurred in route cost calculations 

using the Bellman-Ford type algorithm to reach from all possible combinations of 

neighboring nodes 
nNS  to subsets of (1)

nDS  is 2 .
(1)

n n(|NS |+|DS |)
O( )  Algorithms 1 - 4 discussed 

above are used for packet transmission. In Algorithm 1, the subsets of (1)

nFS  reach each node 

of (1)

nDS  with complexity (1) (1)

n nO(|FS ||DS |) .  The subsets of (1)

nFS  with (1)

nN  
innovative 

packets (1)ENE  can be identified with complexity of 2(1)

nO(|M | ).Thus, the overall 

complexity of Algorithm 1 is bounded by 2(1) (1) (1)

n n nO(|FS ||DS |+|M | ). Next, in Algorithm 2, 

coded packets that are innovative for the maximum number of forwarding nodes are 

identified. This requires packet reception status of (1)

nN  
innovative packets from all the nodes 

of (1)

nFS  resulting in complexity of (1) (1)

n nO(|N ||FS |).  In Algorithm 3, a node searches all 

TH-2318_136102015



 
 
 

64 
 

possible combinations of (1)FSU  reaching the subsets of (1)

nDS  such that the overall 

multicasting cost is minimum. (1)

nFS  is the largest (1)FSU  therefore the complexity of 

Algorithm 3 is bounded by 2 .
(1) (1)
n n(|FS |+|DS |)

O( ) Algorithm 4 assigns nodes of (1)

nF
 
as new n and 

the corresponding destination set present in (1)

nD  as .(1)

nDS  The innovative packets present in 

the node n are assigned to .(1)

nIP  This incurs a complexity of | | | |(1) (1) (1)

n n nO(|FS |( F D ))
 
in 

Algorithm 4. 

Table 4.1: Comparison of complexity analysis of MLCAR and NC-MLCAR 

 

 

   The MLCAR protocol is a special case of NC-MLCAR protocol when batch size ( (1)

nN ) is 

one. The extra computational complexity of NC-MLCAR incurs because of NC. The 

computational complexity of NC increases with the batch size. In order to form an innovative 

packet, packet reception status at the nodes of (1)

nFS  is required for all the packets in a batch. 

If the batch size is large, encoding and decoding is performed using more number of packets 

at the senders and receivers end, respectively. For simulation, the batch size is assumed to be 

32, which is same as in [4, 7]. As network size grows in size,
n|NS |, (1)

n|DS | , and (1)

n|FS |
 

increase which in turn makes the system more complex. The computational complexity of 

 

 

Algorithm complexity 

MLCAR                               NC-MLCAR 

Route cost 

calculation 

2
(1)

n n(|NS |+|DS |)
O( )   2

(1)
n n(|NS |+|DS |)

O( )  

Packet 

transmission 

2
(1) (1)
n n(|FS |+|DS |)

O( )   22
(1) (1)
n n(|FS |+|DS |) (1) (1) (1)

n n nO( )+O(|FS ||DS |+|DS | )  

(1) (1) (1) (1) (1)

n n n n n+O(|N ||FS |)+O(|FS |(|F |+|D |))  

TH-2318_136102015



 
 
 

65 
 

route cost calculations and packet transmission is mainly dominated by the exponential term 

2
(1)

n n(|NS |+|DS |)
O( )  and   2

(1) (1)
n n(|FS |+|DS |)

O( )  respectively (Table 4.1.). Therefore, MLCAR and NC-

MLCAR protocols are not suitable for the bigger networks. The simulator designed for each 

protocol can handle up to 50 network nodes with a maximum forwarder and destination set 

size of 16. 

4.5 Summary  

This chapter presents a novel NC assisted packet forwarding strategy for wireless networks, 

where a source node multicasts packet to the destination set with the help of a forwarder set 

selected using MLCAR protocol [5]. The scheme applies to both independent and correlated 

link networks. The main attributes of the proposed scheme are (i) it tracks the packet status of 

the forwarding nodes through ACK/NACK to ensure that all the innovative packets are 

forwarded to the successive nodes to ultimately reach the destination set, (ii) combine packets 

that are innovative for the maximum number of selected receiving nodes, and (iii) distribute 

packets among the forwarding nodes judiciously, so that the cost to reach the destination set 

is minimum. Simulation results show the advantages of the proposed NC-MLCAR scheme 

over the existing NC assisted multicasting approaches such as MORE [4] and Pacifier [7]. 

The results are also compared with the corresponding MLCAR approach. A significant 

reduction in multicasting cost for the proposed NC-MLCAR scheme is observed. In a 

practical scenario, links are not independent, so simulation results considering link 

correlations are also presented for the different schemes. The multicasting cost of the NC-

MLCAR scheme is almost constant on varying link correlation. 
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Chapter 5 

 
Network Coding Assisted Reliable Multi-Source 

Multicasting in Multi-Hop Wireless Networks 

 

 
The previous chapter discussed a NC assisted multicasting protocol for independent and 

correlated link networks. A source node transmits data to multiple destinations present in a 

multi-hop wireless network. In this chapter, a NC Assisted Reliable Multi-Source 

Multicasting (NCRMM) scheme is proposed for a multi-hop wireless network. The scheme 

decreases the average number of packet transmissions in a network, which reduces resource 

expenditure and traffic congestion problems. The extensive simulation results show that the 

cost of multicasting packets in NCRMM scheme are significantly less than that of existing 

multicasting schemes for both independent and correlated link scenarios.  

5.1 Introduction 

Wireless broadcasting facilitates the simultaneous reception of packets at multiple nodes, 

which would provide an opportunity to perform NC where a single coded packet can be 

beneficial for multiple terminals. NC is widely known to improve the overall network 

throughput and delay performance. Intra-session NC mixes packets of the same session, 

whereas inter-session NC combines packets of different sessions passing through the 

intermediate nodes. The NCRMM scheme uses the MLCAR algorithm [5] to select the 

forwarding nodes involved in packet transmissions from multiple source nodes to the 

corresponding destination sets. At each intermediate node, a CW is defined, which stores 

packets received at the node from the same and/or different sessions. The packets are 

judiciously combined using intra-session and inter-session NC to ensure efficient distribution 

of the packets among the forwarding nodes. This is done while ensuring that packets 
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transmitted from each source node is reliably received at all nodes of the corresponding 

destination set. The results and complexity analysis of the NCRMM scheme are presented 

and compared with the corresponding MLCAR and NC-MLCAR schemes. 

The rest of the chapter is organized as follows. In Section 5.2, the implementation details of 

NCRMM are presented. Section 5.3 presents the proposed algorithm to transmit packets 

efficiently from multiple source nodes to their respective destination sets. In Section 5.4, 

simulation results are presented. Section 5.5 presents the complexity analysis of the NCRMM 

scheme. Finally, Section 5.6 concludes the chapter.  

5.2 Implementation Details: NCRMM    

Multi-source multicasting over a stationary multi-hop wireless mesh network is considered 

assuming 
Sm  to be the number of multicasting sessions in a network where each session has 

its source (q)S  and the destination set (q)DS  of size (q)M  for 
mq n  and .m Sn =(1, . . . , m )  

The data file in each multicasting session is sent as batches. A network node can act as the 

source node of one session and the destination node for another session. Moreover, a node 

can be present in the destination set of more than one source. It is assumed that a source node 

does not act as an intermediate node of the network. Further, a network node transmits its 

packet whenever the MAC layer permits. As considered in [78], receivers snoop 

transmissions in promiscuous mode. The overheard packets are stored in a network node 

queue for a limited time-period ,ST  which is assumed to be sufficient to perform NC. Packets 

transmitted at a network node can be native or intra-session/inter-session coded based on the 

packet reception status at the neighboring node(s). A coded packet is formed such that it 

would be an innovative packet for a maximum number of nodes. The successful and 
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unsuccessful packet reception status is reported to the transmitter through ACKs/NACKs. 

ACKs/NACKs are considered instantaneous and error-free for the sake of simplicity.  

   In the proposed scheme, the multicasting route with the least cost is obtained using the 

MLCAR protocol [5]. For the q
th

 session, forwarder sets (q)FS  are determined to reach from 

source node (q)S  to all possible subsets of the destination set .(q)DS  After multicasting cost 

calculation for all sessions, data transmission is initiated from the source nodes to the 

respective destination sets. A source node (q)S  of the q
th

 session transmits its data file as a 

batch of (q)N  packets. Let (q)B  be a batch for q
th 

session consisting of (q)N  packets, 

represented as .(q)

(q) (q) (q)

1 N
B  = (P , . . . , P )

 
The packets in a batch of the q

th
 session are stored in 

the forwarding node queue after the packet forwarding decision is made based on the 

MLCAR cost. Once the packet forwarding decision is executed, the source erases the old 

batch and stores a new batch. A CW is defined for each forwarding node queue, which 

decides the maximum number of packets a node can first send using NC. Source and 

destination nodes do not have a CW, and source nodes follow batch-wise transmission using 

intra-session NC. In a CW, packets can be stored from the same session and different 

multicasting sessions, which provides an opportunity to perform intra-session and inter-

session NC. Moreover, packets held in a CW on distribution are either native or intra-session 

coded packets. The forwarding nodes do not wait for the CW to be full; instead, they transmit 

native/network-coded packets whenever the MAC layer permits. If the CW is not empty and 

packets are already assigned to nodes for transmission, then they are stored in the node’s 

queue. Once all the packets belonging to CW at the node are transmitted to the respective 

forwarding nodes, the node shifts to a new set of packets in its queue and flushes out the old 

ones. If the packet received at a node is not intended for it, then the packet is stored in the 

receiver’s queue for decoding but is not part of its CW.    
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   A binary NC scheme where the coding coefficients are either 0 or 1 is followed. A network-

coded packet formed on combining 
CP  packets can be decoded if the receiver has 

CP -1  of 

the 
CP  packets in its queue. Therefore, a packet is said to be innovative if it is linearly 

independent of the packets already stored at the node. A destination of q
th

 session can retrieve 

the batch once it receives all (q)N  innovative packets of the batch. In the proposed scheme, 

(q)FS  is selected among the neighboring nodes, so that the cost to (q)DS  is minimum. 

Network link cost metric ETX is defined as 
s1/p , where 

sp
 
is the probability that packets are 

successfully transmitted over the link. The 
sp  values are assumed to be the same for 

bidirectional links in the network. The cost of multicasting a packet from (q)S  to (q)DS  over a 

network with independent links is given by (5.1) 

             

1(q),i (q) (q)(q),i (q)
a a (q),i (q),i(q),i (q),i f fa y

a x

(q) (q)

(q),i (q),i (q),i

F f f ,DS S ,DS
f f(q),i (q),i

xS ,DS
F

P  + β  + C  + C

C (f )  
1 - P

 

 
 
 





         (5.1) 

The multicasting cost of communicating a packet from 
(q)S  to 

(q)DS  over a network with 

correlated link environment is given by (5.2) 

              
   

,

(q),c (q) (q)(q),c (q)
a a (q),c (q),c(q),c (q),c (q),c f fa y

a x a

(q) (q) (q),c
x

(q),c (q),c (q),c

f f ,DS S ,DS
f  f f  (q),c (q),c

xS ,DS f k-1 k

k=1

1 + β C  + C

C (f ) =   
-1 P f

  

 
 
 




        

(5.2)
                

   The selection of 
(q)FS  for each 

(q)S  is done using the MLCAR cost defined in (5.1) and  

(5.2), for independent and correlated links, respectively. The detailed procedure for MLCAR 

cost  calculation  and  
(q)FS   selection  for  independent  links  is  described  in [5].  Chapter 3  
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describes the MLCAR cost calculation and (q)FS  selection for correlated links. For the sake 

of simplicity, the index i which represents independent links and c representing correlated 

link networks are omitted in the subsequent sections. The signaling overhead required for 

reliable packet transmission in a multi-source multicasting environment is the same as that for 

the MAC layer multicast protocol in [88]. It includes positive/negative acknowledgment 

(ACKs/NACKs), RTS  (Ready to Send), and CTS  (Clear to Send) control notifications 

communicated  by  network  nodes.  For  transmitting  i
th 

 packet  from  network  node n,  the 

overhead packets needed are ,i En  = RTS + V (CTS + ACK/NACK)  where 
EV

 
is the size of 

 

Algorithm 1: Finding subsets of neighboring nodes of n which must have innovative packets  

Initial Conditions: (q)

dFST  for ;(q)

nd DS ;(q) (q) (q)AFST [1] AFST [|AFST |]  

; ; ;(q) (q) (q)

mENE [1],…,ENE [|ENE |] =  EFSN[1]= =EFSN[|EFSN|] =  q n  

Input: 
( ) ( ) ( ), ( ) ( )

,; ; ; ; , , { , };q q q w q q

n n a b mn  FS  DS  C  a S  b DS  w i  c  q n
 

Output: ; ; ; ;(q) (q)

mENE  K  q n  EFSN  

1.     for each 
mq n  do 

2.        for each (q)

nd DS  do 

3.           for each (q)

nf FS  do 

4.              if , ( , )(q),w

f,dC <  w i  c
 
then  

5.             (q) (q)

d dFST FST f  

6.              end if 

7.           end for 

8.        end for 

9.        Sort ) '(q

dFST s in ascending order of their size and store in 
(q)AFST  

10.       for l  = 1
 
to | |(q)

nDS
 
do  

11.         for m = (l + 1)
 
to | |(q)

nDS
 
do  

12.            if , ,(q) (q) (q) (q)AFST [l]  AFST [m]  AFST [l] AFST [m]
 
then  

13.            (q)AFST [m] =  

14.            end if 

15.         end for 

16.      end for 

17.      Store the elements of 
(q)AFST  in 

(q)ENE  excluding all null elements 

18.     
(q)EFSN = EFSN ENE  

19.   end for 
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EFSN associated with node n.    

5.3 Proposed Algorithm: NCRMM  

In this section, an efficient packet transmission strategy is presented for simultaneous 

communication of packets from the source nodes to the associated destination sets using NC. 

The proposed NCRMM scheme is presented with the help of a flowchart in Fig. 5.1. Further, 

detailed algorithms are presented and explained with the help of example networks. In 

Algorithm 1, the forwarder sets (q)

nFS  are identified that must receive all innovative packets 

associated with the q
th

 session present in CW of the network node n (CWn). This assists in 

delivering innovative packets of the session to the desired destination sets. With the help of 

Algorithm 2, reliable packet transmission is done using NC from CW of intermediate node n 

to the respective forwarding nodes obtained from Algorithm 1. The source nodes apply 

Algorithm 1 to find forwarding nodes which must have respective innovative packets and 

they do batch-wise transmission employing intra-session NC using Algorithm 2. Algorithm 3 

is used to distribute judiciously the packets of q
th

 session among the nodes of ,(q)

nFS  such that 

each destination belonging to the session receives 
(q)

nN  innovative packets with the least 

multicasting cost. After successfully distributing packets in Algorithm 3, Algorithm 4 updates 

, , ,(q)

n nn  DS  CW and 
(q)

nN  to communicate the packets further towards the desired destination 

nodes. 

   Multi-source multicasting routing algorithm is explained using an example network with 

three multicasting sessions, 
Sm  = 3

 
and 

mn  = {1, 2, 3}  as shown in Fig. 5.2. The source 

nodes and their associated destination sets along with intended batches containing packets are

, , ; , ,(1) (1) (1) (1) (1) (1) (2) (2)

2 6 7 8 1 2 3 6 1 2S {a }  DS {a , a , a }  B {P , P , P }  S {a }  DS {a , a }   
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Figure 5.1: Flowchart of NCRMM 

 

Determine innovative packets of the qth session present at each subset of 𝐹𝑆𝑛
 𝑞 

 

(𝐹𝑆𝑈 𝑞    reaching 𝐷𝑆𝑛
 𝑞 

 and assign them to the nodes of 𝐹𝑆𝑈 𝑞  for further 

transmission such that the MLCAR cost of sending packets to 𝐷𝑆𝑛
 𝑞 

 is 

minimum. 

 

The unassigned packets present at 

nodes of 𝐹𝑆𝑛
 𝑞 

are identified. These 

packets are conveyed by a subset of 

𝐹𝑆𝑛
 𝑞 

 to the corresponding subset 

of 𝐷𝑆𝑛
 𝑞 

.   
 

 

Each element in 𝐸𝑁𝐸 𝑞  

receive 𝑁𝑛
 𝑞 

  innovative 

packets of the qth 

session? 

 

Yes 

Are nodes of 𝐹𝑆𝑛
 𝑞 

 

assigned 𝑁𝑛
 𝑞 

 innovative 

packets for transmission to 

each node of 𝐷𝑆𝑛
 𝑞 

?  

Algorithm 2 

No 

Algorithm 1 

All packets in the CW 

are received at the 

elements of EFSN? 

 

At first, network node n transmits packets without network coding, such 

that the packets are received by at least one node of NEn. Then using the 

packet reception status at all nodes of NEn, node n communicates 

network-coded packet.  
 

Assign a node of 𝐹𝑆𝑛
 𝑞 

 as a new n and store the packets in its CW as a new 

batch, 𝐵𝑛
 𝑞 

  for transmission to new destination set, 𝐷𝑆𝑛
 𝑞 

 (subset of the 

destination set).  

For the qth session, find a set of nodes in 𝐹𝑆𝑛
 𝑞 

connected to the dth 

node of 𝐷𝑆𝑛
 𝑞 

 and save it in 𝐹𝑆𝑇𝑑
 𝑞 

. 

 

Yes 

New packets are fetched from 

the queue and stored in the 

CW at node n 
 

Algorithm 4 

Define the forwarder set 𝐹𝑆𝑛
 𝑞 

 and the destination set 𝐷𝑆𝑛
 𝑞 

 

for a batch of packets 𝐵𝑛
 𝑞 

 from the qth session present in the 

CW of a network node n. 

Scan all 𝐹𝑆𝑇𝑑
 𝑞 

s and discard the one whose subset is also a 𝐹𝑆𝑇𝑑
 𝑞 

. 

Store the remaining 𝐹𝑆𝑇𝑑
 𝑞 

s in 𝐸𝑁𝐸 𝑞 . Each element of 𝐸𝑁𝐸 𝑞  must 

receive 𝑁𝑛
 𝑞 

 innovative packets to communicate them at each node of 

𝐷𝑆𝑛
 𝑞 

. Store the elements of 𝐸𝑁𝐸 𝑞  in EFSN. 

No 

No 

Algorithm 3 

Yes 
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;(2) (2) (2)

1 2B  = {P , P }
 

and , , .(3) (3) (3) (3) (3)

7 1 2 1 2S {a }  DS {a , a }  B {P , P }
 

For each 

multicasting session, the MLCAR protocol is individually applied to determine the respective 

forwarder sets with least multicasting cost. The forwarder sets obtained for the network in 

Fig. 5.2 are , ,(1) (2)

3 4 5 3 4FS {a , a , a }  FS {a , a }  and .(3)

3 4FS {a , a }        

4

4

5

3.5

3.5

4.5

4

3.5

4

4

5

a1

a2

a3

a4

a5

a6

a7

a8
 

Figure 5.2: Example network 1: Multi-source multicasting 

   Let the MAC layer initiate packet transmission from the source nodes , 2 6 7n  n {a , a , a }

to the desired destination sets. Algorithm 1 determines subsets of the forwarder set for each 

multicasting source , .2 6 7n  n {a , a , a }  When n is a forwarding node of the network, 

Algorithm 1 finds the respective forwarder sets for each session present in .nCW
 
Consider 

q = 1  and 
2 ,n = {a }

 
then 

2

(1)

a 6 7 8DS  = {a , a , a }
 
and .

2

(1)

a 3 4 5FS  = {a , a , a }  In Algorithm 1, 

, ,
6 7

(1) (1)

a 3 4 a 3 4 5FST  = {a , a }  FST  = {a , a , a }
 
and 

8

(1)

a 5FST  = {a }
 
(line 2 - 8). Following line 9 

of Algorithm 1, .(1)

5 3 4 3 4 5AFST  = {{a }, {a , a }, {a , a , a }}  As each element of (1)AFST  

transmits packets to a node of ,
2

(1)

aDS  therefore every element of (1)AFST  must have 

innovative packets associated with session 1. Now, (1)

5AFST [1] = {a }  and 

(1)

3 4AFST [2] = {a , a }  are subsets of ,(1)

3 4 5AFST [3] = {a , a , a }  therefore (1)AFST [1]  
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and (1)AFST [2] are retained and the set with the larger set size (1)AFST [3] is eliminated. 

The remaining elements are stored in (1)ENE  (line 10 - 17). Since node 
2n = {a }

 
has the 

packets of single multicasting session, therefore (1)

5 3 4EFSN = ENE  = {{a }, {a , a }}  
in line 

18 of Algorithm 1.  

    

   Next, Algorithm 2 presents the packet transmission strategy. Initially, node n transmits all 

the packets present in CW without NC such that each packet is received by at least one node 

of 
nNE  (lines 1 - 7). Then, network-coded packets are transmitted based on the packet 

reception status  at  the  nodes  in .nNE  Since 
2n = {a }

  
is  the  source node,  packets  of  

the batch are transmitted from node .2a
 
Let the packet reception status at the nodes in 

2aNE
     

be   , ,(1) (1) (1)

3 2 4 2 3a  = {P }  a  = {P , P }  
 
and  (1) (1)

5 1 3a  = {P , P }    on   executing   lines   1 - 7   of  

Algorithm 2: Packet Transmission Strategy 

Input: ( ); ; ; ;q

n n mIPCW  NE  ENE  q n  

Output: Packet reception status at nodes of ;nNE  

1.     for each packet 
t np IPCW  do  

2.        if 
tp
 
is received by at least one node of 

nNE
 
then 

3.        continue   

4.        else   

5.        node n transmits
tp  

6.        end if  

7.     end for  

8.     for each 
mq n  do  

9.        if all packets in a batch for the q
th

 session are received at each elements of 
(q)ENE  then 

10.  
    

go to step 1 of Algorithm 3 

11.      else 

12.      using packet reception status at the nodes in ,nNE
 
node n transmits native/ 

           intra-session/inter-session network-coded packet and go to step 8 of Algorithm 2  

13.      end if   

14.   end for 
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Algorithm 2.  Now, packets (1)

2P
 
and (1)

1P
 
are innovative for EFSN[1]

 
and ,EFSN[2]  

respectively. Thus, intra-session coded packet (1) (1)

1 2( P P )
 

is transmitted (line 12). 

Considering that the packet is reliably received at nodes 
3a
 
and ,5a

 
the packet reception  

Algorithm 3: Traffic Distribution of the q
th

 session 

Initial Conditions: ; ;(q) (q) (q) (q)

n n n nF [1] F [2]    D [1]  D [2]   

; ;(q) (q)

n n mIP [1] IP [2]   q n  

Input Conditions: Packet reception status at nodes of ; ; ; ;(q) (q) (q) (q)

n n nFS N  FS  DS  

Output: ; ; ;(q) (q) (q)

n n nF  D  IP  

1.     for l = 1 to (q)|FSU |  do 

2.        for each 
(q)

pf FSU [l]  do 

3.           for each 
p

(q)

fDSU
 
do  

4.           Find nodes 'spf
 
and the corresponding '

p

(q)

fDSU s,  such that the overall cost to reach     

              from (q)FSU [l]
 
to ( )

(q) (q)
n

q (q),w

n FSU [l],DS
DS  (C , w  {i, c})

 
is minimum  

5.           end for 

6.        end for  

7.        The 'spf
 
and the corresponding '

p

(q)

fDSU s  are stored as sequence in (q)

nF
 
and ,(q)

nD
 
 

           respectively 

8.  
      

Innovative packets of the q
th

 session successfully received at all the nodes of   

           (q)FSU [l]  and not at nodes of (q) (q)

nFS  - FSU [l]  are stored against the corresponding  

           (q)

nF
 
and (q)

nD
 
in .(q)

nIP
 
Delete the null elements of (q)

nIP
 
along with the respective  

           element in (q)

nF
 
and ,(q)

nD
 
if any 

9.     end for 

10.   if  nodes of (q)

nFS are assigned to transmit (q)N innovative packets to each node of  

       (q)

nDS
 
then 

11.   continue 

12.   else 

13.   Determine the unassigned packets at the nodes of (q)

nFS
 
and the corresponding nodes of  

        (q)

nDS
 
(subset of (q)

nDS ) with the unassigned packets. Find the subset of (q)

nFS
 
with these  

        unassigned packets and declare this subset of (q)

nFS
 
as a new .(q)

nFS  This new (q)

nFS  

        transmits the unassigned packets to the identified subset of (q)

nDS (as new (q)

nDS ) and  

        thereby go to step 1 of Algorithm 3 

14.   end if  

15.   Sort elements of (q)

nD
 
in ascending order of their size and arrange (q)

nF
 
and (q)

nIP
 
based  

        on modified index order of (q)

nD
 
on sorting 
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status at nodes is updated as , ,(1) (1) (1) (1)

3 1 2 4 2 3a  = {P , P }  a  = {P , P }  
and .(1) (1) (1)

5 1 2 3a  = {P , P , P }

Since all the elements of EFSN  have received the desired packets, Algorithm 3 (line 10) is 

executed.  

   In Algorithm 3, packets distribution based on multicasting cost is done among nodes of the 

forwarder set. These nodes then transmit the assigned packets to the destination set. In lines  

1 - 6 of Algorithm 3, 'spf  and the corresponding ( '
p

q)

fDSU s are determined for the q
th

 

session such that multicasting cost 
(q) (q)

n

(q),w

FSU [l],DS
C  is minimum. The identified 'spf  and 

corresponding ( '
p

q)

fDSU s are stored in (q)

nF  
and ,(q)

nD respectively (line 7). Using packet 

reception status at nodes of (q)

nFS  from Algorithm 2, the packets present at all the nodes of 

(q)FSU [l] and absent at (q) (q)

nFS -FSU [l]  are found and stored in (q)

nIP  
for the corresponding 

elements of (q)

nF  and ,(q)

nD respectively (line 8). This can be explained using the example 

network in Fig. 5.2. Consider that for , , ,
2

(1)

2 a 3 4 5n={a }  q=1  FS ={a , a , a }
 

and 

(1)

3 5 4 5FSU ={{a , a },{a , a }, .3 4 5{a , a , a }}
 
In the case of ,(1)FSU [3]

 
the MLCAR cost to 

communicate a packet from (1)FSU [3]  to 
2

(1)

a 6 7 8DS ={a , a , a }
 

is minimum when 
4{a }

 

transmit packet to 
6{a }

 
and 

5{a }
 
to .7 8{a , a }  

The 'spf  and corresponding ( '
p

q)

fDSU s are 

stored in (q)

nF and ,(q)

nD respectively. The packets received at nodes of (q)

nFS
 
on executing 

Algorithm 2 are traced to determine the packets present at (1)

3 4 5FSU [3]={a , a , a }
 
and 

absent at .
2

(1) (1)

aFS -FSU [3]={ }
 
Using line 8 of Algorithm 3, let packet (1)

2{P }
 
is present at 

(1)FSU [1] and absent at .
2

(1) (1)

aFS -FSU [1]
 

Now, 
4{a }

 
is assigned packet (1)

2{P }
 

for 

transmitting  to  
6{a }

 
and 

5{a }  is  assigned  packet (1)

2{P }  for  transmitting  to  
8 ,7{a ,a }

 
and  
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Algorithm 4: Initialization 

Input Conditions: ; ; ; ;(q) (q) (q) (q)

n n n nF  D  IP  FS  

Output: ; ; ; ;(q) (q)

n nn  DS  IPCW  N   

1.     for each (q)

u nf FS  do 

2.    ; ; ; ;
u u u u

(q) (q) (q) (q)

f f f fi = 1  j = 1  DE [1]  DE [2]   PE [1]  PE [2]   

3.        for each (q)

v nf F
 
do  

4.           if 
u vf f

 
then 

5.              if 
u

(q)

fDE [1]
 
then 

6.             ;
u u u u

(q) (q) (q) (q) (q) (q)

f f n f f nDE [1]  DE [1]  D [v]  PE [1]  PE [1]  IP [v]  

7.              end if 

8.              if j 1
 
then 

9.             
u u

(q) (q) (q)

f f nDE [j]  DE [j]  D [v]  

10.               for  i 1
 
to j-1

 
do 

11.                  if ,
u u u u

(q) (q) (q) (q)

f f f fDE [j]  DE [i] = DE [i]  DE [i]
 
then 

12.                 
u u

(q) (q) (q)

f f nPE [i]  PE [i]  IP [v]  

13.                  end if 

14.                  if ,
u u u u

(q) (q) (q) (q)

f f f f(DE [j]  DE [i]) - DE [i]  DE [i]
 
then 

15.                 
u u u u

(q) (q) (q) (q)

f f f fDE [j]  (DE [j]  DE [i]) - DE [i]  

16.                 
u u

(q) (q) (q)

f f nPE [j]  PE [j]  IP [v]  

17.                  else 

18.                 ,
u u

(q) (q)

f fDE [j]   PE [j]   

19.                  end if 

20.               end for 

21.            end if 

22.           j = j + 1 

23.         end if 

24.      end for 

25.      Remove null elements of 
u

(q)

fDE and .
u

(q)

fPE
 
Set | | | .

u u

(q) (q) (q)

f ft  = |DE   PE  

26.      if (q)t  > 0
 
then 

27.      Initialize: , ,
u u

(q) (q) (q) (q)

u n f fn = f  DS   {DE [1],…, DE [t ]}   

           ,
u u

(q) (q) (q)

n n f n fCW   {CW PE [1],…, CW PE [t ]}  

           u u

(q) (q) (q) (q)

f fN   max{size(PE [1]),…, size(PE [t ])}
 
and go to step 1 of Algorithm 1  

28.      else 

29.      go to step 1 of Algorithm 4 

30.      end if 

31.   end for 
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node 
3{a }

 
simply drops the packet (1)

2{P }  from its queue. The packet (1)

2{P }
 
is stored against 

the corresponding elements of (q)

nF
 

and (q)

nD
 

in .(q)

nIP  
Similar steps are followed for 

(1)FSU [1] and , , ,
2 2

(1) (1) (1)

a aFSU [2]  F  D
 
and 

2

(1)

aIP  are updated (line 15 of Algorithm 3) as 

follows
 

8

2

2

2

(1)

a 3 5 4 5 4 5

(1)

a 6 7 6 7 8 6 7 8

(1) (1) (1) (1) (1) (1) (1)

a 1 1 3 3 2 2

F  = {{a }, {a }, {a }, {a }, {a }, {a }}

D  = {{a }, {a ,a }, {a }, {a ,a }, {a }, {a ,a }} 

IP  = {(P ), (P ), (P ), (P ), (P ), (P )}

 

   Now, the intermediate nodes , ,3 4{a }  {a }  and 
5{a }

 
act as a source to communicate the 

packets further to the respective destination sets. Algorithm 4 updates information on source, 

destination set, and packets in CW of the source. After execution of Algorithm 4, ,3n = {a }  

6 6, , , ,
3 3 4 4

(1) (1) (1) (1) (1)

a a 1 4 a a 2 3DS  = {a }   IPCW  = {P }    n = {a },   DS  = {a }    IPCW  = {P , P }  and 

5 , , .
5 5

(1) (1) (1) (1)

a 7 8 a 1 2 3n = {a }  DS  = {a , a }  IPCW  = {P , P , P }  

   Assume that after execution of the four algorithms discussed above for all three sessions, 

the packet reception status at CW with size four is 

, ,(1) (2) (3) (1) (1) (2) (3)

3 1 1 1 4 2 3 2 2a  = {P , P , P }  a  = {P , P , P , P }  and .(1) (1) (1)

5 1 2 3a  = {P , P , P }  For  

,4n = {a }  ,
4

(1) (1) (2) (3)

a 2 3 2 2IPCW  = {P , P , P , P }  where packets (1) (1)

2 3{P , P }  are intended for 

destination node 
6{a }

 
and ,(2) (2)

2 3{P  P }
 
for nodes .1 2{a , a }

 
On executing Algorithm 1, the 

following are the outcomes for the three sessions  

(1)

6 6

(2)

1 2 6 1 2

(3)

1 2 6 1 2

q = 1: ENE  = {a }; EFSN = {a }

q = 2: ENE  = {{a }, {a }}; EFSN = {{a }, {a }, {a }}

q = 3: ENE  = {{a }, {a }}; EFSN = {{a }, {a }, {a }}
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Let the packet reception status at 
n 1 2 6NE {{a }, {a }, {a }}

 
on running line 1 - 7 of 

Algorithm  2  will be  , , .(1) (2) (1) (1) (3)

1 2 2 2 3 6 2 2a  = {P , P }  a  = {P }  a  = {P , P }
  

Using  packet  

reception at nodes in ,nNE  node 
4{a }  transmits a network-coded packet which is innovative 

for maximum number of elements in .EFSN
 
Node 

4{a }  
can transmit a native packet (3)

2{P }  

or an inter-session coded packet .(1) (3)

3 2{P P }  
Suppose  

4{a }   communicates  (3)

2{P }   
which  

is received at node 
1{a }  

and .2{a }  After this, the nodes transmits the next innovative packet 

(2)

2{P }  
which is only received at node 

6{a } . The new packet reception status is 

, , .(1) (2) (3) (1) (3) (1) (2) (3)

1 2 2 2 2 3 2 6 2 2 2a  = {P , P , P }  a  = {P , P }  a  = {P , P , P }  
Further, an inter-session 

coded packet (1) (2)

3 2{P P } is transmitted, and that is received at nodes 
2{a }  

and .6{a }  
Thus, 

the packet reception status is updated as , ,(1) (2) (3) (1) (2) (3)

1 2 2 2 2 3 2 2a  = {P , P , P }  a  = {P , P , P }  

.(1) (1) (2) (3)

6 2 3 2 2a  = {P , P , P , P }  Since the packets stored at the CW of 
4{a }  are received at the 

desired receivers, they are removed from the CW and new packets are stored from the queue. 

This process will eventually lead to packet reception from all source nodes to the respective 

destination sets. 

   The different cases which are encountered while distributing packets of a session among the 

forwarding nodes are presented in Chapter 4. Next, the possible cases while executing 

Algorithm 1 and 2 are discussed. With the help of Fig. 5.3, three cases are represented for a 

CW of size four. 

Case I: No node in the elements of EFSN overlaps  

On following Algorithm 1, let EFSN = {{A, B}, {C}, {D}}  as depicted in Fig. 5.3(a). 

Assume forwarder node 
if  

 has packets of three sessions in its CW. The packets (1) (1)

1 2{P , P }

from session 1 should reach ,{A, B}
 
that is nodes {A}  or {B}  should together have both the 
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packets. Further, nodes {C}
 
and {D}

 
should receive packets (2)

1{P }  
and .(3)

1{P }  
Suppose the 

packet reception status at 
if

NE
 

on following Algorithm 2 (line 1 - 7) is ,(2)

1A = {P }  

, ,(1) (3) (1) (2)

2 1 1 1B = {P , P }  C = {P , P }  and .(3)

1D = {P }  
Thus, the innovative packet 

communicated by node 
if  

 is  ;(2) (3)

1 1{P P }  
the packet is received by node {D}  only. Using  

AA

BB

CC

DD

  

fi

AA

BB

CC

DD

fifi

  

AA

BB

CC

DD

fifi

(a) (b) (c)  

Figure 5.3: Example network 2: Multi-source multicasting 

the packet reception status, consider (1) (3)

1 1{P P }  
is communicated and it is received at node 

{A}
 
only. The packet reception status is updated as ,(2) (1) (3)

1 1 1A = {P , P P }  ,(1) (3)

2 1B = {P , P }  

,(1) (2)

1 1C = {P , P }  and .(2) (3)

1 1D = {P , P }  Next, node 
if  communicates packet (3)

1{P }  
as the 

packet is innovative for maximum number of elements in .EFSN  The packet is assumed to 

be received at nodes .{A, C}
 
Node {A}  extracts (1)

1{P }  
by XORing packets (1) (3)

1 1{P P }  

and .(3)

1{P }  
Finally, all the desired packets are received at the neighboring nodes and the 

updated packet reception status is , ,(1) (2) (3) (1) (3)

1 1 1 2 1A = {P , P , P }  B = {P , P }  

,(1) (2) (3)

1 1 1C = {P , P , P }  and .(2) (3)

1 1D = {P , P }
 

Case II: Elements of EFSN are a group of nodes with no common node among its elements. 
 

Consider the network in Fig. 5.3(b) with EFSN = {{A, B}, {C, D}}  and forwarder node 
if

having packets of two sessions in its CW. Thus, together nodes {A, B}  should have packets 
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of one session (1) (1)

1 2{P , P }  
and nodes {C, D}

 
should have packets of another session 

.(2) (2)

1 2{P , P }  
On using Algorithm 2 (line 1 - 7), let the packet reception status at 

if
NE  

be 

, , ,(1) (2) (2) (1)

2 1 2 1A = {P , P }  B = {P }  C = {P }  
and .(1) (2)

2 2D = {P , P }  
Using the packet reception 

status at the nodes of 
if

NE , an inter-session coded packet (1) (2)

1 1{P P }  
is transmitted, that is 

received at node .{B}
 
Next, another effective innovative packet (2)

1{P }  
is sent from 

if  and 

received by nodes .{B, C}
 
Node {B}  extracts packet (1)

1{P }  
by XORing packets (2)

1{P } and 

(1) (2)

1 1{P P }  and the modified packet reception status is 

, , ,(1) (2) (1) (2) (2) (1) (2)

2 1 1 1 2 1 1A = {P , P }     B = {P , P , P }     C = {P , P }  
and .(1) (2)

2 2D = {P , P }  

 

Case III: Elements of EFSN are group of nodes having common nodes as its elements.  

Consider the forwarder node 
if  

 in Fig. 5.3(c) has packets of three sessions in its CW with 

EFSN = {{A, B}, {B, C}, {D}}  
on following Algorithm 1. Thus, nodes {A, B}

 
together 

should have packets of first session (1) (1)

1 2{P , P }  
and nodes {B, C}

 
together should have 

packet of second session ,(2)

1{P }  
and node {D}

 
requires packet of third session .(3)

1{P }  
Next,  

Algorithm 2 (line 1 - 7) is pursued and the packet reception status at the nodes of 
if

NE  
is 

noted as , , ,(2) (3) (1)

1 1 2A = {P }  B = {P }  C = {P }  and .(1)

1D = {P }  Further, an inter-session coded 

packet (1) (2)

2 1{P P }  
is transmitted and it is received by nodes .{B, D}

 
Next, another 

effective innovative packet (2)

1{P }
 
is send and the packet is received at nodes .{B, C, D}

 

Node B  extracts packet (1)

2{P }
 
on XORing packets (2)

1{P }
 
and .(1) (2)

2 1{P P }
 
Then, packet            

(1) (3)

1 1{P P }
 
is communicated and it is received at all the neighboring nodes .{A, B, C, D}
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The updated packet reception status is , ,(1) (3) (2) (1) (1) (2) (3)

1 1 1 1 2 1 1A = {P P , P }  B = {P , P , P , P }

,(1) (2) (1) (3)

2 1 1 1C = {P , P , P P }  
and .(1) (1) (2) (3)

1 2 1 1D = {P , P , P , P }  

   In NCRMM, the first-hop forwarding nodes (
uf 's ) of the actual source ( (q)S , ‘q’ represents 

multicasting session) act as a source node to forward packets present in its CW further over 

the network. Algorithm 3 in chapter 5 is employed to distribute packets at node (q)S to 'uf s a. 

These forwarding nodes (
uf 's ) may act as forwarding nodes for other source nodes of the 

network. Therefore, the CW of 
uf  might have packets of different multicasting sessions. 

Node 
uf  acts as a source and executes Algorithm 1 to obtain set of forwarding nodes that 

must receive packets present in the CW of 
uf . Algorithm 2 is executed at 

uf  to efficiently 

transmit packets present in its CW to the nodes obtained by Algorithm 1. After that, 

Algorithm 3 is run to distribute these packets among the forwarding nodes of 
uf  

efficiently. 

Lastly, Algorithm 4 assigns the forwarding nodes of 
uf  

as a new source to further transmit 

packets over the network. This process continues until packets of all the multicasting sessions 

are received at their intended destination nodes.     

 

5.4 Simulation Results and Complexity Analysis 

In section 5.4.1, the simulation results of the NCRMM scheme are shown for packet-wise 

data transmissions with 
Sm  = 2 . The batch size of each multicasting session is considered to 

be one i.e. (1)N  = 1  and  .(2)N  = 1  This special case of NCRMM is named Two-Source 

Multicasting using NC (TSMNC). Section 5.4.2 presents simulation results of the NCRMM 

scheme and compares them with the corresponding MLCAR and NC-MLCAR schemes for 

both independent and correlated link networks. Additionally, the complexity of the NCRMM 
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scheme is analyzed and compared with that of the MLCAR and NC-MLCAR schemes in 

Section 5.4.3.
 
 

5.4.1 Simulation Results of TSMNC 

In this subsection, the multicasting cost of the TSMNC scheme is compared with that of the 

MLCAR protocol [5]. An event-driven simulator is designed in the C++ programming 

language to obtain the results. To get more persuasive results, each protocol is simulated for 

10 randomly generated topologies with 20 static nodes. Source node ,(1) (2)S  S  and the 

corresponding destination set , ,(1) (2)DS  DS  respectively are randomly selected for each 

topology where | | 4.(1) (2)|DS  = |DS  =  The probabilities of successful packet transmissions 

Sp  for different links of the network are randomly generated in the range {0.15, 0.85}. At 

the source node, the data file is divided into 10
4
 packets. The ETXs required to reliably 

communicate packets from (1) (2){S , S }  to (1) (2){DS , DS }  is the multicasting cost. In Fig. 5.4, 

the average multicasting cost of the 10 random networks is plotted for TSMNC and MLCAR 

schemes. It is observed that the multicasting cost of the TSMNC scheme is significantly 

smaller than that for the MLCAR protocol. As CW size increases, opportunities for 

combining packets grow, which reduces multicasting cost but increases the delay of some 

packets. The reduction in the average cost of TSMNC over MLCAR is around 9.10 when 

CW size is 16 (performance gain is 17.84%) and 12.88 when CW size is 32 (performance 

gain is 25.30%).  
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Figure 5.4: Multicasting cost of 10 random networks along with their average cost 

5.4.2 Simulation Results of NCRMM 

An event-driven simulator is designed in the C++ programming language to determine 

multicasting costs for MLCAR, NC-MLCAR, and NCRMM schemes. For more effective 

simulation results, the 10 random topologies with 30 static nodes are generated. For each 

topology, four source nodes and the corresponding destination sets of size 4 are randomly 

selected. The successful packet delivery probabilities 
Sp

 
of the network links are randomly 

generated in the range {0.10, 0.90}; the bidirectional links are assumed to have the same 
Sp  

values. A batch size (BS) of one implies packet wise transmission similar to that in case of 

MLCAR scheme. The batch size in NC-MLCAR is 32. In correlated link scenario, the 

probability of correlation between network links is based on .Sp
 
Let 

n,1 n,Hmin{p ,…, p }  

for any network node n, where 
, ,n hp  h = {1,…, H}  

is 
Sp  for the link between n and h, and H 

is the size of neighboring nodes of node n, .nNS The effect of link correlation on the 

multicasting cost is presented for low link correlation, 10%Cp of , and high link 
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correlation, 90%Cp of ,
 
where 

Cp  is the probability of correlation for all the possible 

combinations of links from node n to the corresponding nodes of .nNS
 

Figure 5.5: Multicasting cost of MLCAR, NC-MLCAR, and NCRMM schemes for 10 random topologies with        

30 static nodes in independent link scenario 

 

   The ETXs needed to reliably send packets from all four source nodes to the respective 

destination sets is defined as the multicasting cost. The multicasting cost of MLCAR, NC-

MLCAR, and NCRMM schemes for independent links, low link correlation, and high link 

correlation scenarios are shown in Figs. 5.5, 5.6, and 5.7, respectively for 10 random 

topologies with 30 static nodes. Further, the average multicasting costs of MLCAR, NC-

MLCAR, and NCRMM schemes are plotted for the three cases in Fig. 5.8. The average 

multicasting cost of the NCRMM scheme is less than that of the MLCAR and NC-MLCAR 

protocols. The average multicasting cost of MLCAR scheme reduces with an increase in the 

network links correlation. When the correlation between the links is high, the packets 
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received at nodes are almost identical. Further, the average multicasting cost of NC-MLCAR 

and NCRMM schemes is almost constant on varying link correlation.  

Figure 5.6: Multicasting cost of MLCAR, NC-MLCAR, and NCRMM schemes for 10 random topologies with        

30 static nodes in low link correlation scenario  

   

   The increase in CW size gives more opportunity to combine packets and, therefore, reduce 

the overall transmissions in a network at the cost of some packets delay. As seen in Fig. 5.8, 

the performance improvement of NCRMM over MLCAR when CW = 64 and                  

Batch Size (BS) = 1 is around 29.13% for the network with independent links, 30.65% for the 

network with low link correlation, and 19.35% for the network with high link correlation. 

When CW = 64, BS = 32, the performance improvement is around 28.50% for the network 

with independent links, 30% for the network with low link correlation, and 18.54% for the 

network with high link correlation. Thus, the proposed NCRMM scheme shows a significant 

advantage over the existing MLCAR scheme in both independent and correlated link 

networks.   
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Figure 5.7: Multicasting cost of MLCAR, NC-MLCAR, and NCRMM schemes for 10 random topologies with      

30 static nodes in high link correlation scenario 

 

   Further, the performance improvement of NCRMM over NC-MLCAR when CW = 64,    

BS = 1 is around 15.86% for the network with independent links, 16.30% for the network 

with low link correlation, 15.94% for the network with high link correlation. Similarly, when 

CW = 64, BS = 32, the performance improvement is around 15.16% for the network with 

independent links, 15.40% for the network with low link correlation, 15.10% for the network 

with high link correlation. This implies that the proposed scheme, which supports 

simultaneous transmission from multiple sources, performs better than the NC-MLCAR 

scheme. 
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Figure 5.8: Average multicasting cost of MLCAR, NC-MLCAR, and NCRMM schemes 

 

5.4.3 Complexity Analysis  

The complexity of the NCRMM scheme can be expressed in terms of complexity incurred 

due to multicast cost calculation and packet transmission in a network. A Bellman-Ford type 

algorithm is used to calculate multicast route cost from network node n reaching subsets of 

(q)

nDS  
for the q

th
 session through all possible combinations of neighboring nodes .nNS Thus, 

the complexity is given by 2 .
(q)

n n(|NS |+|DS |)
O( )  Suppose, a network node n reaches subsets of 

(q)

nDS  
for 

cm  multicasting sessions where ,c sm m  then the overall complexity is 

computed as 2 .
c

(q)
n n

m
(|NS |+|DS |)

q=1

O( )  Further, using Algorithms 1 – 4, efficient packet 

transmission is performed from the source nodes to the corresponding destination sets. In 

Algorithm 1, subsets of (q)

nFS  reaches every node of (q)

nDS  with complexity (q) (q)

n nO(|FS ||DS |)  

for the q
th

 multicasting session. The complexity incurred in storing subsets of (q)

nFS  with 
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(q)N  innovative packets in (q)ENE  for the q
th

 multicasting session is 2(q)

nO(|M | ),  where (q)

nM  

is size of the destination set belonging to q
th 

 session. If the CW at network node n has 

packets of 
pm  sessions, where ,p sm m  the total complexity of Algorithm 1 is bounded by 

2 .
pm

(q) (q) (q)

n n n

q=1

O( (|FS ||DS |+|M | ))  When node n is the source node for the single multicasting 

session then 1.pm  Using Algorithm 2, node n communicates network-coded packets that 

are innovative for the maximum number of nodes present in .EFSN  Network-coded packets 

are formed using packet reception status of the 
cwN  innovative packets transmitted to nodes 

of ,EFSN this incurs complexity of || |cwO(|N EFSN )  where 
cwN  is the number of packets 

present in the CW. In the case of source nodes, 
cwN  is the number of packets in a batch. In 

Algorithm 3, a node searches for every possible combination of (q)FSU  reaching subsets of 

(q)

nDS  such that the overall multicasting cost is minimum. Since (q)

nFS  is the largest (q)FSU  

therefore the complexity of Algorithm 3 for the 
pm  multicasting sessions in CW is bounded 

by 2 .
p

(q) (q)
n n

m

(|FS |+|DS |)

q=1

O( )   For a multicasting session, Algorithm 4 assigns nodes in (q)

nF  as 

new n and the respective destination set present in (q)

nD  as .(q)

nDS  The corresponding 

innovative packets present in (q)

nIP  are assigned to CWn. This is done for 
pm  multicasting 

sessions resulting in the total complexity of .
pm

(q) (q) (q)

n n n

q=1

O( |FS |(|F |+|D |) )  The complexity 

analysis of the proposed NCRMM scheme is tabulated along with that for MLCAR and NC-

MLCAR schemes. It is observed that the complexity grows with increasing number of 

multicasting sessions. 
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Table 5.1: Comparison of complexity analysis of MLCAR, NC-MLCAR, and NCRMM 

 

5.5 Summary  

In this chapter, an efficient multicasting strategy is introduced for static multi-source multi-

hop wireless networks with independent and correlated links. The neighboring nodes 

participating in packet transmission are selected using the MLCAR protocol [5]. Each source 

node multicast packets to the respective forwarding nodes using intra-session NC. On 

multicasting, the packets received at the forwarding nodes can be from the same or different 

sessions which are stored in the CW of the node. These packets are combined using intra-

session and inter-session NC. The status of packets received from the neighboring nodes is 

communicated using ACKs/NACKs. This ensures that the innovative packets of all the 

multicasting sessions are reliably transmitted to the selected neighboring nodes, which then 

communicate the packets to the desired destination sets. A network-coded packet is formed 

and transmitted such that it is innovative for the maximum number of selected neighboring  
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nodes. When the desired forwarding nodes successfully receive the innovative packets of a 

session, these packets are judiciously distributed among the nodes so that the MLCAR cost to 

reach the corresponding destination set is minimum. Extensive simulations are performed to 

compare the performance of the proposed NCRMM scheme with that of the corresponding 

MLCAR and NC-MLCAR protocols. A significant reduction is found in the overall 

transmission cost of the NCRMM scheme for both correlated and independent link networks.   
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Chapter 6 

 
Conclusions and Future Scopes 

 

 
This chapter concludes the thesis, which mainly focuses on reliable multicasting over multi-

hop wireless networks. The proposed protocols consider networks with independent and 

correlated links. NC assisted transmission protocols are presented, which improve 

multicasting efficiency by reducing the expected number of overall transmissions in the 

network. Some future directions that can be investigated further are also summarized.  

 

6.1 Conclusions 

The MLCAR scheme uses the Bellman-Ford approach to calculate the multicasting cost from 

the source to all possible subsets of the destination set and packet transmission is performed 

over the least-cost multicasting route obtained using the MLCAR protocol. Most authors 

have assumed that all the wireless network links are independent, but in a practical scenario, 

there may be finite correlations between different links. The links of a network are considered 

highly correlated if the receiving nodes have higher chances of successfully receiving the 

packet in the same transmission. When links have a low correlation, the probability of the 

packet traversing the links correctly in the same transmission would be low. In this thesis, a 

correlated multicast network is considered where forwarder set selection is made using the 

MLCAR approach. A generalized expression to calculate multicasting cost and determine the 

associated forwarder set for a correlated link environment is presented. The multicasting path 

obtained is used to transmit the packet efficiently from the source node to the designated 

destination set. The simulation results show that the multicasting cost and its corresponding 

routes are significantly different when compared to that for a network with independent links. 
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   NC is a useful technique that takes into account the information content of each 

transmission and uses that knowledge to improve network throughput. The proposed NC-

MLCAR scheme is applicable to both independent and correlated link networks. The packet 

reception status is tracked using ACK/NACK, which ensures that all the innovative packets 

are forwarded to the successive nodes and ultimately reach the destination set. The combined 

packets are innovative for the maximum number of selected receiving nodes and distribute 

packets among the forwarding nodes judiciously so that the cost to reach the destination set is 

minimum. Simulation results show the NC-MLCAR scheme’s advantage over the existing 

NC assisted multicasting approaches such as MORE and Pacifier. The results are also 

compared with the corresponding MLCAR approach. A significant reduction in multicasting 

cost is observed for the proposed NC-MLCAR scheme. In a practical scenario, links may not 

be independent, so simulation results considering link correlations are also presented for the 

different schemes.  

   Multi-source multicasting is an emerging topic due to the massive demand for applications 

where clients request services like billing records, medical images, and new software updates. 

The MLCAR protocol gives the least multicasting cost and the corresponding route 

associated with it. The MLCAR protocol is used to determine the multicasting cost and the 

forwarder set for each of the sessions. The packet transmission employs NC, using coding 

coefficients 0 and 1. Source node does batch-wise communication and multicasts packets to 

the respective forwarding nodes using intra-session NC. Each forwarding node has a CW 

where packets of different sessions are stored, and therefore, it allows performing intra-

session and inter-session NC. The packet reception status at the neighboring nodes are 

communicated using ACK/NACK, which ensures that the innovative packets of all the 

multicasting sessions are transmitted to the forwarding nodes, which then sends them to the 
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associated destination sets. A network coded packet is formed and transmitted such that it is 

innovative for the maximum number of selected neighboring nodes. The selected forwarding 

nodes successfully receive the innovative packets of a session and the packets are distributed 

judiciously among them so that the MLCAR cost of reaching the corresponding destination 

set is the least. An event-driven simulator is designed in C++ to verify the performance gain 

over the corresponding MLCAR and NC-MLCAR protocols. A significant reduction in the 

overall transmission cost of the proposed scheme is found for both independent and 

correlated link networks. 

6.2 Future Scopes    

This thesis presented NC assisted routing protocols for multicasting in a multi-hop wireless 

network where the network nodes are assumed to be static. Extending this, multicasting 

routing protocols for a dynamically changing network may also be designed and 

implemented. In this thesis, the forwarder set selection is made using the MLCAR protocol as 

it provides the least multicasting cost from source to the destination set, even though as the 

destination set size increases, the complexity for cost calculation and forwarder set selection 

would increase. Therefore, heuristic approaches for multicasting cost calculation and 

forwarder set selection may be looked into in order to reduce the complexity.   

   The focus of this thesis is to perform reliable multicasting where strict packet reliability is 

needed at all the intended receivers, such as in software updates, medical images, and 

downloading a new security patch. Unreliable multicasting routing protocols in multi-hop 

wireless networks may also be designed and investigated for applications like live video 

streaming, which requires packet delivery within a predefined threshold time. The thesis has 

individually considered reliable multi-source multicasting routing protocols for multi-hop 

wireless networks. Multi-source multicasting routing protocol for unreliable hard-deadline 
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applications may be further investigated. The presence of unwanted malicious node may 

affect the packet transmissions in the network. Therefore, implementation of a secure single-

source and multi-source multicasting schemes can be investigated in the future. 
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