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Executive Summary 

This document consists of the deliverable D4.3 on MANET segment optimizations for the 
MONET network. The document begins with an overview of the challenges befitting a 
MONET MANET segment and a discussion of the state of the art on routing with particular 
emphasis on work being carried out at international standardization bodies such as the IETF. 
 
In order to properly discuss the studies and, given that the major instrument for validation of 
the algorithms proposed was simulation, the document provides a discussion of simulation 
techniques, simulators chosen and insights into how the simulations were created for each 
study. 
 
Several different studies were presented afterwards. Improvement of path bandwidth stability 
and load balancing of the MANET using a MIMC routing protocol by introducing interference 
and path load estimations in route discovery is discussed in section 5, where the AOMDV 
protocol was extended to support Multi-Interface Multi-Channel. 
 
The inclusion of geographical and energy information in the routing decision was studied in 
section 6. Different approaches were considered and simulated. It was shown that minimum 
lifetime of all nodes is increased using the proposed metrics with no significant costs in terms 
of throughput. It was also observed that the performance of OLSR can be improved reducing 
the need for retransmissions and waiting for timeouts, adjusting seamlessly to new paths and 
foreseeing communication path breakdowns. The overheads introduced were thought to be 
negligible given the performance improvements. 
 
The inclusion of satlink information in the routing decision was shown to reduce 
communication costs at the disadvantage of increased overhead. Different parameters were 
discussed and simulations for the inclusion of cost/bit weights on the routing decision were 
presented. It was judged that the overhead increase is compensated by the decrease in 
satellite communication costs and this decision will ultimately belong to the end-user and the 
circumstances of the application. 
 
Section 8 discussed a fault tolerant routing strategy and showed how extending the Q-
Routing algorithm with a proactive extension and using residual energy, fault tolerance and 
mobility management metrics can improve the minimum node lifetime. Comparisons with 
simple Q-Routing and standard OLSR diffuse protocol were made. 
 
Section 9 looked at how to improve routing switching time using a cooperative k-anypath 
routing algorithm and section 10 studied how network coding can be exploited to obvious 
gains in terms of packet delivery ratio and throughput. 
 
Throughout the document, traceability between the proposed studies and improvements and 
the end-user requirements defined in MONET deliverable D2.3 was established. This 
approach enabled the consortium to demonstrate the relevance and importance of the 
proposed studies to the user needs and the impact these may have on the overall MONET 
network, if implemented. 
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1 Introduction 

This document constitutes MONET’s deliverable D4.3 – MANET Optimization Studies and 
reports on the work accomplished in Task4.3 of the project, focusing on researching 
mechanisms and algorithms to improve significantly the timelife and/or performance of the 
MANET segment of a MONET network. The work performed under this task was focused 
essentially on improving the routing algorithms within the MANET to include additional 
information that enables the network to operate for longer periods and hence increase 
access to satellite gateways, and consequently to the outside world. 
 
 

1.1 Document structure 
The present document is divided into eleven chapters which are briefly summarized in the 
next paragraphs: 

• Chapter 1, the current one, provides a short introduction to the document, describing 
its scope and structure. 

• Chapter 2 – MONET MANET Segment, presents an overview of the main challenges 
associated with MANET research, in particular MANETs that include satellite 
gateways. It also describes the approach the consortium used during the execution of 
the Task. 

• Chapter 3 establishes the simulation environment used and explains the criteria used 
to setup the simulations performed throughout the Task execution. This chapter 
provides the background for understanding why and how the simulations were setup. 

• Chapter 4 – MANET routing improvements describes broadly the areas where the 
routing improvements were performed and the general approaches that can be used 
to achieve such improvements. 

• Chapter 5 discusses potential solutions for a Multi-interface multi-channel (MIMC) 
MANET segment and assesses a possible solution based on a modified version of 
Ad-hoc On-demand Distance Vector (AODV) routing. 

• Chapter 6 focuses on the Geographically-based and Energy-aware routing protocols 
for the MONET MANET segment. It explains and details the metrics used, how they 
were included in existing routing protocols and presents the results obtained via 
simulation. 

• Chapter 7 reports on the work performed on MANET routing taking into account 
information or status of satellite links. It details the approach taken and presents the 
results obtained. 

• Chapter 8 is dedicated to the description and presentation of a fault tolerant and 
Energy-aware routing protocol for the MONET MANET segment based on Q-routing 
and reinforcement learning. The principles for such a protocol are explained and the 
results of the simulations carried out are presented. 

• Chapter 9 focuses on describing the results obtained from the application of 
cooperative routing strategy based on k-anypath to a MANET which includes a 
number of significant number of sparsely distributed vehicles such as UAVs. 

• Chapter 10 looks into the possible application of joint network coding to improve 
MANET performance. The approaches used are explained in detail and the results of 
the simulations that were carried out are presented and discussed. 

• Finally, chapter 11 establishes the main conclusions of the work performed under 
Task4.3 and concludes the document. 
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2 MONET MANET Segment 

As has been amply explained previously, a MONET network is composed of two different 
segments: 

• A terrestrial Mobile Ad-hoc Network or MANET; 
• A satellite segment; 

 
The MANET segment is composed of a number of terrestrial nodes (hand-held, vehicular or 
fixed) sporting terrestrial radio interfaces that constitute one or more ad-hoc clusters. Within 
these nodes, some will include a satellite terminal that connects the terrestrial MANET to the 
MONET satellite segment. The work presented in this document refers solely to the MANET 
and how to ensure connectivity between its members (internally) and between the MANET 
and the outside world through the satellite segment (externally). The bulk of the work 
performed focused on routing aspects of the network while network management and 
resource allocation aspects were addressed at the system level, in deliverable D4.1. 
 
Figure 1 establishes the scope of the work presented in this document. The next sections will 
go briefly through the main challenges and issues in MANETs and which have been 
considered in MONET. Furthermore, section 2.4 will describe the approach used by the 
consortium in addressing the MONET MANET issues. 
 

 
Figure 1 – MONET System view, MANET and Satellite segments. 

 
 

2.1 MANET Research Challenges 
This section provides a brief overview of the challenges associated with mobile ad-hoc 
networking. It does not intend to be an extensive survey of the problems inherent to MANETs 
but rather to establish a mindset in which to consider the work developed in the document.  
Ad-hoc networks are characterized by their ability to be formed and reconfigured on-the-fly 
and the fact that they don’t need an underlying infrastructure. Each node in a wireless ad-hoc 
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network works both as a host and a router therefore distributing control of the network among 
the nodes. As is well established, ad-hoc networks are characterised by dynamic topologies, 
limited bandwidth, energy consumption constraints, limited physical security and no 
centralised management. Some of the many problems they’re subject to include: 

• Routing information technique choice; 

• Configuration; 

• Management; 

• Limited bandwidth which means the network management slice must be minimized to 
enable maximum “payload” data exchanges; 

• Changeable links which means that link quality information is mandatory to properly 
operate radio communications; 

• Hidden nodes which can lead to simultaneous broadcast by two unbeknownst nodes 
and thus collision; 

• Energy, meaning that battery autonomy is limited; 

• Mobility and dynamic topology; 
 
The design of protocols for these networks is a complex issue [GHARAVI 2008] The need for 
distributed algorithms to determine network organization, link scheduling and routing is 
notorious. The determination of viable routing paths and delivering messages ina 
decentralized environment where network topology is subject to regular fluctuations is not a 
well defined problem [PRASAD 2009]. The decision for determining what nodes are to 
forward data and to whom are made dynamically based on the connectivity of the concerned 
network. The relevance of adaptively selecting forwarding nodes and altering routing paths to 
limit the impacts of MANET problems has been recognized internationally through the 
establishment of a MANET working group at the Internet Engineering Task Force (IETF). 
Within this working group, a lot of attention has been dedicated to the development and 
standardisation of a general reactive and proactive routing protocol [HOEBEKE 2004]. 
 
Having established routing as one of the greatest challenges in Mobile Ad-hoc Networks the 
remainder of this section will be dedicated to routing. It’s important to remember that this is a 
difficult research topic for scientists and communications engineers as it faces multiple 
difficulties, such as: 

• The mobility of nodes; 
• The scarcity of computational and bandwidth resources; 
• As well as the limitations imposed by the available battery of the connected devices. 

Therefore, it is crucial that new routing protocols explicitly consider network changes and 
node changes into the algorithm design, especially taking into account mobility, available 
bandwidth and residual energy.  
 
One of the challenges in ad hoc networks relates to the high number of diverse network 
topologies that a user device can encounter while on the move. This diversity requires that 
the system is provided with some degree of intelligence or awareness of its environment. 
Other important issues relate to the size of the network and the type of traffic. An ad-hoc 
network can be a large scale one, in which case it is important to reduce the number of 
parameters that need to be set and tuned during deployment. Depending on the amount of 
traffic exchanged, it is also important to ensure that the overhead from control messages is 
kept in check and is not comparable with the actual payload messages. 
 
There are many different routing strategies and they can be classified in many ways. Routing 
protocols can be defined as adaptive and nonadaptive. Nonadaptive or static routing 
algorithms follow a pre-determined path, on which a packet is sent, and are unaffected by 
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changes to the topology of the network or the number of packets that are sent along 
particular routes [PRASAD 2009]. Both the shortest path algorithm by Dijkstra [DIJSKTRA 
1959] and flooding algorithm constitute examples of nonadaptive routing. Epidemic routing, 
as flooding is also sometimes referred to, proposed by [VAHDAT 2000], is one of the most 
basic and popular solutions when nothing is known about the behaviour of nodes. Epidemic 
routing has been used in animal migration and inter-species interactions studies like The 
ZebraNet project. Epidemic routing is very high in resource consumption, but it achieves the 
best performance in terms of delivery ratio and delay — as long the total offered load in the 
system does not exceed the node and system capacity in terms of buffer memory and per-
contact communication capacity. It is not a practical solution as it would lead rapidly to 
network congestion. Alternatively, an adaptive algorithm determine the path on which a 
packet is sent based on the current perception of the state of the system, the topology or the 
number of packets passing along each link. In this case, it’s necessary to update this 
information regularly to ensure that the algorithm is aware of the latest changes. Examples of 
adaptive routing protocols include the Distance Vector Routing [FORD 1962] and the Link 
State Routing Algorithms [PERLMAN 1992] such as the Open Shortest Path First (OSPF) 
and Intermediate System to Intermediate System (IS-IS). 
 
Another way to classify them is based on how the protocols deal with frequent changes of 
topology. Two approaches have been proposed, namely topology based or position based. 
In topology based approaches, protocols depend on the information about existing links in 
the network and use this information to create routing tables and carry out the task of packet 
forwarding. Some examples of topology based routing include the Destination-Sequence 
Distance-Vector (DSDV) by [PERKINS 1994] and the Wireless Routing Protocol (WRP) 
[MURTHY 1996]. One shortcoming of topology based routing is that nodes have to collect 
routing information that might be arbitrarily distant. As an alternative, position based routing 
has been proposed. These protocols require knowledge of the physical position or location of 
the node and its neighbours. This way, it’s possible to reach the destination with only a very 
limited view of the network. Position based routing commonly complies the application of a 
location service plus a forwarding strategy. The location service takes the responsibility of 
determining the location of the destination. The forwarding scheme is responsible for passing 
packets to neighbouring nodes closer to the destination. The most commons forwarding 
strategies include greedy forwarding based on local information (loop free), Most Forwarding 
within R (MFR), Nearest with Forwarding Progress (NFP) and compass routing. 
 
Routing algorithms can also be categorized into proactive and reactive routing based on 
when the routing structure is constructed when a routing request is issued from a source 
node. In proactive routing protocols (also called table-driven routing protocols), each node 
attempts to maintain consistent, up-to-date routing information with every other node in the 
network. These routing protocols require each node to maintain one or more tables to store 
routing information, and they respond to changes in network topology or another metric such 
as bandwidth and interference by propagating updates throughout the network in order to 
maintain a consistent network view [LI 2008]. Proactive routing protocols are especially 
efficient if the network topology does not change and the link metrics do not fluctuate 
extensively. Proactive routing can be a disadvantage in a mobile network in which network 
topology changes a lot because of fast moving by the nodes. This means routing tables will 
often be outdated, and most of the routing information may never be used. Proactive 
protocols are fairly common and include the Optimized Link State Routing protocol (OLSR) 
[CLAUSEN 2001] and the Source Tree Adaptive Routing (STAR) protocol [GARCIA 1999]. 
Conversely, reactive protocols employ a lazy approach whereby nodes only discover routes 
to destinations on-demand, i.e. they find a route to a destination only when needed. This 
means reactive protocols often consume less bandwidth than proactive protocols, but the 
delay in determining a route can be substantially large. The well known Dynamic Source 
Routing protocol (DSR) [BROCH 1998] and the Ad-hoc On-Demand Distance Vector (AODV) 
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routing protocol [PERKINS 1999] which is based on DSR and DSDV constitute examples of 
reactive protocols. 
 
Additionally, if the topology of the network changes frequently route maintenance can still 
generate a significant amount of network control traffic. Some authors have proposed 
protocols that combine local proactive and global reactive routing in order to achieve a higher 
level of efficiency and scalability. These are usually called hybrid protocols and Zone Routing 
Protocol (ZRP) is an example of such protocols [HAAS 1998]. 
 
Yet another way to categorize routing protocols is according to their routing architecture 
which can be flat (hence flat routing protocols) or hierarchical (hierarchical routing protocols). 
In flat routing protocols, each node in the network plays the same role (e.g. all nodes forward 
packets), whereas in a hierarchical routing protocol different nodes may play different roles 
(e.g., the ones based on the backbone or clustering such as the Cluster-Head Gateway 
Switch Routing – CGSR by [CHIANG 1997]). 
 
From the very diverse types of routing protocols available, some have gained more notoriety 
and importance than others. The IETF has a working group (WG) dedicated specifically to 
MANETs. This WG aims at standardizing IP routing protocol functionalities suitable for 
wireless routing applications within both static and dynamic topologies with increased 
dynamics due to node motion or other factors. The WG is pursuing two types of routing 
protocols: a reactive and a proactive (respectively RMP and PMP). The reactive protocol is 
called DYMO and the proactive is called OLSRv2. Therefore, given the preponderance of 
these particular routing strategies for Ad-hoc routing and their foreseen usage in the future 
MONET networks some more details on them and on the protocols that are their basis will be 
provided in the next section. 
 
 

2.2 DYMO 
The Dynamic MANET On-demand (DYMO) routing protocol is intended for use by mobile 
nodes in wireless multihop networks. It offers adaptation to changing network topology and 
determines unicast routes between nodes within the network [CHAKERES 2010]. It is a 
successor of AODV and shares many of its benefits. It was proposed initially by [CHAKERES 
2005] in the form of an IETF Internet-Draft. 
 
The DYMO routing protocol can be seen as a simplified version of AODV borrowing ideas 
from DSR. It is the current engineering focus for reactive routing in the IETF MANET working 
group. It operates similarly to AODV and does not add extra features or extend the AODV 
protocol, but rather simplifies it, while retaining the basic mode of operation. Routes are 
discovered on-demand when a node needs to send a packet to a destination currently not in 
its routing table. A route request message is flooded in the network using broadcast and if 
the packet reaches its destination, a reply message is sent back containing the discovered, 
accumulated path. Each node maintains a routing table with information about nodes. 
 
Routing Messages (RMs) are used to disseminate routing information. There are two DYMO 
routing messages (RMs): RREQ and RREP. They contain very similar information and 
function, but have slightly different handling rules. These messages are used in the two main 
operations of DYMO. The former are used during route discovery by the originator’s DYMO 
router. The purpose of RREQ is to find a route to the target’s DYMO router throughout the 
network. During this hop-by-hop dissemination process, each intermediate DYMO router 
records a route to the originator. When the target’s DYMO router receives the RREQ, it 
responds with a Route Reply (RREP) sent hop-by-hop toward the originator. Each 
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intermediate DYMO router that receives the RREP creates a route to the target, and then the 
RREP is unicast hop-by-hop toward the originator. When the originator’s DYMO router 
receives the RREP, routes have then been established between the originating DYMO router 
and the target DYMO router in both directions [CHAKERES 2010]. This process is 
represented in Figure 2. 
 

 
Figure 2 – DYMO route discovery operation. 

 
The other operation, route maintenance, consists of two sub-operations [CHAKERES 2010] 
and is represented in Figure 3. In order to preserve routes in use, DYMO routers extend 
route lifetimes upon successfully forwarding a packet. In order to react to changes in the 
network topology, DYMO routers monitor routes over which traffic is flowing. When a data 
packet is received for forwarding and a route for the destination is not known or the route is 
broken, then the DYMO router of the source of the packet is notified. A Route Error (RERR) 
is sent toward the packet source to indicate the route to that particular destination is invalid 
or missing. When the source’s DYMO router receives the RERR, it deletes the route. If this 
source’s DYMO router later receives a packet for forwarding to the same destination, it will 
need to perform route discovery again for that destination. DYMO uses sequence numbers to 
ensure loop freedom. They enable DYMO routers to determine the temporal order of DYMO 
route discovery messages, thereby avoiding use of old routing information. 
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Figure 3 – DYMO route maintenance operation. 

 
The formats of RREQ, RREP and RERR are represented in Figure 4 and Figure 5 (RREP 
messages are similar to RREQ messages using a different message type). 
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Figure 4 – DYMO RREQ message example (taken from [CHAKERES 2010]). 
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Figure 5 – DYMO RERR message example (taken from [CHAKERES 2010]). 

 
According to its proponents, DYMO’s main advantages are the following: 

• Being designed for stub or disconnected mobile ad hoc networks (MANETs), DYMO 
is capable of handling a wide variety of mobility patterns. DYMO also handles a wide 
variety of traffic patterns. 

• DYMO is applicable to memory constrained devices, since little routing state is 
maintained in each DYMO router. 

• DYMO supports routers with multiple interfaces participating in the MANET. DYMO 
routers can also perform routing on behalf of other nodes, attached via participating 
or non-participating interfaces.  

 
Conversely, DYMO is also subject to some shortcomings: 

• The current version of DYMO does not establish how multiple DYMO routers should 
coordinate to distribute routing information correctly for a shared address (i.e. an 
address that is advertised and can be reached via multiple DYMO routers) 

• If bidirectional links are not used with DMO, persistent packet loss may occur. 
• In networks with a large number of routers, DYMO is best suited for sparse traffic 

scenarios where routers forward packets to only a small portion of the other DYMO 
routers. 
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2.3 OLSR 
The OLSR (Optimized Link State Routing) Protocol is an IP routing protocol specifically 
designed and optimized for mobile ad-hoc networks proposed by [CLAUSEN 2001], although 
it can also be used on fixed wireless ad-hoc networks. OLSR Version 2 is currently under 
development by the IETF MANET WG. 
 
OLSR is a proactive link-state routing protocol. Hello and Topology Control (TC) messages 
are exchanged between nodes in order to enable the discovery of neighbour nodes and 
disseminate information regarding the link state. Using this information, each node on the 
network can build a table with the network topology and compute next hop destinations for all 
nodes in the network using shortest hop forwarding paths. The way this is done is explained 
next. The OLSR protocol, at each node, discovers 2-hop neighbour information though the 
use of Hello messages and performs a distributed election of a set of multipoint relays 
(MPRs). Nodes select MPRs such that to each of its 2-hop neighbours exists a path via a 
node selected as an MPR. 
 
These MPR nodes then source and forward TC messages that contain the MPR selectors. 
This functioning of MPRs makes OLSR unique from other link state routing protocols in a few 
different ways:  
 

• The forwarding path for TC messages is not shared among all nodes but varies 
depending on the source. 
 

• Only a subset of nodes source link state information. 
 

• Not all links of a node are advertised but only those that pertain to MPR selections. 
 
This link state routing approach requires that the topology database is synchronized across 
all nodes on the network. This is especially difficult on mobile ad-hoc networks. The OLSR 
approach to this problem is to flood topology data regularly in order to make sure that the 
database does not remain unsynchronized for extended periods of time. Other protocols like 
for instance OSPF use more reliable algorithms but these are much more complex and their 
advantage is lost due to the “unreliable” nature of the links between nodes on a mobile ad-
hoc network. 
 
As was mentioned above, OLSR uses "Hello" messages to find one hop neighbouring nodes 
and then two hop neighbours through their responses. Each node then selects its multipoint 
relays (MPR) based on the one hop node that offers the best routes to the two hop nodes, 
depending on a set of metrics and an evaluation algorithm. The format of OLSR “Hello” 
messages is represented in Figure 6, below. 
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Neighbour Interface Address

Neighbour Interface Address

...

...

Reserved WillingnessHtime

Link Message SizeReservedLink Code

Neighbour Interface Address

Neighbour Interface Address

Link Message SizeReservedLink Code

 
Figure 6 - HELLO Message Format. 

 
The Topology Control (TC) messages that contain information about the selected MPR are 
used by OLSR to disseminate neighbour information throughout the network. Their format is 
represented in Figure 7. 
 

Advertised Neighbour Main Address

...

ANSN Reserved

Advertised Neighbour Main Address

 
Figure 7 - TC Message Format. 

 
For multiple OLSR interface nodes, the relationship between OLSR interface addresses and 
main addresses is defined through the exchange of MID (Multiple Interface Declaration) 
messages, as shown in Figure 8. 
 

OLSR Interface Address

OLSR Interface Address

...
 

Figure 8 - MID Message Format. 

 
OLSR uses Host and Network Association (HNA) messages to disseminate network route 
advertisements in the same way TC messages advertise host routes. These are represented 
next in Figure 9. 
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Network Address

Netmask

Network Address

Netmask

...
 

Figure 9 - HNA Message Format. 

 
Some of the advantages of using OLSR include: 
 

• The fact that there is no route discovery delay associated with finding a new route. 
Routes to all destinations within the network are known and maintained before use. 
 

• The overhead traffic generated by the routing mechanism does not increase with the 
number of routes being used. 
 

• Default and network routes can be injected into the system by HNA messages 
allowing for connection to the internet or other networks within the OLSR MANET 
cloud. Network routes are something reactive protocols do not currently execute well. 
 

• Timeout values and validity data are contained within the messages conveying 
information, allowing for differing timer values to be used at different nodes in the 
network 

 
However, OLSR is not without disadvantages. Some of its disadvantages are numbered 
below: 

 
• The original definition of OLSR does not include any provisions for sensing of link 

quality; it simply assumes that a link is up if a number of hello packets have been 
received recently. This assumes that links are bi-modal (either working or failed), 
which is not necessarily the case on wireless networks, where links often exhibit 
intermediate rates of packet loss. Implementations such as the open source OLSRd 
(commonly used on Linux-based mesh routers) have been extended (as of v. 0.4.8) 
with link quality sensing. 
 

• Being a proactive protocol, OLSR uses power and network resources in order to 
propagate data about possibly unused routes. While this is not a problem for wired 
access points, and laptops, it makes OLSR unsuitable for sensor networks that try to 
sleep most of the time and where energy is possibly the most relevant parameter. 
However, some adaptations and modifications are possible to reduce this 
disadvantage. For example, for small scale wired access points with low CPU power, 
the open source OLSRd project showed that large scale mesh networks can run with 
OLSRd on thousands of nodes with very little CPU power on 200 MHz embedded 
devices (Linksys WRT 54 G) [WNDW 2011]. 
 

• Being a link-state protocol, OLSR requires a reasonably large amount of bandwidth 
and CPU power to compute optimal paths in the network. In the typical networks 
where OLSR is used (which rarely exceed a few hundreds of nodes), this does not 
appear to be a problem. But it may mean that OLSR has a scalability limit. 
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• By only using MPRs to flood topology information, OLSR removes some of the 
redundancy of the flooding process, which may be a problem in networks with 
moderate to large packet loss rates - however the MPR mechanism is self-pruning 
(which means that in case of packet losses, some nodes that would not have 
retransmitted a packet, may do so). 

 
OLSR version 2 (OLSRv2) is currently being developed within the IETF. It maintains many of 
the key features of the original including MPR selection and dissemination. Key differences 
are the flexibility and modular design using shared components: packet format packet bb, 
and neighbourhood discovery protocol NHDP. These components are being designed to be 
common among next generation IETF MANET protocols. Differences in the handling of 
multiple address and interface enabled nodes is also present between OLSR and OLSRv2. 
 
 

2.4 Approach 
Based on the work performed in the MONET architecture definition and the vast domains 
where MONET could focus its efforts, the consortium established a methodology for the work 
to carry out in Task4.3. A matrix of studies was created and updated during the task 
execution detailing: 

• Short description of the proposed study; 
• Impact of the proposed study for MONET; 
• Methodology to be pursued; 
• Traceability to relevant MONET requirements addressed; 

 
Table 2 summarizes this matrix and provides the reader with a good overview of the work 
performed concerning MANET optimizations. 
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Impact on MONET Scope 
Study Name Short Description 

Relevance Domain Methodology 
Expected 
Results 

MONET 
Requirements 

addressed 

Geo- Based 
Routing 

State of the art in the inclusion 
of position information in routing 
decision. Definition of algorithm 

that takes into account node 
position to determine best path 

towards satellite gateway 

Help improve choice of best 
path within the network based 
on node positioning. Can be 

used to take decisions on 
network reconfiguration. 

Routing / 
resource 

management 

algorithm / 
simulations 

Algorithm + 
simulation 

results 

R_GEN 13 
R_FUNC 1 
R_FUNC 2 
R_FUNC 12 
R_FUNC 13 
R_PERF 14 
R_PERF 15 

Energy Aware 
Routing 

State of the art in the inclusion 
of energy information in routing 
decision. Definition of algorithm 

that takes into account node 
energy and satellite gateway 

energy 

Help improve choice of best 
path within the network with 
respect to energy. Can be 
used to take decisions on 

turning on/off satlinks 

Routing / 
resource 

management 

algorithm / 
simulations 

Algorithm + 
simulation 

results 

R_FUNC 1 
R_FUNC 2 
R_FUNC 12 
R_FUNC 13 
R_PERF 14 
R_PERF 15 

Routing taking 
into account 

Satlink 
information 

Investigate which satellite link 
parameters make sense to 

include in the routing decision 
on the MANET segment, 

develop metrics to evaluate 
their importance in the MANET 

decisions and define a new 
algorithm 

create routing paths based on 
satellite information (e.g. link 
availability, service cost or 

link load) 

Routing / 
resource 

management 

algorithm / 
simulations 

State of the art 
+ Algorithm + 

analytical 
analysis / 
simulation 

R_FUNC 1 
R_FUNC 2 
R_FUNC 5 
R_FUNC 12 
R_FUNC 13 

 

MANET 
Routing 

Game-theory based routing, 
taking into account energy-

saving criteria and possibly geo 
information 

Helps improving the 
autonomous node behaviour 

while performing routing 
optimization 

MANET routing Algorithms/ 
Simulations 

Algorithm, 
MATLAB and 

OPNET 
simulations 

R_GEN 13 
R_GEN 14 
R_FUNC 1 
R_FUNC 2 
R_FUNC 12 
R_FUNC 13 
R_PERF 14 
R_PERF 15 
R_PERF 18 
R_PERF 19 

Multi-Interface MIMC multi path routing Better path bandwidth MANET routing Algorithms / Algorithm and R_FUNC 1 
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Impact on MONET Scope 
Study Name Short Description 

Relevance Domain Methodology 
Expected 
Results 

MONET 
Requirements 

addressed 
Multi-Channel 

Routing 
protocol, i.e, MIMC-AOMDV stability and load balance Simulations simulation 

results 
R_FUNC 2 
R_PERF 6 

 

Cooperative 
Routing 

Integration of any-path routing 
into mesh ad hoc networks. 

New solution in network routing 
layer. 

Better reliability and reducing 
routing switch time MANET routing Algorithms / 

Simulations 

Algorithm and 
simulation 

results 

R_GEN 14 
R_FUNC 2 
R_FUNC 14 
R_PERF 14 

Pro-active 
network 
coding 

improvement 

Investigate how Network 
Coding can improve MANET 
communications in terms of 
routing and energy saving 

Reduce routing overhead / 
improve throughput 

Routing / 
resource 

management 

Analysis, 
Algorithm, 
Simulation 

Algorithm, NS2 
simulation 

R_GEN 13 
R_GEN 14 
R_FUNC 1 
R_FUNC 2 
R_FUNC 12 
R_FUNC 13 
R_PERF14 

Table 2 – MONET MANET studies matrix. 
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For each of the matrix entries in Table 2, the approach taken was fairly similar, as can be 
seen from the methodology column of the table. First, an analysis of the problem was made 
and potential solutions considered and discussed. Pen and paper analyses and 
brainstorming as well as analysis of current state-of-the-art approaches were then 
performed. This was followed by the establishment of adequate metrics and choice of 
appropriate and existing algorithms. 
 
After the selection of the appropriate algorithms on top of which the modifications studied 
would be included, it was necessary to choose a suitable simulation environment 
(conditioned of course by the current availabilities of tools within the consortium. Examples 
included MATLAB, NS-2 and OPNET) and definition of simulation parameters. Finally, the 
investigations were concluded with the implementation of simulations and the comparison of 
their results to baselines established during simulation preparation (e.g. static routing or 
basic OLSR). 
 
The studies considered under Table 2 were consolidated during the task execution to ensure 
proper focus and relevant results and the relation between the MANET Segment studies and 
the Satellite Segment studies and System Level studies are represented in Figure 10. 
 

 
Figure 10 – Relations between System, Satellite Segment and MANET Segment studies. 
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3 Simulation environments and simulation definition 

criteria 

The present section will describe the different simulation environments available to the 
consortium, their influence over the validity of the results of the algorithms and will establish 
the criteria used when setting up the simulations that were carried out and described in 
sections 5, 7, 8 and 9. 
 
 

3.1 Simulation environments 
There are currently two major types of simulation techniques being used regularly: 

• Discrete Event Simulations (DES); 
• Continuous Dynamic Simulations. 

In the former type of simulation, events are managed in time by the simulator. A queue of 
events is kept and sorted by the simulated time they should occur. The simulator reads the 
queue and triggers new events as each event is processed. In this case, time (i.e. real time 
execution) is less important than being able to access the data produced by the simulation 
and to discover errors in the design or in the sequence of events. Another type of discrete 
simulation that does not rely on a model with an underlying equation, but can nonetheless be 
represented formally, is agent-based simulation. In this type of simulation, individual entities 
in the model are represented directly and possess an internal state and set of behaviours or 
rules that determine how the agent's state is updated from one time-step to the next. 
Continuous Dynamic Simulation determines the numerical solution of differential-algebraic 
equations or differential equations (using discrete time). Equations define the relationships 
between elements of the modelled system and they are often used in simulating physical 
systems. When considering communications and networking simulations, the majority of 
simulation tools are based on DES. 
 
The processes, elements, behaviours and events that make up a simulated system can 
themselves be modelled in many different ways. Perhaps the most well known models are 
the static and dynamic ones. While the former establish that the modelled element does not 
alter its behaviour over time, the latter describe how the modelled element’s behaviour will 
change over time in accordance with particular inputs. Another group of consists of the 
deterministic and stochastic models. Deterministic models are used when the behaviour of 
the modelled element can be perfectly attributed to a set of causes, i.e. for everything that 
happens there are conditions such that, if these conditions are verified, nothing else could 
happen. However, many simulations rely on stochastic modelling of certain elements in order 
to represent behaviour that is not known in a precise fashion but that can be characterized by 
associating probabilities with a set of outcomes. Some common applications requiring this 
technique include: 

• Traffic loads of communication networks. These usually result from the aggregation of 
many individual sources. These individual sources usually correspond to users whose 
traffic submissions are not precisely predictable. In addition, these sources are 
generally not coordinated with each other, leading to a traffic flow that appears 
random. Other user-determined properties of network traffic, such as selection of 
destinations and service-quality parameters, are also often modelled in a stochastic 
manner in order to reflect the variability of user choices. 



 

MANET Optimization Studies 
MONET 

 
 

MONET-ICT-247176-D4.3  Page 27 of 110 

• Certain computer operations which require variable execution times to complete. 
Some correspond to the use of physical devices with delays that may change, such 
as disks or tape drives. In other cases, contention for computer resources such as the 
bus, CPU, or memory may present a particular task with variable delays in accessing 
these resources. These delays may be modelled by explicitly representing all the 
tasks that contend for the resources, or the presence of other tasks may be modelled 
in a more abstract fashion by incorporating variable delays into operations that 
access the resources of interest. 

• The definition of certain communication protocols requires them to perform operations 
on a random or pseudo-random basis. Common examples include selecting random 
timer values for message retransmissions, and randomly selecting an order in which 
to service multiple contending traffic sources. 

• The quantity and placement of bit-errors affecting transmitted packets are usually 
modelled as random processes. In fact, link quality is typically characterized in 
statistical terms by manufacturers or service providers, providing a straightforward 
mapping into a stochastic model. 

 
There are two modelling techniques that are particularly important to network simulation: 
Markov processes and chains and queueing theory. Some stochastic systems are best 
described using Markov processes. A Markov process is a random process where the value 
of the random variable at instant n depends only on its immediate past value at instant n −1 
[GEBALI 2008]. The way this dependence is defined gives rise to a family of sample 
functions just like in any other random process. Examples of Markov processes that are 
present in many real life situations include [GEBALI 2008]: 

• Telecommunication protocols and hardware systems; 
• Customer arrivals and departures at banks; 
• Checkout counters at supermarkets; 
• Mutation of a virus or DNA molecule, 
• Random walk such as Brownian motion; 
• Arrival of cars at an intersection; 
• Bus rider population during the day, week, month, etc.; 
• Machine breakdown and repair during use; 
• The state of the daily weather; 

Markov chains are Markov processes for which the state space is discrete. Memoryless 
Markov chain simulations are especially interesting for communications. In these simulations, 
systems transition between different system "states" taking into account only the current 
state. Markov chain simulation is faster but less accurate and flexible than detailed discrete 
event simulation. 
 
Queuing analysis is one of the most important tools for studying communication systems. 
Queuing analysis can be seen as a special case of Markov chains [GEBALI 2008]. Some 
examples of queues include: 

• The number of patients in a doctor’s waiting room; 
• The number of customers in a store checkout line; 
• The number of packets stored in a router’s buffer; 
• The number of print jobs present in a printer’s queue; 
• The number of workstations requesting access to the LAN; 

The objective of queuing analysis is to predict the system performance such as how many 
customers get processed per time step, the average delay a customer endures before being 
served, and the size of the queue or waiting room required. These performance measures 
have obvious applications in telecommunication systems and the design of hardware for 
such systems. 
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Most commercial simulators are Graphical User Interface (GUI) driven (e.g. OPNET), while 
some network simulators require input scripts or commands (e.g. NS-2). However, all of 
them provide some form of GUI for analysing results, as is represented in Figure 11 for NS-2. 
The network parameters describe the state of the network (node placement, existing links) 
and the events (data transmissions, link failures, etc). Simulation output is usually compiled 
in output files that document every event that occurred in the simulation and are used for 
analysis. 
 
The main simulation tools or packages considered for the work described herein were 
MATLAB, NS-2, OPNET and OMNET++. 
 
MATLAB is an extremely popular numerical computing environment and includes a 
programming language. MATLAB is intended primarily for numerical computing. Through its 
additional package, Simulink, it’s possible to add graphical multi-domain simulation and 
Model-Based Design for dynamic and embedded systems. Both MATLAB and Simulink 
support both time-driven and discrete-event modelling including queues, servers, and traffic 
generators. Simulink can be augmented with numerous toolboxes for different topics, 
including the communications system toolbox (to design and simulate the physical layer of 
communication systems) and SimRF toolbox (to design RF systems). Through the use of the 
communications system toolbox it’s possible to design networks and services, to setup 
source and channel coding, model channels and RF impairments and to model traffic and 
simulate network performance.  
 
NS is a discrete event simulator targeted at networking research, developed by UC Berkeley 
and written in C++ and OTcl (Object oriented Tool command language). NS provides 
substantial support for simulation of TCP, routing, and multicast protocols over wired and 
wireless (local and satellite) networks. NS began in 1989 as the REAL network simulator 
and, at a certain point in its lifetime, saw its development supported by DARPA. It is currently 
supported by the Virtual Internetwork Testbed project (VINT) and is in version 2 (NS-2). 
Given its open source model and detailed documentation of the code developed, NS-2 is 
quite popular with researchers. Simulations are constructed through programming in OTcl 
script language. To setup and run a simulation network, a user should write an OTcl script 
that initiates an event scheduler, sets up the network topology using network objects and the 
network setup functions in the NS-2 library, and tells traffic sources when to start and stop 
transmitting packets through the event scheduler. When a simulation is concluded, NS 
produces one or more text-based output files that contain detailed simulation data, if 
specified to do so in the input OTcl script. The data can be used for simulation analysis or as 
an input to a graphical simulation display tool called Network Animator (NAM). NAM has a 
nice graphical user interface similar to that of a CD player (play, fast forward, rewind, pause 
and so on), and also has a display speed controller. Furthermore, it can graphically present 
information such as throughput and number of packet drops at each link, although the 
graphical information cannot be used for accurate simulation analysis. The NAM GUI is 
presented in Figure 11. 
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Figure 11 - NAM (Network Animator Tool), from (NS2) Network Simulator package. 
 
OMNeT++ is a component-based, modular and open-architecture discrete event simulation 
framework. This framework provides the infrastructure for writing and constructing different 
simulations. Specific application areas are catered by various simulation models and 
frameworks, most of them open source. These models are developed completely 
independently of OMNeT++, and follow their own release cycles. The most common use of 
OMNeT++ is as a structure for simulation of computer networks, but it is also used for 
queuing network simulations and other areas as well because it is based on queueing 
analysis. OMNeT++ is popular in academia for its extensibility and plentiful online 
documentation. The software allows GNU Public License-like freedom for non-commercial 
purposes. 
 
Another very popular simulation tool in network analysis is the OPNET Modeler. The Modeler 
is just one of the many tools from the OPNET Technologies suite. The engine of the OPNET 
Modeler is a finite state machine model combined with an analytical model. Modeler can 
model protocols, devices and behaviours with about 400 special-purpose modelling 
functions. The GUI along with the considerable amount of documentation and study cases 
that come along with the license are an attractive feature of the Modeler. A number of editors 
are provided to simplify the different levels of modelling that the network operator requires. 
Modeler is not open source software though model parameters can be altered, and this can 
have a significant effect on the simulation accuracy. 
 
OPNET Modeler supports object-oriented modelling and provides an hierarchical modelling 
environment. It has an inherent parallel discrete event simulation kernel which leverages 
multi-core processors or multi-processor machines to accelerate simulation run-time. It can 
be interfaced with live systems for system-in-the-loop simulation and provides a GUI for 
debugging, analysis and controlling the simulations, the DES Execution Manager. The 
simulator varies the random number seed across a family of simulations to ensure statistical 
validity. There are a great number of protocol and vendor device models with source code in 
the OPNET model library and the Modeler supports three types of simulation: Discrete Event, 
Hybrid, and optional Analytical. This capability and its influence on simulation accuracy and 
speed is presented in Figure 12. The full analytical modelling provides the fastest execution 
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time relative to other approaches and scales to support large networks and traffic volumes. 
It’s useful for iterative simulations used in network design and failure analysis. Hybrid 
Simulation offers a mix of discrete and analytical traffic modelling for highly detailed and 
rapid simulations. 
 

 
Figure 12 – OPNET modeler simulation types. 

 
Based on the existing expertise of the partners and licences already supported, the partners 
have elected to use OPNET and NS-2. 
 
 

3.2 Simulation Construction 
The details about how each simulation was constructed are given in the sections of each 
algorithm developed. This section explains the basic principles applied in the construction of 
the simulations carried out under WP4.3. 
 
In order to construct appropriate simulations (i.e. simulations that do not require infinite 
amounts of time to run and provide accurate results) it’s necessary to apply a set of 
principles to ensure that the actual parameters the developer wants to test are tested, that 
the simulations are reproducible and consistent and that the results are repeatable.  
 
Another job of the simulation construction activity is to establish strategies for simulation 
evolution into more complex models. The first simulations were made for networks with small 
numbers of nodes, small simulation meshes (i.e. node distances) and static nodes. 
Afterwards and according to the algorithm to test, further parameters were introduced or 
modified – distances were increased, energy consumption rates modified not to be uniform, 
and node speeds increased from static to slow moving (walking handheld nodes) to vehicular 
nodes (higher velocities). 
 
During the process of simulation construction it’s important to keep validating the modelling 
choices made. For this, it’s possible to use criteria such as the following: 

• Simulation progress – when developing the simulation model, one must verify that the 
simulation can be assembled and executed, that it can process events, and finally 
reach completion without encountering serious errors. The number of events 
executed must appear reasonable; i.e. it must appear that there is meaningful 
generation and processing of events, and also that the density of events over 
simulated time is not excessive (simulations that have too great a density of events 
advance very slowly). 
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• Flow of data – the simulation model should ensure that packet generation, 
connections, and links are properly configured and that there are no unexpected 
bottlenecks or packet “sinks” in the system. 

• Basic statistics – certain basic metrics in the system need to be understood in 
advance and may be observed in the simulation in order to determine if the model 
has generally valid behaviour. 

• Key events - If particular events are expected to occur at known times, or if particular 
processing is expected when certain events occur, the developer may wish to 
specifically analyze activity of the model surrounding those events in order to ensure 
correctness. 

The next sections describe the main principles applied during the construction of the 
simulations of sections 5, 7, 8 and 9. 
 

3.2.1 Deterministic behaviour 

An important parameter in the definition and construction of the simulation models is 
deterministic behaviour. It is important to ensure that the execution of the simulation can be 
foreseen. Even if events are modelled as stochastic processes, if the simulation model is 
assembled in such a way that the analyst cannot determine how events will occur, this 
means it will be very difficult to assess performance and to determine the causes for 
performance gain, performance loss and or any problems encountered during simulation. 
Deterministic behaviour is reflected in the setup of the events chain for the simulation which 
must be done carefully. 
 
 

3.2.2 Comparison baselines 

As was hinted before, it is essential to establish the comparison baselines on which it will be 
possible to assess if the algorithms proposed in this document bring any performance 
improvement. For the purpose of the simulations carried out in WP4.3, the partners decided 
to use OLSR as the baseline. In some cases, OLSR was modified to include further 
parameters as in the case of sections 5, 7 and 9. The results from these simulations were 
compared with the performance obtained using plain OLSR. In the case of the work of 
section 8, plain OLSR was also used as the baseline comparison although the proposed 
improvements were applied to Q-routing. The reason for using OLSR as the baseline 
comparison is related to its widespread use in MANET research and the fact that it’s being 
actively considered under the MANET WG at IETF. As the proactive MANET routing protocol 
or PMP, OLSR can be expected to become commonplace in future implementations of 
MANET and this makes it a logical choice for MONET work, where one objective is to ensure 
that the work performed can be adopted, implemented and fielded in the near future. 
 
The use of a proactive routing protocol as the baseline comparison is essentially related to 
the underlying scenarios and applications of MONET. Given the potential application of the 
MONET concept to public safety and emergency response, it was shown in deliverable D2.3 
– MONET requirements, that the importance of establishing connections quickly is 
paramount for voice communications, which form the basis of emergency communications. 
One characteristic of proactive routing is precisely the capability to establish connections 
quickly since the routes to destinations are known already. Conversely, reactive routing 
protocols look for the routes to destinations only when the need arises which results in higher 
connection setup times. 
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3.2.3 Specificity 

The MONET MANET segment simulations were constructed in such a way as to test one 
parameter or variable at a time. Specificity is a fundamental characteristic of any test design. 
Specificity is defined as the ability of a test to identify negative results, or in statistics the 
proportion of negatives which are correctly identified, i.e. the ability to focus on a particular or 
very specific aspect or parameter to test. This is important to ensure that a causal relation 
between a modification introduced by an algorithm and a change in network performance 
can be established. If more than one parameter is tested at the same time, it is virtually 
impossible to determine if the network performance improved or decreased as a result of the 
modifications introduced. For example, in order to determine if a routing algorithm based on 
geographical information increases the performance of a network, it is necessary to test this 
metric alone (and not test geo-based routing at the same time of energy-aware routing) in a 
situation where positions of nodes change over time but other characteristics remain the 
same. 
 
 

3.2.4 Reproducibility 

Reproducibility is the ability of a test or experiment to be accurately reproduced, or 
replicated, by someone else working independently. It is important to ensure that the results 
obtained by the simulations constructed in MONET and performed by a particular researcher 
or group of researchers can be reproduced and evaluated by other independent researchers 
who repeat the same simulation themselves, based on the original simulation construction 
and the use of the same tools. This is important to ensure that the results of MONET can be 
independently verified. Additionally, this means that the different research groups in MONET 
can run simulations from other groups and obtain the same results and compare analyses. 
 
 

3.2.5 Repeatability 

Another important parameter in constructing the MONET simulations was repeatability. In 
scientific terms, repeatability is the variation in measurements taken by a single person or 
instrument on the same item and under the same conditions. A measurement is said to be 
repeatable when this variation is smaller than some agreed limit. In the specific case of 
MONET, it is important to ensure that any variation in the results of a simulation running the 
same conditions is due only to the variation in the random number generators that support 
the stochastic processes that model telecommunication protocols. If the variation in results is 
higher than that introduced by the simulator itself in the process of striving for statistical 
significance, then this may mean that the simulation model wasn’t well constructed and 
hence the conclusions from the performance analysis may be wrong. 
 
 

3.2.6 Consistency 

The simulation models prepared for the MONET MANET segment must be consistent. This 
basically means that the models should be constructed in such a way that they are 
consistent with broader, currently known networking facts and working ways. Otherwise there 
is a risk of simulating a situation that is not applicable to real life or that does not respect 
networking principles of current technologies or protocols. 
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4 MANET Routing Improvements 

The following sections provide an overview on previous work done on geographically based 
routing, energy-aware routing and satlink based routing. It also includes some descriptions of 
how QoS has been taken into account in routing. 
 
 

4.1 Geo-based routing 
Routing based on node position is a growing topic of interest in the research community. 
Several distributed GPS based routing protocols for MANETs have been reported in 
literature in recent years. Examples include GEDIR (GEographic DIstance Routing) algorithm 
[LIN 2000], GPSAL (GPS/Ant-Like Routing Algorithm) [CÂMARA 2000] and LPAR (Location-
based Point-to-point Adaptive Routing) protocol [ABOLHASAM 2002]. These routing 
protocols use the nodes position in the routing calculation and are particularly interesting for 
mobile networks (MANETs) where topology changes frequently due to high node mobility. 
 
In GEDIR, the protocol analyzes the best path from the source to the destination node. This 
best route is achieved using the smaller distance path between the source and destination 
node. GPSAL is based on GPS and mobile software agent modeled on ants for routing in ad 
hoc. This protocol uses two kinds of routing protocols. One of them uses a model to discover 
the paths similar to the ant strategies, after that, the information is crossed with LAR 
(Location-Aided Routing) protocol. This allows include GPS data in the routing calculation.  
Finally, the LPAR is a GPS route discovery algorithm which uses a 3-state route discovery 
strategy in a point-to-point way to reduce routing overhead while maximizing throughput in 
medium network condition. 
 
As seen above, GPS is already used in routing protocols. In a MONET system this 
information can be also used in routing process. The routing algorithm can use the 
information about the shortest path between a node and the satellite terminal to help finding 
the best solution. Theoretically, only based on the distance, the link with smaller distance 
between nodes needs lower power to transmit than other one, however, other conclusions 
may be attained using this kind of information.  
 
It must be performed some simulations to study the influence of that information on the 
routing algorithm. There must be seen an increase of efficiency but the routing overhead 
must not increase substantially.  
 
In summary, GPS information can be a useful criterion to use in the routing protocol. This 
information allows the inclusion of the position of the nodes on the routing calculation. 
 
 

4.2 Energy aware routing 
Actually, there are routing protocols that use the energy level information on the routing 
algorithm. Example of that is the OLSR (Optimized Link State Routing) [RFC3626], which 
uses the battery level information in the routing calculation. There is also a protocol proposed 
in [ROMDHANI 2004] which is a routing algorithm based on AODV protocol that uses the 
energy consumption of the nodes to perform the routing process. Other routing protocol that 
uses energy aware routing is DEAR (Device and Energy Aware Routing) 
[AVUDAINAYAGAM 2003]. This protocol uses the kind of power connection used by every 
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node. The externally power nodes are forced to forward more traffic and perform more 
routing functions than a battery-powered nodes. This way, the energy information is also 
used in the routing process.  
 
It must be analyzed the routing protocols that use energy aware routing to calculate the 
paths among the nodes. It will be choose one technique to perform some tests in order to 
determine its benefits comparison with other techniques. The OLSR protocol, guarantees a 
lower routing overhead to the energy information including a field on the routing packets 
related to this data. This information must be also used to perform some management 
related to the satellite terminals. It can be used in the election of nodes to be a gateway.  
 
Summarizing, the energy level information of the nodes may be used to perform the routing 
protocol for a longer battery life. This information is also useful to perform a correct 
management of the satellite terminals in order to choose the best node to be elected as a 
gateway. So, must be performed some tests to prove the increase of the energy efficiency 
and consequently obtain a higher battery life time.  
 
 

4.3 Routing taking into account satlink information 
There is other information that could be used in routing calculation like satellite link 
information. Parameters like link availability, service cost, link load and bandwidth can be 
useful to determine the best path among the nodes. This information is directly related to the 
usage and availability of the node and the satellite terminal.  
 
If a satellite link has high link availability, the associated node is not used to supply data to 
satellite terminal and the link is available to transfer data through it. This reveals an 
availability of the node to forward information in comparison to nodes with low link 
availability. The election of the gateway nodes and authentication servers can be also use 
this kind of information.  
 
Another link characteristic to take into account is the service cost that each terminal satellite 
has. On situations where there are different costs to the satellite services, the chosen of the 
satellite terminal must be preferential to the cheaper service.  
 
Relatively to load link, it reveals the usage rate of the satellite link. When the load link is low, 
the satellite link has capacity and availability to perform more data flow. In opposite, when 
the load link reveals a high rate value, the node and its satellite terminal has low availability 
to send more data via satellite links. In these cases is checked the possibility to connect 
other satellite link to through some data. 
 
With regards to the bandwidth, the node has higher availability to perform communications 
via satellite services when this parameter is higher. Comparing the bandwidth of all possible 
satellite links, the best choice is the link with higher value. So, the availability of each node 
related to that characteristic is proportional to the bandwidth value, however, the previous 
parameter (load link) must be taking into account, because it reveals the percentage of the 
bandwidth already used. This information may be used in regular routing calculation among 
the nodes and to choose the best satellite terminal solution.  
 
There must be implemented and tested a routing protocol using link parameters in its 
calculation. These studies must reveal an optimization of routing calculation without a high 
increase of routing overhead. The algorithm must perform a correct routing among the nodes 
using the link information. 
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4.4 QoS based routing 
Routing protocols used in Ad Hoc networks can incorporate QoS information. This kind of 
information is related, for example, to traffic classes and users classes. With that information 
the routing protocol can choose a right path among the networks taking into account the 
importance of the nodes to the network and its supported services.  
 
There are already some protocols that incorporate QoS information in its routing algorithm. 
Example of that is the extension QOLSR for OLSR protocol [BADIS 2004]. This extension 
contemplates the inclusion of some QoS information in the routing protocol. This information 
is, for example, the delay and bandwidth information of each of its neighbors. 
 
Different users can incorporate a network and those users are generally related to a specific 
group of other users. Those relationships can have different hierarchies so the relation 
among them may obey at certain type of priorities. Similarly, the data generated by network 
services can have different priorities in the network traffic. This kind of hierarchy can also be 
included on the routing process.  
 
The different importance of some users and services in the operation must weigh in the 
routing process. The data from some users, which assume a higher importance in the 
operation, must have a higher priority compared to the others. When it is necessary to 
exchange information from a priority user, the path between the nodes must be chosen as 
the best possible. That choose obviously must take into account the all other type of users 
trying to communicate, but given always higher importance to that kind of traffic compared to 
traffic from user with smaller relevancy. 
 
Taking into account the service information in routing protocol is guaranteed a better 
available path to transfer priority service data. Similarly to the priority user, the inclusion of 
different priorities in services allows provide the most efficient routing process to those paths. 
A priority service must have a priority path in the routing process. This means that a node 
which sends priority service data must have the better path to destination than other node 
with a lower priority service. Different priority services present in two nodes must be 
transmitted according to them priorities. The most priority must have the better path and if 
the second one can not transmit in the same path, other less efficient path must be chosen.  
 
Concluding QoS information can be folded into the previous routing protocol approaches. 
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5 Multi-Interface Multi-Channel Routing 

In D3.1 architectural design, we propose to use multi-interface and multi-channel to wireless 
ad hoc network in order to increase spatial diversity and reducing the interference. In this 
section, we will discuss a cost-aware Multi-Interface Multi-Channel (MIMC) routing protocol 
by extending AODV and AOMDV (Disjoint Multipath routing AODV) protocol to be facilitated 
with multi-interfaces multichannel. The results show that the multi-interface and multi-channel 
ad hoc networks enhance flow bandwidth stability and load balance compared to AODV 
performance. 
 
 

5.1 Related Work 
Multi-interface multi-channel (MIMC) wireless networks recently have drawn considerable 
research attention. In these networks a node may be equipped with multiple network 
interfaces operated at different channels. An MIMC MANET can efficiently use spectrum 
resources, providing sufficient bandwidth, which results in improvement of QoS in the 
network. On the other hand, multi-interface multi-channel device can provide robust 
connection of the network then a single interface single channel MANET while some 
channels or interfaces are under interference or corrupted. 
 
Various proactive and reactive routing protocols have been proposed for single interface 
single channel (SISC) ad hoc networks, such as DSDV, DSR, AODV, and OLSR as 
described in previous sections. These traditional ad hoc routing protocols can’t make full use 
of the interface and channel resource to improve the QoS of the network when used in MIMC 
circumstance. In order to take full advantage of the resources, some researchers have been 
carried on to deal with the MIMC routing. [GONG 2009] presented a combined channel 
assignment and AODV scheme, called Channel Assignment AODV (CA-AODV).But this 
protocol need a separated control channel, the channel use may not be very efficient. 
[CAPONE 2010] proposed optimization framework includes routing, scheduling and channel 
assignment for MIMC mesh networks. However, this method is TDMA based, and needs a 
centralized schedule. This scheme may not be applicable to distributed and self-organized 
ad hoc networks with variable data flows. [RANIWALA 2005] presents a distributed 
routing/channel assignment algorithm that utilizes only local topology and local traffic load 
information to perform channel assignment and route computation. This protocol only 
focused on solving the routing between wireless router and wire networks based on spanning 
tree. [DRAVES 2004] implemented a routing protocol MR-LQSR (Multi-Radio Link-Quality 
Source Routing). A path metric called Weighted Cumulative ETT (WCETT) that explicitly 
accounts for the interference among links is proposed. The high-throughput path between a 
source and a destination will be chosen. [ANGUSWAMY 2009] proposed a multi-interface 
multi-channel routing (MMCR) protocol that considers various QoS parameters such as 
throughput, end-to-end delay, and energy utilization as a single unified cost metric and 
identifies the route that optimizes the cost metric and balances the traffic among the 
channels on a per flow basis. [CHEOLGI 2008] present a link-state routing protocol tailored 
for multichannel networks by minimizing the broadcast overheads. Most of these protocols 
try to discover one best route in the MIMC networks. But The intrinsic property of a MIMC 
network makes the route for a data transferring request more optional, only one best route 
cannot adaptive well to a dynamic network. 
 
Multi path is a good extension to improve the networks performance in a dynamic 
environment with back up paths. Based on different objectives, multi path routing protocols 
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can be broadly classified as: delay-aware multipath routing protocols, reliable multi path 
routing protocols, minimum over head multi path routing protocols, and so on. Multi-path 
protocol will need additional control message to fulfil route discovery. AOMDV is a multipath 
version of AODV proposed by [YE 2003] to minimum overhead in multipath routing. 
[MUELLER 2005] made an improvement of AOMDV protocol with AOMDV/PD protocol to 
reduce the interference among different paths. In order to improve the overall delay 
performance of a network, [JING 2005] made an improvement of AOMDV and proposed path 
selection protocol AOMDV-PSP. The main difference between AOMDV-PSP and AOMDV is 
that AODV-PSP considers delays along a path while making a routing decision. [HUANG 
2005] proposed prioritize multipath routing (PRIMAR). In the PRIMAR protocol, multiple 
paths are selected between a source and a destination depending upon the type of traffic. A 
low priority packet travels a longer path compared to a higher priority packet. [CUTHBERT 
2004] proposed a Node-disjoint multipath routing (NDMR) to improve the reliable multipath 
routing protocols. AOMDV is another multipath routing protocol using disjoint path proposed 
by [MAHESH 2006]. AOMDV protocol uses next hop and last hop to distinguish whether two 
paths are link disjoined. Since the RREQ is flooded network-wide, a node may receive 
several copies of the same RREQ. Thus, all duplicate copies are examined in AOMDV for 
potential alternate reverse paths. 
 
As we can see there are many researches on MIMC routing and multi-path routing 
separately, but there is little research about multi-path routing for MIMC. Multi-path routing in 
MIMC environment can play a more important role to improve the network’s QoS if it can 
make proper use of the channel resources. In this study, we propose cost-aware MIMC 
multipath routing protocol based on AOMDV called MIMC-AOMDV. Path cost is measured by 
link load and interference. The cost will spread along the forward direction of RREQ and 
RREP messages, every path can get its traffic cost to the destination. Then by improving the 
disjoint path criteria and reverse/forward path process, the intermediate node can discover 
more feasible paths. A new path selection and flow based data forwarding procedure is 
designed to decrease the interference between different flows, so the network’s bandwidth 
can be improved. The proposed method has addressed only reactive protocol that requires 
the dynamic routing establishment. Although the proactive protocol with multi-interfaces has 
not been obviously addressed, we think this couldn't have significantly degraded the 
performance of the proposed method that already benefits reactive protocols. This is due to 
the fact that the multi-interfaces only provide the alternative possibility of connectivity among 
nodes. Therefore, proactive protocols would in principle benefit as well. Some researches 
have done in this area already. 
The work presented here didn’t address the channel assignment problem. Additionally, the 
effects of MIMC on the hidden node problem have not been analysed. However, we believe 
the hidden node problem may be reduced due to MIMC because one radio overwhelms 
some neighbour nodes. These hidden nodes may use alternative radio interfaces to 
communicate with each other. 
 

5.2 Cost-Aware MIMC-AOMDV mechanisms 
Cost-aware MIMC-AOMDV is an extension of AOMDV with multi-interface and multichannel. 
Consider load balance in routing protocol, routing protocol must be aware the underlying 
network conditions, i.e. path cost estimation.  
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5.2.1 Path cost estimation 

5.2.1.1 Interference measure 

We model the ad hoc network as a directed graph G= (V, E). Each node Vv ∈ correspond to 
individual wireless node, )(vI denotes the number of wireless interfaces that it has. A 
wireless interface of node v operates on a single channel selected from set ξ .We assume 
there are K orthogonal channels in ξ  numbered from 1 to K .The interfaces of a node are 
assigned with distinct channels, so each wireless node v  can be associated with a ordered 
set ξ⊆)(vF of )(vI distinct channels, where the i -th interface of node v operated on the i -th 
channel in )(vF . 
 

A B 

C D 

qRT 

 
Figure 13 – Interference model of edges. 

 

Let TR denote the transmission range and ),( vud denote the distance between the nodes 
u and v . A link Evu ∈),( if and only if TRvud ≤),( , which implies that nodes u and v  can 
communicate each other directly. However, such a communication is only possible if there is 

a common channel among )(uF  and )(vF . IR  denotes the interference range. We assume 

that the IR  is TRq × , where 1≥q . We use ech to denote the channel used for edge 
e . EeI ∈)( denotes the set of edges which are in the interference range with edge Ee ∈ . 

When there is data transmission through link e  on channel ech , all the links )(' eIe ∈ cannot 
carry out data transmission on the same channel at the same time. When one of node v ’s 

interface select channel ich  as transmission channel, its neighbour nodes using the same 
channel will be under interference. We should consider the diversity of channels on the basis 
of the interference model. Denote the cost of channel diversity CDC (Channel Diversity Cost) 

as the number of edges under interference with link e  on channel ech .Because one node has 
multiple interfaces which operate on different channels, we can get the Channel Diversity 
Cost (CDC) of edge e by 
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If the CDC of one link is smaller, it means the interference to surrounding edges is weaker; 
otherwise the interference to surrounding edges is stronger. In a practical ad hoc network, 
one node may not know about the channel usage of its surrounding nodes. So a Channel 
Usage Message should be generated and broadcast periodic to its neighbour. In order to 
estimate the interference of one link, the node should know the channel usage within its two 
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hop nodes. So the Channel Usage Message not only includes the channels used by it, but 
also includes the channels usage by its one hop neighbours. 
 
As one path is composed of multi link from source to destination, the CDC of one path can 
be achieved by collecting the CDC of each link in that route. We denote the CDC of path 
p as following: 

 
)),(max()( peeCDCpCDC ∈=  (5.3) 

 
As we know, in an AODV based or extended routing protocol, a route is constructed by 
RREQ and RREP message. In order to distribute the interference of the path, the 
interference information should be included in the RREQ and RREP message, letting the 

CDC of the path spread away. The )( pRREQCDC denotes the Channel Diversity Cost of 

RREQ message along the reverse path p ; )( pRREPCDC denotes the Channel Diversity Cost 

of RREP message along the forward path p ; sendch denotes the channel used by the 

interface to send the RREQ or RREP message. )( pRREQCDC and )( pRREPCDC should be 
attached to RREQ or RREP  message separately. 
 

))(),(max()( reversesendp pCDCchCDCRREQCDC =   (5.4) 
 

))(),(max()( forwardsendp pCDCchCDCRREPCDC =   (5.5) 
 
When node i  receives the RREQ or RREP message, it will update the CDC of the reverse 

path or forward path as follows. The recvch  denotes the channel used by the interface 
receiving the RREQ or RREP message. 
 

))(),(max()( , precvreversei RREQCDCchCDCpCDC =   (5.6) 
 

))(),(max()( , precvforwardi RREPCDCchCDCpCDC =   (5.7) 
 
 

5.2.1.2 Load Measure 

In ad hoc networks, there may exit some nodes who undertake the forwarding mission for too 
many flows. These nodes can be referred as hotspots, which may lead to packets congestion 
for the intensive transferring competition of different flows. So an idea routing protocol should 
try to balance the route of different flows to avoid the hotspots. In MIMC multi path networks, 
load balance is more essential because one node may have different paths to the destination 
via different interfaces with different channels. If the route protocol can select the interface 
with light load for a route, it can significantly balance the flows in the network.  
 
Here we use the busyness rate of MAC layer to indicate the interface workload, which is 

more direct and can take the affect of overhearing into account. Let st denote the sample 

interval, N  denote the total sample times of one statistics, and bn  denote the number of 
sampling points the MAC of the interface is busy(in sending or receiving).Then we can get:  
 

NnR dbusyness /=   (5.8) 
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The large busynessR
means the interface is busy with transferring or receiving packets. The 

interface with high workload is not suitable for further increasing of work load by joining a 
new route; otherwise the interface will reaches congestion. Interface’s busyness rate can’t be 
obtained without cross-layer design in MAC layer. MAC layer should provide an interface for 
IP layer so as to IP layer can read busyness rate for the interface. Furthermore, the load of a 
path can be achieved, which is defined as follow: 
 

)}({max i
pif

p ifLoadLoad
i∈

=
  (5.9) 

 
iif  denotes the th−i  interface in a path p . Same as the interference information, the load 

information should be included in the RREQ and RREP message to be distributed .We 
denote )( pRREQLoad  as the load parameter at RREQ message along the reverse path p , 

)( pRREPLoad is the load of RREP message along the forward path p . They can be defined 
as follows respectively: 
 

)}(),(max{)( sendreversep ifLoadpLoadRREQLoad =   (5.10) 
 

)}(),(max{)( sendforwardp ifLoadpLoadRREPLoad =   (5.11) 
 

)( reversepLoad is the load of the reverse path, )( forwardpLoad  is the load of forward path. 
)( sendifLoad  denotes the load of the interface sending this RREQ or RREP message. When a 

node i  receives the RREQ or RREP message, it will update the load of the reverse path or 
forward path as follows. 
 

))(),(max()( , precvreversei RREQLoadifLoadpLoad =   (5.12) 
 

))(),(max()( , psrecvforwardi RREPLoadifLoadpLoad =   (5.13) 
 
 

5.2.2 Cost-aware MIMC-AOMDV protocol 

In order to make full use of the frequency and interface resources of a MIMC network, the 
workload should be balanced as far as possible under transfer delay constraint. So the MIMC 
multi path route protocol should try to discover and record feasible paths. 
 
 

5.2.2.1 Disjoint path criteria 

Original AOMDV protocol uses next hop and last hop to distinguish whether two paths are 
link disjoined. If two paths from a node S to a destination D are link disjoint, then they must 
have unique next hops as well as unique last hops. But in MIMC, Table 3 shows the route 
table structure of the MIMC-AOMDV protocol. The interface for every path must be specified. 
 

destination sequence  
number 

advertised  
hop count 

path list 

 next hop1 last 
hop1 

if1 hop 
count1 

load1 interf1 timeout1 
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Table 3 - Routing table entry structure for MIMC-AOMDV. 

 

 
Figure 14 – Link disjoined analysis in MIMC networks. 

 
In Figure 14 we can see there are 2 links between node A and node B on different channels. 
If node A wants to send data to node C, it starts route discovery by sending RREQ message 
from every of its interfaces. Node B will receive RREQ message from interface 1 and 2 
respectively, so there should have two reserve paths from node B to node A. According 
AODV’s link disjoint constraint, these two paths have the same next hop and last hop, so 
they are not disjoint links, and one of these paths will be ignored. In fact these two paths are 
of no-interference each other. The throughput between node A and node B can be doubled if 
these two paths are all adopted. So in the MIMC-AOMDV protocol, the interface information 
must be considered in determining disjoint path. 
 



 ===

=
othewise 0

)()()nexthopnexthop( if,1
),(Disjoint 212121 pp

21
,

ififlasthoplasthop
pp

pppp UU

  (5.14) 
 
 

5.2.2.2 RREQ/RREP waiting mechanism 

In AODV based protocols, the intermediate node only forwards RREQ with same sequence 
number and destination once. The first received RREQ message is forwarded. But for MIMC 
multi path protocol, intermediate node may have several reverse paths. And REEQ message 
from different path may arrive at different time, so the original RREQ forwarding method can’t 
reflect the workload of the reverse route nicely. In order to make load information in the 
RREQ message more comprehensive, and we put forward a RREQ forward waiting 
mechanism. 

1. When the node receive the first RREQ message, the node will check its route table to 
see if it has the route to the destination, if it has the route to the destination, it replies 
with RREP to the source node along the reverse route; 

2. If the node doesn’t have the route to the destination node, it will check the load 
included in the RREQ message; 

3. If the load is below threshold threshLoad , it means the reverse path is not very busy; the 
node can forward the RREQ immediately; 

next hop2 last 
hop2 

if2 hop 
count2 

load2 interf2 timeout2 

next hop3 last 
hop3 

if3 hop 
count3 

load3 Interf3 timeout3 
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4. If the load is above threshold threshLoad , it means the reverse path is quite busy, the 

node will wait for a random period of time ],[ maxmin tttwait ∈ , to see if there are some 
other reverse paths could be discovered. When the waiting timer is expired, the node 
will select alternative reverse path from these candidate paths, and its load will be 
recorded in RREQ message and be distributed. 

As for the RREP message, a node uses the similar process. 
1. If one node receives the first RREP message while the load to the destination is 

below the threshold threshLoad , it forwards it immediately; 
2. If the load to the destination is above the threshold, it indicates the route to the 

destination node is quite busy, so the node will wait for a random period of time 
],[ maxmin tttwait ∈  to see if there is any other forward path to be discovered. When the 

waiting timer is expired, the node selects any forward path from these candidates; its 
load information will be kept in the RREP message and forwards it. 

 
 

5.2.3 Path Selection 

Because hops workload and interface are in different units, we should find a way to find the 
proper path from the candidate paths. The best path will be the one with shortest hops, 
minimum workload and minimum interference. If one path satisfies the best path criteria, then 
this path will be selected. However, sometimes no path can satisfy in all properties. We use 

the following decision to select a path. Suppose the min,rHop  denotes the minimum hop 
number of all the paths belong to route r . 

1. Only the paths with hops less than 
∆+min,rHop

are considered, where ∆ is the max 
permissible hop difference. 

2. Find out all the paths whose load below threshLoad , and then use probability selection 
according the load of each path; 

3. If there is no path satisfying the load threshold threshLoad  constraint, then use 
probability selection according the interference of each path. 

 
According to the decision above, the workload is considered as higher priority, when the 
workload threshold can’t be satisfied, the interference is considered. 
 
 

5.2.4 Reverse path discovery 

Every intermediate node only forwards the RREQ once. But the intermediate node may 
receive several RREQ message from different interfaces. The entire disjoint path discovered 
by RREQ massage will reserved in the route table. 
 
 

5.2.5 Forward path discovery 

Destination node will reply to every RREQ message with RREP message. The intermediate 
node will forward RREP along all the reverse paths in its route table. In SISC network, the 
intermediate may not receive RREP over once, because a RREP is sent in unicast mode. 
But in MIMC network, an intermediate node may receive multiple RREPs for the same 
source node from different interfaces. Only the RREP received indicates a better forward 
path for the current node, it will be forwarded to update the route information. 
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Figure 15 – Path discovery example. 

 
Figure 15 gives an example of path discovering. The thin line indicates the direction RREQ 
message forwarding. Node E can receive two RREQ messages from node C and node D on 
different interfaces. Suppose RREQ messages from node C comes first, and generates 
path1. RREQ messages from node D comes second. The AOMDV protocol will ignore the 
RREQ message from node D, because the reverse path generated by RREQ from node D 
has the same last hop with path1. At last only the top route path from A to E could be 
discovered. 
 
The MIMC-AOMDV protocol will find at node E the two reverse paths generated by RREQ 
messages are from different interface, so these two reverse paths are all reserved in route 
table. When node E receives RREP from node F, it will forward the RREP along all its 
reverse paths, so two route paths will be discovered from A to F. This means node B will 
have two different forward paths to node F. When data from A to F arrives at B, routing 
protocol can decide which forward path will be selected to forward the data. 
 
 

5.2.6 Flow-based data forwarding 

Because one node may have several paths for one route, it will decide which path is selected 
to send or forward a packet. Here we propose a flow based stochastic path selection method 

to solve this problem. A flow
i

dsf ,  expresses data from source s  to destination d at node i . 
The procedure is presented as follows. 

1. Every node keeps a flow table to save all the flow passing through this node and 
its output path. The flow item in the flow table has lifetime. Every time the node 
receives the same flow, it will update that flows expiration time. When a flow is 
expired, it will be deleted from the flow table. 

2. When a node sends or forwards packets from s  to d , it first extracts the flow 

information 
i

dsf ,  from packet; 
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3. The MIMC-AOMDV protocol will check if 
i

dsf ,  has existed in the flow table, if it 
does, then the protocol directly gets the flow’s output path and send the packet 
through that path; 

4. If the flow is a new flow, the protocol will allocate a new item for flow
i

dsf , , and 
then find the proper output path for this flow. 

5. Let )(
ipifLoad denote the current workload of the output interface for path ip in 

route dsr , , and )( ipLoad  be the workload of the ip .Then the path selected will be 
))(),(max(min

,

*

ip
rp

pLoadifLoadp
i

dsi∈
=

  (5.15) 
 

The path information for flow 
i

dsf ,  will be filled in to the flow table. 
 
According the path selection procedure, the old flows will keep stable by following existing 
output paths. The new flows will select output paths combining path load and current 
interface load information, because the path load kept in the route table may not reflect 
current load of the network affected by flows introduced into the network after route 
discovering. A totally update of all the paths load is not feasible, so a compromise method 
put the current interface’s workload into consider can be effective and convenient.  
 
All the other paths belonging to a route will serve as backup paths. If the protocol perceives a 
link broken of current transmission, it will try to find an alternative path to resume data 
sending by path selection procedure again. This will improve the End to End delay avoiding a 
new route discovering procedure. 
 
 

5.3 Performance Evaluation 
In order to evaluate the performance of MIMC-AOMDV protocol, we shall first make a 
realization of this protocol. The Monarch research group in CMU developed complete 
physical, data link, and MAC layer models on ns2 for supporting ad hoc networks simulation. 
So ns2 is a perfect platform to realize this new protocol. But the original ns2 platform doesn’t 
support MIMC wireless network. We first finished the ns2 MIMC extension, and then we 
realized the MIMC-AOMDV protocol.  
 

Parameter Value 
Network size  1000m×500m 
Simulation time 20sec 
Node transmission 
range 

250m 

Channel capacity 2Mbps 
CBR interval_ 0.008s 
Total channels available 5 
Interfaces per node 3 

Table 4 – Basic simulation parameters. 

 
Here we focus on the routing protocol simulation; we won’t consider the channel assignment 
in the MIMC network although channel assignment is a very complex problem. So we assign 
every interface a channel in advance, and the channel used by every interface will not 
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change throughout the simulation. We use some scenarios to show the performance 
improvement by the new protocol. 
 
 

5.3.1 Flow bandwidth stability 

Figure 16 shows a scenario of two adjacent flow transferring; the channels used for every 

node are listed aside. Flow EBflow ,  from B to E starts at 4s, and another flow HFflow , from F to H 
starts at 9s.The new protocol will find paths for these two flows. The channels with dark grey 
background are used for sending, the channels with light grey background is for receiving. 
And the channels with slash back ground are affected by surrounding transmission. 
 

 
Figure 16 – Network topology of scenario 1. 
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Figure 17 – Bandwidth comparison for scenario 1 (a and b). 

 
Figure 17 gives the line with triangle marks represents the flow bandwidth of AODV protocol 
for the network topology same as Figure 16 in single channel. The line with square marks 
represents the though put of AODV protocol with multichannel support. We can see the 
single channel AODV has the lowest flow band width, and after the introducing of 

flow HFflow , , the bandwidth of EBflow , will decrease dramatically. The MIMC can greatly 
improve the bandwidth of the flow. We can see every node in the path from B to E receives 
and sends data on different interface with different channel, the flow bandwidth is maximized. 

But for MIMC-AODV protocol without taking the load consideration, the second flow HFflow ,  

may chose the affected channel at node F, which will disturb the transmission of EBflow , .The 
MIMC-AOMDV will select a more lighter loaded path, so the two flows can all reach its full 
capacity without interference. 
 
 

5.3.2 Load balance 

Figure 18 show second scenario. There is a flow DBflow ,  from B to D starting at 4s, and 

another flow DAflow , from A to D starting at 9s. Node B have two paths to node D, the first is 

B→D, the second is B→C→D. When DBflow ,  starts, MIMC-AOMDV protocol selects path 
B→D as its forwarding path, channel 3 as its transmission channel. When it’s time for 

DAflow , to start, and packet of DAflow , reaches node B. MIMC-AOMDV protocol will choose a 

lighter load path B→C→D as DAflow , ’s forwarding path. 
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Figure 18 – Network topology for scenario 2. 

 

 

 
Figure 19 – Bandwidth comparison for scenario 2 (a and b). 

 
Figure 19 gives the simulation result of different routing protocols for scenario 2. As for single 

channel AODV protocol, the later started flow DAflow ,  can’t even reach its destination for the 

heavy load in node B, and the first started flow DBflow ,  is disturbed for DAflow ,  trying to 
compute the channel with it. The performance of MIMC-AODV is much better but still cannot 
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achieve MIMC's potential. The channels used for A→B and B→D are different, the 
transmission of these two parts are out of interference. But at node B, these two flows share 
the same link B→D, the bandwidths of these two flows are affected. As we can see from 
Figure 19 the band width of these two flows are oscillating. MIMC-AOMDV can use MIMC’s 
potential at the best. At node B, the protocol will choose a more lightly loaded path, so the 

transmission of DAflow ,  and DBflow ,  carry on independently.  
 
 

5.4 Conclusion 
In D3.1 architectural design, the consortium addressed multi-radio multi-interfaces for the 
MONET node, where it indicated that multi-interface architecture could be beneficial to the 
MONET network due to interference caused by using single interfaces. We have 
demonstrated a load balanced MIMC multi path routing protocol, i.e, MIMC-AOMDV. The 
mechanism introduces interference and path load estimate in route discovering, these 
information is attached to RREQ and RREP message; then we extend AOMDV protocol to 
support MIMC .We improve the disjoint path criteria and reverse/forward path finding of the 
protocol, propose RREQ/RREP waiting mechanism, path selection and flow based data 
forwarding procedure. The protocol is realized with ns-2 network simulation tool. The 
performance of MIMC-AODV protocol is evaluated. The result shows the new protocol can 
provide the better path bandwidth stability and load balance. As for MIMC ad hoc network, 
channel assignment is another important problem that needs to be solved in the future (it 
wasn’t considered or addressed in this study). In this section the channel assigned to every 
interface is pre-computed because we focus on routing protocol here. But for a practical 
MIMC ad hoc network, every node should have the ability to adjust its channel to interference 
and keep the network’s connectivity. Our future work will research the channel assignment 
algorithm, and make full use of estimation of the MIMC network combined with the load 
balanced MIMC routing protocol. 
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6 Geo-based and Energy aware routing for the MONET 

MANET segment 

This chapter provides a detailed description of the study of routing algorithms for the MANET 
segment based on geographical data from the nodes on one side and their energy levels on 
the other (refer to the two first studies in Table 2). In both cases, the approach was based on 
using one of the most popular routing protocols in MANET, OLSR and adding specific 
metrics focusing on the parameters of interest. The incorporation of new metrics into OLSR 
is explained below in the next section. Afterwards, the proposed metrics are discussed and 
the simulations presented. 
 
 

6.1 Including additional metrics in OLSR 
When considering OLSR for the specificities of the MONET requirements and characteristics, 
some issues arise: 
 

• The network topology on OLSR flows through the nodes and is frequently updated, 
introducing overheads. In order to reduce these overheads and consequently 
increase the available bandwidth, the flooding frequency of Hello and TC messages 
should be reduced. However, reducing this frequency introduces other problems, 
especially on mobile ah-hoc networks. The routing protocol must adapt itself to the 
changing characteristics of the network. If the frequency of the topology information 
exchange is overly reduced, the network will not be able to adapt on a timely manner, 
leading to loss of communication and degraded performance. Essentially, the more 
dynamic the network (higher mobility with higher speeds), the higher the frequency of 
topology information exchange should be.  
 

• OLSR has no mechanism to address the energy available on the nodes and hence 
no way to use this information in order to extend the minimum node lifetime. 
 

• OLSR has no proactive mechanism to address the mobility of the nodes. In order for 
OLSR to adapt to these changes using only the reactions to Hello and Topology 
Control messages on a timely manner would require a higher frequency of flooding, 
increasing the overhead to traffic ratios. 

 
Taking the above-mentioned issues into account, improvements are proposed hereafter in 
order to better adapt the OLSR protocol to the requirements of the MONET network. 
 
 

6.1.1 Power aware routing 

Previous studies have concluded that most of the power consumption on MANET nodes is 
spent on transmission (and retransmission) of information, be it user information or overhead 
introduced by the protocols used. It also has been shown that contrary to what some might 
believe, the power spent on the packet routing computation is much less than the power 
spent on the radio communications. 
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Even if routing computation is significantly less power hungry than radio transmissions, there 
are still several questions related to power that should be taken into account and that 
sometimes conflict with each other: 

• Reduce the overhead messages, to increase available bandwidth and reduce power 
consumption. 

• Use the shorter routes to communicate, with a minimum number of hops, to reduce 
latency and total power used. 

• Use the path with the best SNR, to reduce the transmission power needed and avoid 
packet loss (and retransmissions). 

• Maximize the minimum lifetime of nodes, for example, by spreading the 
communication effort on a uniform manner. 

 
The approach followed in this work is twofold: 

• On a first level, it is important to acquire knowledge of the level of energy remaining 
at each node and include this information in the routing decision, therefore providing 
a “world view” to the sender node. In principle, this will result in a more uniform 
consumption of energy across the network and consequently a higher overall network 
lifetime. The main disadvantage is that this approach assumes a uniform rate of 
consumption across all nodes. This is of course not true if dismounted and vehicular 
nodes are present or if a node is being powered by a shared battery. 

• In addition to the residual energy levels, one can envisage to include also information 
about the rate of consumption of energy. By including the derivative of the energy 
level, the algorithm should become more robust to dynamic situations where different 
nodes consume energy at different rates (hence a more realistic scenario). 

 
With respect to the first approach, information regarding the residual power of the nodes can 
be exchanged and considered on the routing algorithm in order to take into consideration the 
available energy on each node and extend the minimum lifetime of nodes. What is being 
proposed here is the inclusion of information of each node’s residual power on the routing 
decisions computation. This will be achieved by including battery level data in the Topology 
Control messages in order to provide the topology database with the information needed to 
avoid routing traffic trough nodes that have low battery levels. The philosophy behind this 
approach is represented in Figure 20. 
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Figure 20 – Proposed energy aware routing based on residual energy levels. 

 
The additional information on the TC Messages should be compensated by the better routing 
achieved and the expected overall extension of the minimum node lifetime. 
 
A step further is then to include not only the residual power, but also the difference of 
residual power between battery level readings. This information can be used for instance to 
perceive that a certain node is connected to a power infrastructure and therefore can be 
used more often as it has less problems with power consumption than a typical man packed 
portable node. It can also help to discover that a certain node, even with a relatively large 
residual energy left can be drained much too fast because its power source is being used for 
another purpose (e.g. recording live video in the field). The idea behind this second approach 
is represented in Figure 21. 
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Figure 21 – Energy aware routing taking into account energy consumption rates. 

 
These ideas were simulated and their results are presented and discussed in section 6.2 and 
conclusions are made on their usefulness to the improvement of the overall network 
performance. 
 
 

6.1.2 Location aware routing 

There is a very strong relationship between two nodes’ relative locations and the SNR 
between them. It is intuitive that the closest two nodes are to each other, the better the 
quality or strength of the signals exchanged. Using the position as a metric to compute the 
best route is desirable and can lead to the decrease of lost packets on the communication 
process as well as reduced transmit power, leading to less interference and extended 
lifetime. 
 
MONET nodes include GPS receivers, and the information coming from it can be used to 
better define the topology of the network. The proposal discussed here is to include the GPS 
location of each node in the transmission of the OLSR Topology Control messages in order 
to enable the network topology database to include information needed to better route the 
traffic among the available nodes. As in the case of the energy aware routing before, two 
levels of geo-based routing have been considered: 

• First, the inclusion of the absolute GPS position on the TC messages will enable the 
sending node to get “his” view of the world – which node is where. This approach 
should result in benefits in extended lifetime and reduced interference and suffice for 
situations where static or slow moving nodes are present, i.e. networks that don’t 
change much in time; 

• Second, to cater for more dynamic situations where nodes are constantly moving and 
move fast, it becomes necessary to either increase the frequency of position reporting 
or to include additional information. Here, we propose to add position derivative data 
to the decision. This will enable each sender node to estimate the present position of 
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a moving node and hence get a more precise view of the current network topology, in 
principle. 

 
By introducing GPS position data in the Hello and TC messages, the amount of information 
transmitted on these messages increases and will therefore introduce more overhead traffic 
to the network. However, the overall effect should be beneficial and will be evaluated by 
simulation on section 6.2, in order to conclude on the quality of the proposed mechanism. 
 
The first approach can be easily understood through the representation of Figure 22. 
 

 
Figure 22 – GEO-based routing based on node position. 

 
The second approach mentioned above is represented in  
 



 

MANET Optimization Studies 
MONET 

 
 

MONET-ICT-247176-D4.3  Page 54 of 110 

 
Figure 23 – Geo-based routing taking into account node positions and velocities. 

 
Regarding the second approach, it can be argued that the prediction of neighbours positions 
requires more computational power which will offset the gains of the geo-based routing. 
However, the higher computational power required to process this information should be 
balanced with the lower frequency of flooding necessary to achieve the same levels of 
synchronization on the network topology database. The demonstration of this aspect could 
be part of future work consisting of a large number of follow-up simulations to corroborate 
this conclusion. 
 
The processing power required can be reduced on the calculation of slow moving or 
stationary nodes. These nodes, having low velocity, will not change their position in a 
significant manner as often as others, and the frequency of location calculation can be 
reduced. 
 
 

6.2 NS2 Simulations 
Based on the guidelines and principles established in section 3, the simulations for the 
energy-aware and geo-based routing schemes were setup. The proposed extensions to 
OLSR were implemented on top of UM-OLSR package, using the open source network 
simulator framework ns2, version 2.34. In order to be liable to simulate and analyse the 
mechanisms implemented on a realistic timescale and without requiring overly long 
simulation durations or extensive storage, the simulation scenarios were much simplified. As 
an example of what is meant, the data from a 360 seconds simulation with 9 nodes involves 
more than 300 Mb of data to analyse. On the other hand, if too many variables are put on a 
simulation scenario (as was explained in section 3), the results can be excessively complex, 
rendering impossible their analysis and respective conclusions. 
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On the other hand, an effort was made so that the simulations setup and parameters used 
for both OLSR, extended OLSR and extended Q-routing were similar, facilitating the 
comparison between the different approaches (as much as possible, since different 
simulation platforms were used – NS2 and OPNET). 
 
On each simulation, there is a small section describing the study scenario and the choices 
and simplifications made. However, there were a number of other simplifications which were 
common to all simulation using NS2. These are pointed out below: 

 
• The MAC layer is being simulated as MAC 802.11 with 54Mbits bandwidth based on 

the HW nodes that will serve as the basis for the MONET field tests (since this is 
radio interface used in such nodes). The simulation of the MAC layer as MAC 802.11 
can be seen as a minor simplification as the bandwidth is not adaptive with the signal 
strength as happens in common WiFi networks. 
 

• Propagation model used is the Two-ray ground reflection model. 
 

• Transmission range is 115m (in line with MONET requirement R_PERF_7 in 
deliverable D2.3). 

 
 

6.2.1 OLSR with power aware metric 

The simulations described in this section use the residual energy of each node as a metric as 
explained in section 6.1.1. Two scenarios have been considered and simulated to test the 
energy load balancing functionalities of the protocol: 
 

• Single flow scenario in accordance with R_FUNC 2 defined in the MONET service 
requirements; 
 

• Multi-to-one scenario in accordance with R_FUNC 3 defined in the MONET service 
requirements; 

 
On each scenario a comparison was made with the common shortest path algorithm used on 
OLSR is proposed, in terms of minimum lifetime, traffic management and throughput. 
 
All simulations last 360 simulation seconds which allows enough time to evaluate the 
algorithms involved without increasing the amount of time required to run the simulations as 
well as the amount of data that each simulation returns. For simplicity, the energy model is 
linear with the amount of bits transmitted, independent of the distance of the peer node and 
neglects the energy spent in packet receiving. 
 
 

6.2.1.1 Single flow scenario 

The topology of the single flow scenario is presented on the following figure. 
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Figure 24 - Single flow scenario topology (Bat means battery supplied; AC denotes power 
outlet connected). 
 
On this scenario there are nodes that are connected to external power supply and nodes that 
are connected to batteries (information is near each node). For the purposes of the 
simulation, only transmitted power is considered. This simplification is made to emphasize 
the most influencing aspect of power consumption and therefore assess clearly the impact 
on the algorithm on the most important component of power consumption. On a more 
complex simulation, the received power would also be taken into account, as well as other 
values such as transition power or standby mode consumption. 
 
The battery capacity was also intentionally reduced in order to enable full depletion on a very 
short period of time. This enabled the simulation duration to be shorter and allowed us to 
assess the algorithm’s impact faster. 
 
A single flow is considered, starting at Source node (on the left of Figure 24) and travelling to 
Destination node (on the right-side of Figure 24). The flow is a CBR of 64kbps equivalent for 
instance to an uncompressed voice transmission like for instance on a push to talk scenario 
as defined in the MONET requirements R_GEN 3 and R_GEN 4. 
Two paths can be used to carry the information, (Source-1-8-7-Destination) and (Source-1-2-
3-4-5-Destination), one having more hops than the other. 
 
All nodes are equidistant in space. This means that no distance-related effect will be 
observed. Only power drops due to transmissions and the multiple hops are expected. All 
nodes are static. 
 
After simulating the scenario using OLSR and the proposed extended version of OLSR with 
power-aware metric, the following results were obtained: 
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OLSR OLSR with power aware metric 
Figure 25 - Throughput from Source to Destination. 

 
The throughput achieved using OLSR has a break moment when the nodes on the shortest 
path deplete their batteries and the routing has to change to the new (in this case, the only 
remaining) available path. On the other hand, using the proposed power aware metric the 
bandwidth does not suffer any major falls, as both paths are exploited simultaneously, trying 
to balance the residual energy on the nodes and at the same time maximizing the minimum 
lifetime of all nodes. This result is corroborated by Figure 27, where the longer life of node 2 
with no major consequences to node 8 is demonstrated. 
 
This effect can be seen also on Figure 26 presented below. Analysing the transmitted 
packets of both node 8 and node 2, the difference between the regular OLSR and the 
proposed extended OLSR is clear, as on the first case the traffic is routed initially on the 
node on the shortest path causing its rapid depletion and only then on the node on the longer 
path. Using the proposed changes on OLSR, the traffic is balanced between both nodes on 
the different paths. 
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OLSR OLSR with power aware metric 

Figure 26 - Forwarded data on nodes 8 and 2. 

 
Comparing the residual node energy available on the nodes though time, there is a clear 
advantage of the proposed OLSR with power aware metrics as, in the simulation presented 
there is a raise of 91% on the minimum lifetime of the nodes on the shortest path (nodes 8 
and 7), from 170 seconds using standard OLSR to 326 seconds using the proposed 
changes. 
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OLSR OLSR with power aware metric 

Figure 27 - Residual Energy on nodes in different paths (nodes 8 and 2). 
 
Instead of using the shortest path until depletion of nodes 8 and 7, the power aware metric 
exploits both paths simultaneously in an attempt to extend the minimum lifetime of all nodes. 
The discharge observed using the proposed changes is much slower and although the 
overall lifetime of the simulated network remains the same, all nodes are capable of 
transmitting and communicating for a longer period which is fundamental when considering a 
field team such as a firemen team in fire fighting (where it is more important to keep 
everyone in contact for the longest period possible to facilitate command and control). 
 
The main drawback of the proposed solution, according to the simulation, is the increased 
variation of the end-to-end delay of the packets, as can be observed on Figure 28 below. As 
the traffic is split between the two available paths, the delay associated with each one of 
them is interleaved between near consecutive packets. 
 

OLSR OLSR with power aware metric 
Figure 28 - Packet delay (end to end) 

 
Also, the size of the Hello Messages and TC messages used by OLSR to maintain 
synchronization of the topology database is slightly increased, leading to a slight increase of 
the protocol overhead percentage. In the simulation the node residual energy value is 
implemented with a float, occupying 2 bytes per node on each message and on each routing 
table. The increase of the Hello messages size is 16%. 
 
The inclusion of the power discharge rate on the metric in addition to the residual energy 
available at each node increases even more the size of each Hello and TC message. The 
frequency of flooding on the other hand can be reduced in order to maintain or even reduce 
the total overhead of the OLSR control messages. The main advantage of using the power 
discharge rate is the smoothing of the transitions between paths. As was seen on the 
previous simulation results, using the residual energy metric, a node can perceive that a 
node’s battery is being discharged too quickly and use an alternative path. Using also the 
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discharge rate in the metric calculation, the node gains the capacity to predict more 
accurately the power that a given node has, even without receiving any topology control 
message from it for relatively long periods. In other words, instead of updating the path 
between every update given by a new message, the node gains the ability to adapt to the 
environment even before the new message arrives. 
 
Some conclusions can be inferred by the power consumption rate of a node. For instance, if 
a node is connected to an external power supply, or if a node has a power consumption rate 
higher than an established threshold then probably the same energy source is powering the 
node and also powering external equipment such as, for instance a SatCom modem. These 
indirect conclusions can be used to make some adjustments to the routing decisions in order 
to have better results in specific application scenarios. 
 
Another way to use a predictive metric, but without including the rate of consumption in the 
Topology Control messages, thus increasing their size, is to calculate the power 
consumption rate of a neighbour node, based on the difference between the values received 
between consecutive Topology Control messages. In this case the overhead ratio can be 
decreased even further by issuing less flooding messages to the network and relying on the 
predictive capabilities of the nodes. However the negative impact associated with the loss of 
a Topology Control message is greatly increased in terms of network reaction time. 
 
 

6.2.1.2 Multi-to-one scenario 

The Multi-to-one proposed simulation scenario uses the topology presented on the following 
figure. 
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Figure 29 - Multi-to-one scenario topology 
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On this scenario, each node transmits a constant flow of 64kbps, simulating uncompressed 
voice or compressed low resolution video, to the Sink node that can be seen as a node with 
SatCom, or simply as a gateway node. All nodes have the same amount of residual energy 
at the start of the simulation. For the purposes of this simulation, and for sake of simplicity, 
only the transmission of packets will consume energy. 
 
As can be seen on the following figure, the differences on the residual node energy are not 
so obvious as in the first scenario presented and the improvements not do dramatic. 
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OLSR OLSR with power aware metric 

Figure 30 - Node Residual energy on multi-to-one scenario. 

 
However, some improvements are detectable, as the first node to be depleted on OLSR is 
node 8 at the 104th second. Using the proposed extension, the energy consumption is once 
again more uniform. Both nodes 2 and 8 deplete their batteries at second 120, an 
improvement of 16 seconds on the minimum node lifetime. In other words, there was an 
improvement of 15% on the overall minimum node lifetime  
 
 

6.2.2 OLSR with location aware metric 

The simulation made on this section focused on moving nodes. On a real life scenario, 
considering the requirements of the MONET network, it can be assumed that the majority of 
the nodes would be mobile, even if some would have higher levels of mobility than others. 
For the sake of simplicity of the simulation only one node is mobile. The topology of the 
scenario is presented on the following figure. 
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Figure 31 - Moving node scenario topology 
 
On the scenario, Node 8 is initially on the shortest path from source to Destination, but 
moving away from all nodes at 2 m/s. However the shortest path will be of no use once the 
node travels out of reach and the only available path is the longest in the first place. Through 
simulation it was observed that using simple OLSR, once the node was out of reach, the 
protocol would detect the situation and try the longest path. The break in the communication 
can be seen on the graphs below. On the other hand, using location aware OLSR, the 
protocol would detect that the node would be out of reach before the break of communication 
and the need for retransmissions and waiting for timeouts, adjusting seamlessly to the new 
path. 
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OLSR OLSR with location aware metric 

Figure 32 - Throughput from Source to Destination Node 
 
 

6.2.3 OLSR with power and location metrics combined 

In order for the location, and power metrics to be combined together the formulas associated 
are used together by applying a weighted sum. Using this method, there is even the 
possibility to adjust the contribution given by each metric on its own, adjusting the routing to 
specific situations. If required, the weighs can even be controlled by the final user, enabling 
the use of the proposed improvements on a particular manner or, at the other limit, OLSR 
standard only. 
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6.3 Conclusions 
The proposed OLSR extensions were tested and validated though the means of simulation 
scenarios. The ideas presented and implemented on the NS-2 simulator proved to be 
valuable improvements to the standard OLSR when tested on scenarios based on the 
requirements provided by previous tasks on the project. There were improvements mainly on 
the energy balancing of nodes and on the routing between moving objects. 
 
Regarding the power aware extensions tested, the results showed that the power 
consumption was spread and balanced throughout more nodes, allowing longer minimum 
lifetime periods, especially for the nodes on the shortest paths. The improvements on the 
location aware also slightly improved power consumption, due to the decrease of 
retransmission of packets to out of reach nodes. 
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7 Sat-link based routing for the MONET MANET segment 

This section describes the work performed to include information connected to the satellite 
link in the routing of the MANET segment. The purpose of this work was to determine if the 
inclusion of information about the satellite segment (and which information for that matter) in 
the decisions to route traffic within the terrestrial mobile ad-hoc network can result in any 
performance improvement, be it increased throughput, reduced delay, increased lifetime or 
some other aspect. 
 
 

7.1 Satellite parameters to include in the routing decision 
On the MONET network, the gateway nodes are vital to achieve the desired functionality and 
fulfil the requirements. The routing algorithm should take into account, first if a specific node 
is a satellite gateway and second, what are the characteristics of the satellite connection. 
 
Some of the parameters that can be used to better perceive the gateway status are: 

• Available bandwidth 
• Type of service provided (narrow or broadband) 
• Communication cost 

 
These parameters can be used to manage the available gateways in a better way, in order to 
maximize availability and better shape traffic while at the same time minimizing the overall 
communications cost. 
 
 

7.2 Routing metric 
A possible solution is to use an additional field on the Topology Control messages in order to 
inform other nodes if a specific node is a gateway and, on this case, what are the 
characteristics of the satellite link. This information will be stored on each nodes routing table 
and will be transmitted on each control message of the routing protocol. In other words the 
benefits of including and processing this additional information must be greater than not 
using it at all. 
 
For a first trial, a simple characteristic is used, in order to minimize the increase the protocol 
overhead while still achieving some level of perception of knowledge of the gateway satellite 
link connection characteristics. 
 
On this example an extra byte will be used on each node to indicate the following 
information. 
 

Node Type Link Active Link Cost

 
Figure 33 – Satlink metric example. 

 
The first bit is used to inform if the node has a satellite connection capacity or not. The 
second bit informs if the satellite link is established. The following 6 bits are used to transmit 
the cost of the link in a scale from 0 to 63. 
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The proposed solution will only increase one byte for each routing table entry and only one 
byte for each node transmitted on the Topology Control messages. 
 
The routing table calculation algorithm will take into account these values in order to route 
packets to the outside network through the less expensive route.  
 
 

7.3 NS-2 simulations 
A simple simulation scenario was produced, described by the following figure, to check the 
effects of these changes on the behaviour of the network. 
 

Source

Sat 1 Sat 2
2 €/Mb 1 €/Mb

Sattelite Operator 1 Sattelite Operator 2

 
Figure 34 – Satellite communication cost scenario topology 

 
On this simple scenario, there is a source node that is transmitting 64kbits CBR traffic to a 
node that is outside the local network. At first there is an available gateway, connected to a 
satellite communication service that costs, for example, 2€/Mb. Later on, at second 160, a 
second gateway connects to a second satellite communication service that only costs half 
the price (1 €/Mb). 
 
The following charts show the behaviour of the network using OLSR and an extended 
version of OLSR with satellite cost aware routing. 
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Figure 35 – Traffic distribution without and with satellite cost aware routing  

 
At first the Source node establishes the connection through Sat1 gateway, as this is the only 
available path. For common OLSR, the event of a new available path is not interesting as the 
link has the same characteristics as the already used path. However, for the extended 
OLSR, the new available path is more interesting, as it knows that it has half the cost, and 
the routing table is changed accordingly. The new path then is used, reducing the cost of the 
communication. 
 
On the scenario presented, considering the costs assumed, the cost of the communication 
with OLSR with the proposed extension would be 72% of the cost with simple OLSR. The 
overhead introduced on the TC messages was only 3240 bytes on the whole period. 
 
The communication cost however is not the only characteristic that is important to consider 
on a satellite link. Other characteristics can be used to increase the quality of routing, but 
further simulations need to be made to access if the changes have too much impact on the 
routing protocol overhead or the processing power needed. 
 
On the other hand, the byte that was introduced to characterize the nodes can be used on a 
different way, for instance the “cost” field can be a weighted sum of different characteristics 
forming a better cost function to choose the available gateways. 
 
The inclusion of different parameters such as QoS, bandwidth, cost/bit as dynamic weights in 
the routing decisions was hinted at in this section and an example given for cost/bit. IF 
further parameters were to be included or if different ones should be considered, there are 
two approaches that can be applied in the computation of the routing decision: 

• First compute the best gateways in terms of the parameters considered and 
afterwards the routing path. 

• First compute the routing paths and weigh them by the parameters of the relevant 
gateway. 

The combination of different satlink parameters in the routing metric was not assessed and 
could be part of a future work in this field. 
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8 Fault tolerant and Energy-aware routing protocol for 

MONET MANET segment 

The proposed algorithm considers the available energy inside the devices in order to balance 
the battery usage among all the network nodes, with the objective of increasing the minimum 
lifetime of the nodes. In rescue scenarios, in fact, all nodes should have high and 
homogeneous lifetimes: no nodes should have discharged batteries, leading to the 
impossibility of communicating vital information (see requirements R_PERF_18 and 
R_PERF_19 in MONET deliverable D2.3 for further details). Moreover, the proposed 
algorithms take into consideration the mobility of each node in choosing the route towards a 
destination, leading to the capacity to rapidly adapt to networks changes; to achieve a fault 
tolerant behaviour, the proposed routing algorithms are proactive.  
 
The main concept of the proposed algorithms is that the routing strategy consists of choosing 
the next-hop node in order to use the most “energy-available” and “stable” path. 
 
Two routing techniques are presented on this document, one based on OLSR and another 
based on Q-Routing. 
 
The first routing technique presented in this document is an extension to OLSR (Optimized 
Link state Routing) which is a widely adopted protocol for ADHOC and MANET networks 
currently. Some modifications are introduced in order to take into account the location of 
nodes and the remaining energy available at each node, in order to improve minimum node 
lifetime, link stability and improve the routing algorithm decisions. 
 
The second routing technique presented in this document is an extension of the Q-Routing 
[BOYAN 1994] algorithm, designed for fixed and unchanging networks. The network is 
modelled as a Markov Decision Process that is solved with a well-known Reinforcement 
Learning (RL) technique, Q-learning (see [SUTTON 1998] for further details). Some 
modifications are introduced in order to take into account node energy consumption and link 
stability, which simultaneously act on a single variable parameter in the route selection 
procedure. 
 
This chapter is organized as follows. Section 8.1 illustrates the concept of Q-Learning 
technique applied to solve Markov Decision Processes; Section 8.2 reports the Q-Routing 
algorithm which uses Q-Learning to solve the packet routing decision problem; Section 8.3 
introduces the proposed extensions to Q-Routing algorithm to be applied in a proactive way 
in energy-constrained mobile ad-hoc networks; Section 8.4 shows the OPNET node and 
process models modelled to host the routing protocol and reports several proof of concept 
simulations in scenarios compliant with MONET requirements. Finally brief conclusions 
summarize the work. 
 
 

8.1 Reinforcement Learning and Q-Learning 
This section illustrates the well-known concept of Q-Learning technique applied to solve 
Markov Decision Processes, and the notation used in the following Sections. As explained in 
[SUTTON 1998], let us consider a RL task, in which the agent and the environment interact 
at discrete time steps. At time step t , the agent observes state Sst ∈

 
(where S  is the state 

space), produces an action )( tt sAa ∈ , where )( tsA  is the set of actions possibly executable 



 

MANET Optimization Studies 
MONET 

 
 

MONET-ICT-247176-D4.3  Page 67 of 110 

by the agent in state ts , gets the resulting reward ℜ∈+1tr  and moves to Sst ∈+1 . The 

following figure (taken from [SUTTON 1998]) shows the described concept.  
 

 

Agent

Environment

Action

at

State   st 

Reward rt

st+1

rt+1

 
 

Figure 36: Reinforcement Learning task 
 
The agent’s objective is to learn an optimal policy ),(* asπ , i.e., to assign a probability value 

to execute every action performable in each state Ss ∈ , such that the discounted return 

∑
∞

=
+++++ =+++=

0

13

2

21 ,
k

kt

k

tttt rrrrR γγγ L  is maximized, where 10 ≤≤ γ  is the discount rate. A 

RL task that have the Markov Property is a Markov Decision Processes (MDPs). A finite 
Markov Decision Process is defined by identifying: finite state and action sets, the one-step 
dynamics (i.e., the transition probabilities to move to state 's  if executing action a  in state s ) 
and the one-step rewards. 
 
There exist several methods to solve MDPs, such as Dynamic Programming, Linear 
Programming and RL. In the proposed algorithm, the RL, and, in particular, the Q-Learning 
approach, is used. Q-Learning technique has two main advantages compared to the other 
techniques: firstly it does not require the knowledge of the statistical model of the 
environment (which is often unavailable) but learns the optimal strategy only by experience; 
secondly, the approach is fully incremental, since, at each time step, the current agent’s 
vision of the system is updated. 
The Q-Learning technique is now briefly described. Under a given policy π , each pair ),( as  

has an associated action-value ),( asQπ , which represents the reward to execute action a  in 

state s summed to the expected reward following policy π , starting from next state 's ,. The 
Q-Learning approach consists in learning action-values and the optimal policy by experience, 
following proper update rules. Given an action-value function ),( asQ , the so-called ε-greedy 

policy is determining by selecting the best action in each state: )',(maxarg
'

asQa
a

= (‘greedy’ 

action) with probability 1-ε, with 0 < ε < 1, and a random action with probability ε. Tuning the 
parameter ε is needed to balance exploration (e.g., random action selections) and 
exploitation (i.e., action selection based on the current best known policy in a greedy way). 
The convergence to the optimal policy is guaranteed if all actions and state are “sufficiently” 
visited. 
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The action-values are updated at time step t , when an action ta  is executed in state ts , 

causing the agent to move to next state ts'  and gaining reward tr  in the following manner: 

 
( ) ( ) ( ) ( )],,max[,, 11 ttt

a
ttttt asQasQrasQasQ −++← ++ γα  (8.1) 

 

where α  is the learning rate of the agent. The balance between random exploration (with 
probability ε) and exploitation (achieved by following the greedy actions) is called ε-greedy. 
For further details about Q-Learning technique, see [SUTTON 1998]. 
 
 

8.2 Q-Routing 
As already mentioned, the proposed routing technique is an extension of a routing technique 
based on Q-Learning, called Q-Routing. It has been introduced in [BOYAN 1994] and the 
main concepts, following the formulation provided by [WU 2009], are summarized in the 
following. 
The network is modelled as a graph ),( EVG = , in which V  is the set of nodes of cardinality 

nV =||  and E  is the set },,|),{( jiVjijiE ≠∈=  of edges of cardinality || E . Each node 

Vi ∈  is directly connected to a set of neighbour nodes )(iΝ .  
 
The network routing problem is formulated as a Markov Decision Process (MDP) as follows: 
 

• The agent is a single packet coming from a source s  to a destination d . 
 

• }|)0,...,0,1,0,...,0({ VisS
i

i ∈==
 
is the state set (i.e., the packet can be in only one 

node in each time step). 
 

• U
Ni

iAA
∈

= , where )}(|{ ijaA iji Ν∈=  is the action set. 
ija
 
represents the action 

when an agent moves from state is   to state 
js  (i.e. the packet is sent from node i  to 

neighbour j ). 
 

• 


 =

===== ++
otherwise

dj
ssaassrEassR jtijtittijji

0

1
},,|{),,( 11

 
is the one-step 

reward obtained performing action 
ija  in state is  having reached state 

js . The one-

step reward is 1 if and only if j  is the destination node of the packet. 
 
The routing algorithm runs as follows. Each node Vi ∈  keeps in memory a matrix of 
dimension |)(||| iV Ν⋅  of elements ),( ndQi . Each of those elements represents the 

probability to reach node Vd ∈  following the path through neighbour )(in Ν∈ . In node i , 

the routing decision (i.e., the next-hop node )(in Ν∈  to reach destination Vd ∈ ) is taken 
following an ε-greedy policy, i.e., by choosing the neighbour )(in Ν∈  such that 

)',(maxarg
'

ndQn i
n

= , (exploitation) or randomly (network exploration). If the action-values 

are “sufficiently” fast updated, they represent the real state of the network. The update 
procedure is performed as soon as an ACK packet is received from a neighbour node, in 
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response of a data packet. Such an update rule is: 
)]',(max[),()1(),( ndQRndQndQ nnii γαα ++−= , where 1=nR , if nd = , 0 otherwise.  

 
The Q-Routing algorithm has the desired property of converging to the shortest path based 
on hop count metric, due to the fact that 1<γ , i.e.,  the longest path has the smallest action-
value, and that random exploration allows to continuously update the action-values).  
 
The main drawbacks of the Q-Routing approach are the following: 
 

• No adaptability to variable scenarios: the ε-greedy random exploration is insufficient 
to follow rapid network changes, in case of nodes mobility or change in node/network 
resources status; 
 

• No resource usage is taken into account, such as residual energy or bandwidth; 
 

• One step ACKs generates unacceptable amount of overhead. 
 

• Loop management, crucial in mobile networks, is not considered. 
 

 

8.3 Fault Tolerant and Energy-aware Q-Routing 
The proposed Q-Routing based algorithm aims at solving the drawbacks mentioned in the 
previous chapter introducing a set of appropriate extensions. 
 
 

8.3.1 Network changes adaptability and overhead decrease 

In order to decrease the overhead and to adapt to network changes regardless of application 
flows currently active in the network, the update and the exploration is performed in a 
proactive fashion. With a fixed frequency f , each node broadcasts to its neighbours a 
message containing its maximum estimates of action-values towards each destination node 
and all the information needed to calculate the variable discounting factor (as described in 
the following). The update rule is performed upon the receipt of a hello message or other well 
defined control messages aimed to manage network mobility (ACKs are no longer used). 
The periodic message exchange allows to: 

 
• Decrease the number of protocol messages: the ACK-based solution requires, on the 

contrary, an ACK message for each forwarded data packet which leads to 
unacceptable amount of overhead, especially in case of high bandwidth flows. 
 

• Adapt to variable scenarios: the exploration based on fixed ε-greedy strategy does 
not allow to follow the network changes, because of its intrinsic random nature and its 
applicability only when a data packet needs to be transmitted. A proactive approach 
can overcome this problem, trying to maintain the action-values as much up to date 
as possible by periodic exploration. 
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8.3.2 Choice of a proactive approach 

A proactive approach is chosen in order to decrease the path setup delay for each flow, as 
defined by performance requirement R_PERF_14 and R_PERF_15 in MONET deliverable 
D2.3. In fact, urgent communications among MONET users must be setup immediately at the 
request. They have also the characteristic to be short, providing vital information to other 
rescue groups, and consist of both voice and video/data communications. A reactive 
approach (e.g. AODV) would lead to unacceptable delays, especially in intermittent 
communications. 
 
Moreover, in order to speed up the dissemination of path changes, an approach similar to 
DSDV and AODV is considered, by using path error messages [RFC3561]. As soon as a link 
failure happens (either due to node mobility or due to neighbour node energy discharge) and 
one of the connected nodes realizes that a known destination is not reachable anymore, the 
node sends in broadcast a path error message to alert the network nodes to avoid to send 
packet to it. In such a way, a more prompt reaction to network changes is guaranteed. 
 
 

8.3.3 Loop management 

In common distance vector protocols for ad-hoc networks (e.g. DSDV [PERKINS 1994], and 
AODV [RFC3561]), the path towards a destination is unique and univocal and a sequence 
number, representing the obsolescence of a path, can be directly associated to it. In Q-
Routing, oppositely, several overlapping paths to a destination can coexist, leading to the 
difficulty to manage loops with mono-dimensional sequence numbers. We manage loops in a 
detection-based way: as a loop is generated in a node because of a link failure or a link 
status modification (e.g., because the residual energy of the peer node changes), the same 
node sends a path reset through the nodes which compose the loop with the aim of resetting 
the Q-values related to the destination for which the loop has been generated. When a loop 
node receives the path reset, it resets to zero the associated Q-values and then advises in 
broadcast the neighbours about the new maximum Q-value towards the related destination, 
in order to avoid stale information and to speed up the update of routing tables inside the 
network nodes. 
 
 

8.3.4 Node residual energy metric 

The proposed extended Q-Routing algorithm considers node residual energy as a routing 
metric. The idea follows the one introduced in Wu et al [WU 2009], considering a variable 
discounting factor. We introduce an energy-based metric inside the discounting factor 1<γ , 
taking into account the residual energy of the nodes. Each neighbour has associated a 
different and variable per-node discounting factor, in the following way: 
 

,...2,1,)()( 0 =+== kkTtttt HELLOkknk

EN

n εγ
 (8.2)

 

 
where HELLOT  is the hello broadcasting time interval, 0t  is the start time of connection of 

neighbour )(in Ν∈  and )(tnε  is the available energy in node n  at time t . The main 

objective of such an approach is to balance the traffic through the network nodes in order to 
increase the minimum lifetime of the nodes. As above-mentioned, in rescue scenarios, all 
nodes should have high and homogeneous lifetimes: no nodes should have discharged 
batteries, leading to the impossibility of communicating vital information. Using the proposed 
metric, the chosen next-hop should allow to use the most “energy-available” path. 
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8.3.5 Link stability and mobility metrics 

In order to take into consideration the mobility of nodes and the associated link stability, we 
introduce two distinct metrics: a GPS-based metric to estimate the link availability and a 
mobility factor to manage high mobility situations. 
 
The GPS-based metric, exactly as the residual energy metric, acts on the variable 
discounting factor. Differently from the residual energy metric, however, the GPS-based 
metric is a per-link metric, in the sense that it produces a variable discounting factor 
depending on both nodes generating a link. Such a metric uses the concept of neighbour-
reachability time defined in [SU 2001]. This time is calculated as follows. Let )( , ii yx  and 

)( jj yx  be the positions of nodes i  and j , respectively. Let also iv  and 
jv  be the speeds of 

the nodes, iθ  and 
jθ  be the moving directions of nodes i  and j , respectively and let TX  be 

their transmission range. Then, the amount of time )( kij tT  the mobile nodes i  and j  will 

stay connected, given the GPS information received at instant kt , is given by: 
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where 

jjii vva θθ coscos −= , 
ji xxb −= , 

jjii vvc θθ sinsin −=  and 
ji yyd −= . Once 

such a neighbour-reachability time is calculated, the variable discounting factor is generated 
in the following way: 
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In practice, it represents the probability that the link between two peer nodes i  and j  is 

available HELLOT  seconds after the reception of a hello packet from a peer node. In such a 

way, a link which is supposed to be stable in the next period will be chosen. The assumption 
is that nodes have simple mobility patterns (for example, no sudden change of direction with 
brusque accelerations and quite-constant velocity). The movement of a team of rescuers is 
the most of time in groups towards sensible objectives at quite-constant speed with small 
accelerations, so the model can be applied with sufficient accuracy. 
 
The main importance of such metric (as illustrated in Section 8.4.3.1) is to avoid the loss of a 
consistent portion of traffic in the time necessary to manage a link failure (which is handled 
by means of path error messages and hello messages). This allows the algorithm to be fault 
tolerant with respect to mobility of nodes. 
 
The mobility factor is a per-node metric and follows the idea proposed in [WU 2009], which 
takes into consideration the mobility of nodes in terms of neighbour sets. Let BA∆  be the 
symmetric difference between two sets A  and B , and BA ∪  be the union of these sets. 
The variable discounting factor is then calculated as the percentage of neighbours which 
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remains the same between the sending of two consecutive hello packets, in the following 
manner: 
 

)()(
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−=γ  (8.5) 

 
where )( kn tN  is the set of neighbours of node n  at time kt  and HELLOT  is the hello interval. 

The main importance of such a metric is to prefer more stable nodes, with a high mobility 
factor, than more unstable nodes, which rapidly change their neighbour sets (as illustrated in 
Section 8.4.3.2), and will have a major effect at high speeds.  
 
 

8.3.6 Metrics aggregation 

The metrics are applied together in the following manner, by simple multiplication: 
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In such a way each single metric gives a contribution to the total metric, in relation to its 
importance. For instance, in a high mobile scenario (see Section 8.4) the mobility metrics 
have a great influence on the effective application level throughput but, with the decrease of 
the residual energy inside the nodes, the energy metric starts to acquire importance in the 
routing procedure (several proof of concept simulation will be reported in the following). 
 
 

8.3.7 Differences with distance vector approach 

The approach seems to be very similar to the common distance vector approaches but they 
present some differences. Distance vector protocols associate a value representing the 
distance to reach a determined destination, and only a path a time is available and exploited, 
leading to the difficulty to switch to a different next-hop (handover) and to balance the traffic 
with respect to a specific metric. The Q-Routing strategy, on the contrary, maintains for each 
destination a vector of values, each one associated to a next-hop node. This allows to simply 
exploit multiple paths simultaneously (network load balancing) or alternatively (to increase 
fault tolerance and handover speed). Moreover, the introduction of resource usage 
information inside the protocol algorithm is simple. The drawback is the difficulty to manage 
loops (as previously explained in Section 8.3.3) with proper sequence numbers. In this way a 
cycle is managed only when it verifies with the possibility to lose a part of traffic flow, before it 
is discovered. 
 
 

8.4 OPNET Simulations 
The proposed extended Q-Routing algorithm has been implemented in C and simulated 
using OPNET 16.0 [OPNET 2011] environment. The node and process models are reported 
and briefly described in Section 8.4.1. Proof of concepts simulations, taking into 
consideration the routing algorithm described in previous sections, along with the different 
proposed metrics, are also reported, with a particular comparison with a common MANET 
routing protocol as the Optimized Link State Routing protocol [RFC3626]. The scalability 
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issue is analyzed as well. The wireless link model used in all the simulations is a 802.11a 
technology at 54Mbps. The transmission range is 115m (in line with MONET requirement 
R_PERF_7 in D2.3). 
 
 

8.4.1 Q-Routing OPNET Node and Process Model 

The OPNET node model defines the processes which compose a single node inside the 
network and their interconnections. The MANET IP-based workstation, already available in 
OPNET modeller, has been modified in order to introduce Q-Routing protocol process, as 
shown in Figure 37. IP and UDP protocols have been considered in generating the 
workstation node model in order to be compliant with requirement R_FUNC_1 in MONET 
deliverable D2.3. 
 

 
Figure 37: OPNET Modified MANET Workstation Node Model 

 
The choice to put the extended Q-Routing protocol module (called monet_cpu) between IP 
and MAC layer has been done considering two factors: (i) to implement a transparent 
mechanism to drop packets when node energy is terminated, in case IP layer routing 
protocols (e.g. OLSR) are used, (ii) to facilitate the implementation of other multi-technology 
algorithms, not necessarily routing, which act between network and link layers.  
 
Figure 38 shows the Q-Routing process model, defined as a Finite State Machine, in which 4 
states have been modelled: 
 

• INIT state: initializes all the data structures of interest and obtain global attributes 
such as speed, residual energy, etc. 
 

• IDLE state: waits the receipt of an event which can be the receipt of a packet from 
upper and lower layer, the hello sending timeout expiration, the neighbour verification 
timeout expiration, the speed update timeout expiration (needed to calculated GPS 
parameters) and a statistic timer. 
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• HELLO_TIMER state: handles the hello sending timeout expiration, building the hello 
packet. 

 
• ENERGY_STAT state: updates the statistic about the residual energy. 

 

 
Figure 38: OPNET monet_cpu Process Model 

 
 

8.4.2 Simulations with energy-metric 

The simulations described in this section use the only residual energy metric (as described in 
Section 8.3.4). Two scenarios have been identified and simulated in order to test the 
energetic load balancing functionalities of the protocol: 
 

• Single flow scenario 
 

• Multi-to-one scenario 
 
For each scenario a comparison with a shortest path algorithm (in particular, the simple Q-
Routing) is proposed, in terms of throughput, traffic splitting and minimum lifetime. 
Furthermore, a minimum lifetime comparison enabling and disabling the residual energy 
metric has been performed on a grid topology with the growth of the number of network 
nodes. All simulations last 360 simulation seconds. For simplicity, the energy model is linear 
with the amount of bit to be transmitted, is independent of the distance of the peer node and 
neglects the energy spent in packet receiving. 
 
 

8.4.2.1 Single flow scenario 

The topology of the single flow scenario is showed in Figure 39.  
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Figure 39: Single flow scenario topology 

 
The percentages close to the nodes represent the nodes residual energy (heterogeneity of 
batteries). The single flow starts at Source node and terminates to Destination node and it is 
characterized by a constant bandwidth of 100kbps. In the simulation, we assume that 100% 
charged battery is designed to be able to transmit up to 20,000 packets. The hello frequency 
is one hello packet per second. Two distinct and disjoint feasible paths are available. The 
learning rate is high ( %95=α ) to adapt rapidly to network changes. As previously 
mentioned, the proposed algorithm is compared with the Q-Routing, representing a shortest 
path algorithm. 
 
Figure 40 shows the throughput of the two approaches: the flow duration is obviously the 
same because the nodes are exploited until the intermediate nodes are discharged.  
 

  
a: Simple Q-Routing b: Energy-aware Q-Routing 

Figure 40: Single flow scenario throughput comparison 
 
Although from Figure 40 it might appear that the result of the two algorithms is the same, the 
real behaviour of the algorithm is very different. Figure 41 shows how flow packets are 
forwarded through the network according to the two algorithms. The shortest path algorithm 
exploits the path Source-0-1-4-Destination (the shortest) until the half-charged nodes 
become uncharged and no more alive. Afterwards it starts to use the second path (Source-0-
2-3-5-6-Destination) until the half-charged node become uncharged and the flow cannot be 
forwarded anymore to its destination. The Energy-aware Q-Routing, instead, almost at the 



 

MANET Optimization Studies 
MONET 

 
 

MONET-ICT-247176-D4.3  Page 76 of 110 

transmission beginning starts to exploit simultaneously the two paths, trying to maintain 
balanced the residual energy in the nodes.  
 

a: Simple Q-Routing b: Energy-aware Q-Routing 

Figure 41: Single flow scenario traffic forwarded comparison 
 
Such a concept is well explained in Figure 42. Figure 42 shows the residual energy decrease 
behaviour of Node 1 and Node 2, representing the two different paths. The shortest path 
algorithm, as above-mentioned, exploits one path a time, leading to a rapid discharge of 
Node 1, before starting to use the second path through Node 2. 
 

  
a: Simple Q-Routing b: Energy-aware Q-Routing 

Figure 42: Single flow scenario residual energy comparison 
 
Such a rapid discharge occurs at the 150th second. The Energy-aware Q-Routing, instead, 
using simultaneously the two paths, leads to a slower and homogeneous discharge. In fact 
both the nodes discharge at about the 250th second. The minimum node lifetime has been 
increased, in this simple scenario, of about 65%. Moreover, the Energy-aware algorithm 
prevents the sudden decrease of transmission rate which occurs when the Q-routing 
algorithm chances the path (see Figure 40 at about 150s). A drawback of the proposed 
solution is that the delay is more varying compared to the simple shortest path as shown in 
Figure 43. 
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Figure 43: End to end delay comparison 

 
 

8.4.2.2 Multi-to-one scenario 

The topology of the multi-to-one scenario is showed in Figure 44.  
 

Sink

Node 1

Node 2

Node 4

Node 7

Node 3

Node 5
Node 6

Node 8

 
Figure 44: Multi-to-one scenario topology 
 
Each node in the scenario sends a traffic flow of 100kbps towards the Sink node, which can 
represent a gateway node or a centralized entity in the MANET. All nodes are equipped with 
a fully-charged battery. As the previous scenario, a 100% charged battery is designed to be 
able to transmit up to 20,000 packets. The hello frequency is one hello packet per second. 
 
Figure 45 shows the throughput of the two approaches. The throughput behaviour is about 
the same. 
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Figure 45: Throughput comparison in multi-to-one scenario 
 
In terms of energy discharge behaviour, Figure 46 shows the comparison between the two 
approaches, considering the residual energy of the closest nodes to the Sink. Enabling the 
residual energy metric the minimum node lifetime is increased of the 8.5% compared to the 
simple Q-routing approach. Moreover the energy decrease is balanced between Node 1 and 
Node 2 (both nodes discharge at the same simulation time). 
 

  

a: Simple Q-Routing b: Energy-aware Q-Routing 

Figure 46: Energy behaviour comparison in multi-to-one scenario 

 
 

8.4.2.3 Minimum lifetime comparison 

This section shows the difference in minimum lifetime of the network nodes and the overall 
throughput in a grid scenario (as shows in Figure 47 for a 4x4 grid), in function of the number 
of nodes. The number of flows is the same (four flows starting from and directed to the four 
edges), as well as the duration of the battery (homogeneous batteries).  
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Figure 47: Grid 4x4 topology 
 
As shown in Figure 48, when the number of nodes grows, the minimum lifetime of the 
proposed Energy-aware Q-Routing routing increases in a linear manner, whilst a simple 
shortest path algorithm produces an about constant minimum lifetime. This result depends 
on the fact that the shortest path algorithm simply chooses one path a time, causing the 
discharge of vital nodes, independently from the number of nodes; the proposed Energy-
aware Q-Routing, oppositely, takes into account all the possible paths, which increase when 
the number of network nodes grows (the minimum node lifetime upper bound is obviously 
determined by the battery of the transmitting nodes). 
 

  
Figure 48: Comparison with the increase of the number of network nodes in a grid topology 

 
 

8.4.3 Simulations with fault tolerance and mobility metrics 

This section reports a set of simulations aimed to demonstrate the validity of link stability and 
mobility metrics. Three simulation sets have been carried out: 
 

1. GPS-aware metric scenario simulation. 
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2. Throughput increase using fault tolerance and mobility metrics. 
 

3. Throughput and lifetime results considering all metrics together. 
 
No simulation have been provided for the mobility factor metric (please refer to [WU 2009] for 
further details). 
 

8.4.3.1 GPS-aware metric scenario simulation 

 
This section reports a networks scenario in which two alternative paths are present and, 
thanks to the GPS-aware metric, the throughput does not suffer of the switching, as happens 
in simple Q-Routing or in OLSR [RFC3626].  
 
The simulation scenario is the one reported in Figure 49 and a bidirectional PCM constant 
audio flow at 64kbps (to be compliant with voice service requirements in MONET deliverable 
D2.3) exists between Source and Destination nodes: 
 

Source Node 1

Node 4

Destination

Node 3 Node 5

Node 6

Node 2

 
Figure 49: GPS-aware example scenario 
 
There exist two different paths between source and destination nodes, the shortest one 
passing through nodes 1 and 2 and the second one following nodes 1-3-4-5-6. Node 2 starts 
to move from its initial position at time 120s and reaches the terminal unconnected position 
at simulation time 190s, moving with a constant speed of 2m/s.  
 
Figure 50 shows the traffic received at application level at destination node, comparing 
OLSR with the GPS-aware Q-Routing. 
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Figure 50: Traffic Received comparison using GPS-aware metric 
 
OLSR needs to wait Node 2 to disappear to switch path and this happens only after a 
prefixed timeout expires without having received hello packets (in the simulation both routing 
protocols are setup with a 2s hello packet interval and a 6s neighbour verify timeout, which is 
the default parameter set of OLSR). The GPS-aware Q-Routing, instead, starts to switch 
path in advance, estimating that the link will soon go down: in this way, the traffic received 
figure reports a more linear behaviour without the brusque fall and the consequent loss of 
packets (the packet loss in OLSR is about 73.6% in 6 seconds needed for the switching 
procedure). 
 
 

8.4.3.2 Throughput increase using fault tolerance and mobility metrics 

This section reports the behaviour of the Q-Routing with mobility metrics at the increase of 
the speed, in terms of throughput at application level. The nodes are supposed to be 
equipped with an infinitely charged battery, because the residual energy is not the focus of 
this simulation. The simulated scenario is a square area of 400m X 400m, in which 20 nodes 
are deployed and move following a Random Waypoint mobility model with a prefixed speed. 
Four bidirectional GSM G.711 audio flows at 13.6kbps run between 4 network nodes. The 
simulations (with a duration of 300s each) have been performed varying the speed between 
the interval 1-15m/s (as defined in requirements R_GEN_13 and R_GEN_14 in MONET 
deliverable D2.3) and, for each speed, the simulation has been repeated with different seeds 
50 times in order to guarantee the reliability of results. 
 
The application level normalized throughput (expressed as the percentage of traffic received 
at the application layer in destination node) has been analyzed and the behaviour is reported 
in Figure 51, compared with Optimized Link State Routing protocol (OLSR): 
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Figure 51: Throughput comparison using fault tolerance and mobility metrics 
 
The figure shows that such metric gives a consistent contribution at high speed and the 
throughput increases with speed. This result is intuitive because the fault tolerance and 
mobility metrics have the objective to enhance the routing performance at higher speeds, 
considering estimated link availability and mobility factor. The throughput increase of Fault 
Tolerant Q-Routing compared to OLSR averaged along 1-15m/s speeds is 10.2% and 
reaches a peak of 25.9% at speed 15m/s. 
 
 

8.4.4 Throughput and Lifetime results considering all metrics together 

This section reports the normalized throughput and the minimum lifetime (expressed in 
percentage on the single simulation time) in case all metrics are considered together. The 
metrics are applied together as illustrated in Section 8.3 and the energy follows a linear 
model as defined in Section 8.4.2. 
 
The simulation scenario is a square area of 400m x 400m, in which 20 nodes (compliant with 
requirement R_PERF_6 in MONET deliverable D2.3) are deployed and move following a 
Random Waypoint mobility model with a prefixed speed. Moreover, the nodes are equipped 
with a battery which empirically allows to transmit about 10MB before the discharge. Four 
bidirectional video flows at 512kbps (as defined in MONET deliverable D2.3 for video service 
requirements) runs between 4 network nodes. The simulations (with a duration of 300s each) 
have been performed varying the speed between the interval 1-15m/s (as defined in 
requirementsR_GEN_13 and R_GEN_14 in MONET deliverable D2.3) and, for each speed, 
the simulations have been repeated with different seeds 50 times in order to guarantee the 
reliability of results.  
 
We analyze the average application level normalized throughput and the average minimum 
node lifetime, expressed in percentage, with the increase of the speed, in order to evaluate 
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the effect of considering together the three introduced metrics. The following figure shows 
such comparisons: 
 

 

 
Figure 52: Throughput and Minimum Lifetime comparison using all metrics 
 
The throughput is about the same of OLSR (at low speeds it is increased thanks to the 
energy-based metric which better distributes the traffic load) but the minimum lifetime is 
considerably increased, especially at low speeds. This fact is a good result for MONET 
purposes, because such a speed interval contains the human speed: in this case the node 
batteries are limited and an appropriate balance should be foreseen. The throughput 
increase of Fault-Tolerant and Energy-aware Q-Routing compared to OLSR averaged along 
1-15m/s speeds is of 1.74% and reaches a peak of 6.95% at speed 2m/s. The minimum 
lifetime increase of Energy-aware and Fault Tolerant Q-Routing compared to OLSR 
averaged along 1-15m/s speeds is of 6.79% and reaches a peak of 16.49% at speed 1m/s. 
 
 

8.4.5 Scalability issue 

Scalability is an important quality of any routing protocol in a network, because is related to 
the ability to adapt in a performing way to the increase of specified parameters of interest. 
Usually such parameters include the number of network nodes, the network size area, the 
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number of link failures, the application bandwidth injected in the network, etc. In this section 
we focus our attention on the behaviour of the proposed Fault Tolerant and Energy-aware Q-
Routing in function of the growth of the number of nodes and the area of the network. 
 
Regarding the behaviour of the routing protocol when the number of nodes grows, consider 
again Figure 48 of Section 8.4.2.3. Analyzing the curves of throughput and minimum lifetime, 
it is evident that the routing protocol is able to handle in a more intelligent way the increase of 
network nodes in the network, exploiting such a characteristic to its advantage. In fact, the 
existence of an increasing number of nodes leads to the existence of a major number of 
paths, allowing the Fault Tolerant and Energy-aware Q-Routing to simultaneously use a set 
of paths towards a prefixed destination, with the effect to increase the minimum lifetime 
thanks to its energy balancing features, in a quite-fixed network situation. 
 
Let now consider the behaviour of the Fault Tolerant and Energy-aware Q-Routing protocol 
when the area of the network increases in a mobile environment. A set of simulations has 
been carried out fixing the speed of nodes to 2m/s and a single-node battery in order to be 
able to empirically send 24MB of traffic (including both application and routing overhead 
traffic). Eight video flows at 512kbps have been executed through the network composed by 
20 nodes which move following a Random Waypoint model at the prefixed speed. Each 
simulation last 600s each and for each size area a run of 50 simulations has been performed 
in order to guarantee the reliability of results. The simulation results are summarized in the 
following figure: 
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Figure 53: Comparison with OLSR when the network area increases 

 
The comparison term in the second figure has been chosen to be the product between the 
normalized throughput and the minimum lifetime in percentage because the two comparison 
elements are in contrast each other: in fact the increase of throughput produced by a major 
capability to adapt to network changes can lead to a more rapid discharge of batteries and 
vice versa. Analyzing the figure, it is evident that the Fault-Tolerant and Energy-aware Q-
Routing adapts in a more performing way to the increase of network area compared to 
OLSR. This fact can be justified by the capability of the algorithm to predict the behaviour of 
the nodes by means both of an analysis of the future movement through GPS information 
and of the choice of the most stable nodes. The average throughput increase compared to 
OLSR, calculated through all the network sizes, is of about 13% and the average product 
comparison element increase is of about 9.5%. The peaks values of the increases are 
reached both at 80ha of network area size and respectively amount to 22.3% and 17.3%. 
 
 

8.5 Conclusions 
Extending the Q-Routing algorithm with a proactive extension and using residual energy, 
fault tolerance and mobility management metrics (following the technique shown in [WU 
2009]) the minimum node lifetime is increased (leading to a more fair energy balancing in 
particular at human speeds) and the application level throughput is increased, especially at 
high speeds (among the MONET requirements contained in deliverable D2.3). The algorithm 
was compared with a simple Q-Routing and the standard OLSR diffuse protocol, in scenarios 
with application flows, concurrent users, intervention areas and speed in line with MONET 
requirements, also considering scalability issue. 
 
There has been an effort to simulate similar scenarios, in order to compare the two proposed 
solutions. The results however are not conclusive as if there is a clear winner, based on the 
simulations. There were significant improvements on the solution proposed when compared 
to the standard OLSR algorithm. The expected improvements, based on the ideas behind the 
proposals were verified by means of several simulation scenarios, focusing on throughput, 
network energy management, extension of minimum lifetime of nodes and node mobility. 
Although the simulation scenarios are simplifications of the real world scenarios, an effort 
was made to simulate meaningful scenarios, based on the MONET requirements contained 
on deliverable D2.3. 
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9 Cooperative k-Anypath Routing for the MONET MANET 
segment 

Based on MONET deliverables D3.1 on Architecture and D2.4 on Scenarios, the MONET 
applications in disaster relief have considered a number of networked vehicles including 
unmanned aerial vehicles (UAVs) as well as dismounted personnel. In the extreme case of 
sparsely connected, moving nodes, some nodes might not be able to connect with any other 
node for a long time. In this work, we develop an anypath routing solution for wireless ad hoc 
networks in a scenario of sparsely connected vehicles. Particularly, we extend the existing 
anypath routing algorithm to k-anypath routing so that, at most, k potential candidates can 
forward the source information. 
 
 

9.1 Introduction 
For this study, and given their challenging nature, particular emphasis was put on a particular 
class of vehicles: Unmanned aerial vehicles. Over the last few years, a significant number of 
researches [RABBATH 2010][RASMUSSEN 2005][SCHEIDT 2005] have focused on 
decision making, cooperative rules, safety and reliability issues. However, when a UAV 
cooperated with networked sensors or wireless ad hoc vehicle networks, one of the 
challenges is made to provide a robust and real-time communication system because UAVs 
are largely affected by the communication mechanism, topology and mobility model [FREW 
2008][BROWN 2004][KUIPER 2006][ALSHBATAT 2010]. Recent study [FREW 2008] shows 
that meshed ad hoc networking seems to be the most capable of meeting the communication 
demands of large number of UAVs to be deployed in the future. Unlike traditional wireless ad 
hoc network environment, MONET vehicle communication patterns (including UAVs) are 
constantly disconnected by link failure due to mobility just as mentioned in [KUIPER 2010]. 
The communication requirement here depends on the approach and scenarios. 
 
UAVs may use local flooding scheme to disseminate data [FREW 2008]. However, large 
area operations require intermediate relay, and obstructions may block signal. With other 
constraints such as battery and interference limits, UAVs can’t use large transmission power 
so that nodes are expected to act cooperatively to establish network connection and, to 
disseminate information over multiple hops. One challenge to use a vehicle like a UAV as a 
node in a MONET MANET segment is the effect of aircraft attitude on the wireless link 
quality. The impact of aircraft attitude on the MANET performance is significant in terms of 
the throughput and end-to-end delay [ALSHBATAT 2010]. The direct impact on network layer 
is link failure and a node has to find alternative route information. Thus, any UAV that wants 
to talk or to communicate with the ground portion of the MONET ad hoc network can’t rely on 
the traditional single path routing. 
 
Opportunistic routing (OR) [BISWAS 2005][SCHAEFER 2009][ZENG 2010] in wireless ad 
hoc networks is a promising technology by using the broadcast nature of wireless radio to 
enhance communication capacity and reliability. It can significantly provide the higher rate of 
message delivery and increase available bandwidth. In OR, any node in a set of neighbours 
of the sender can participate in forwarding. In order to reduce redundant transmission, two 
fundamental questions will be the relay selection and the prioritization of relays according to 
under-lying link-layer coordination protocol [DUBOIS-FERRIERE 2011]. As the number of 
relays grows, the forwarding cost decreases, however the overhead of coordination 
increases. In this section a novel cooperative k anypath routing protocol is proposed to 
counter OR in sparsely distributed vehicle platforms in the MONET MANET segment with 
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specific examples for UAV communications where wireless channel conditions, nodes 
topology and communication patterns of UAV wireless ad hoc networks are constantly 
changed. We propose integration of any-path routing into UAV mesh ad hoc networks. The 
contribution of this work is to provide a new solution in network routing layer. With k-any-path 
routing cooperation, the reliability will be improved and routing switching time will be reduced.  
 
 

9.2 Related Work 
To improve the range and the reliability of ad hoc ground-based networks, the concept of 
using UAV as a communication relay was presented in [BROWN 2004]. The results indicate 
that UAVs increase the operation range and provide the better connectivity for mobile ad hoc 
nodes. Only one negative impact is high mobility due to UAVs’ manoeuvrability. However, 
the routing of UAVs with ground MANET nodes is still an open issue. Opportunistic routing 
exploits the spatial diversity of the wireless networks by using a set of forwarding candidates 
in order to improve the reliability and efficiency of packet relay. A number of work have been 
done on theoretic analysis of opportunistic routing. 
 
For example, [ZENG 2008] investigate opportunistic routing with multiple rates and develop a 
transmission conflict graph and introduced a concurrent transmitter set (CCTS) as 
constraints of rate, interference, and candidate selection on the capacity of OR. They 
formulate the maximum end-to-end throughput problem as a maximum-flow linear 
programming problem given traffic demands and forwarding paths. ExOR [BISWAS 2005] 
uses broadcast to send a batch of packets to a potential set of nodes instead of a single 
forwarder based on ETX metric [COUTO 2003]. To avoid redundant transmission, every 
forwarding node only forwards packets to non-acknowledged nodes with the smaller ETX to 
the destination. As a result, the batch mode enhances the probability of overhearing among 
the forwarders and reduces unnecessary duplicate transmissions. The ETX is calculated by 
a complete set of inter-node loss rate. However, ETX is a single routing metric that doesn’t 
capture the anycast performance in the opportunistic routing. [LAUFER 2009] propose a 
generalization of Dijkstra’s algorithm for multirate opportunistic routing. [DUBOIS-FERRIERE 
2011] developed least-cost opportunistic routing (LCAR). It needs to search the combinations 
of all the neighbouring nodes to get the least cost OR paths. Our approach has two 
contributions: 1) we use candidate nodes from k shortest paths and only consider k any-path 
forwarding for the given candidate sets. This reduces the shortest path routing calculation. 2) 
Instead of existing shortest anypath routing metric calculation, we account for the candidates 
that in turn use anypath forwarding. This can guarantee each candidate distance to the 
destination is indeed the shortest path. 
 
 

9.3 System Model and Problem Statement 
In any-path routing context (see Figure 54), a packet is broadcast to the forwarding set. More 
than one node may receive the same packet. To avoid redundant forwarding, there is a 
mechanism to coordinate among the forwarding set. Typically use prioritization to the 
forwarding nodes. High priorities are given to nodes which are closer to the destination. In 
this sense, point-to-multipoint links are used in anypath routing. It is the research issue to 
find the anypath with the lowest cost to the destination, i.e., the shortest anypath, called the 
shortest-anypath problem [DUBOIS-FERRIERE 2011].  
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Figure 54 - OR Topology for illustration. 

 
A hypergraph G=(V,E) stands for a set V of vertices and a set E of hyperlinks. For each node 

in i∈V, if exists a set J of candidates, the hyperlink (i,J)∈E, we use the same approach in 

[LAUFER 2009] to define a delivery probability f
iJ
. fiJ is the probability that at least one of 

nodes in J received a packet transmitted from i. 
 
In wireless ad hoc networks, a key challenge to deployment is achieving good link qualities. 
Multiple receivers increase the diversity gain. For example UAV, rapid changes in signal 
strength due to UAV banking manoeuvres and outages dictated by environmental shadowing 
or flight paths translate into a highly varying and lossy wireless channel between ground 
transmitters and UAV receivers [KUNG 2010]. It is well-known that node position and 
orientation that can greatly impact wireless link quality. [KUNG 2010] considers a cooperative 
approach where multiple receiver nodes on-board a UAV cooperates to boost packet delivery 
rates from a ground transmitter by exploiting the spatial and temporal diversity of the wireless 
channel. By exploiting the ground multiple transmitters and receivers can be used to improve 
packet delivery rates significantly. Using omnidirectional antenna based 802.11 protocol, the 
packet loss is uncorrelated with small time scale. The effect of fast fading is not significant on 
any direction. The diversity gain of multiple receivers increases an average 25% of delivery 
rate while the gain of multiple transmitters increases the average 12% of delivery rate. This 
suggests that the loss of a packet at different receivers occurs independently in practice. 
 
 

9.3.1 Metric 

Most previous anypath routing adopted the expected number of anypath transmissions 
(EATX) as routing metric. EATX is a generalisation of ETX (expected Transmission counter) 
[COUTO 2003], i.e., expected transmission number between a set of candidates to the 
destination. ETX is defined to be inversed of packet delivery ratio, 1/f

ij
. For the EATX, the 

distance d
iJ
 is defined as d

iJ
=1/f

iJ
. However, the original definition of ETX in [BISWAS 2005] 

uses the shortest path and it doesn’t account for the candidates that may in turn use anypath 
forwarding. This results in prioritization of sub-optimal ETX path from the candidate to the 
destination. A quality path should be selected at the highest packet delivery ratio. Therefore, 
we proposed to use optimal ETX by taking the candidates that can also use anypath 
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forwarding instead. This is obviously necessary. For example, in Figure 54 Consider node B 
to node D, for ETX, it is 2.50. However, the direct transmission from node B to node D has 
only 0.4 delivery ratio while the path B→C→D is even higher packet delivery ratio, 0.64. If 
chosen the path B→C→D, the ETX is 1.56. These values are represented in Table 5. 
 
Metric A B C D E F 
ETX 4.17 2.50 1.25 0 2 3.33 
ETX

opt
 2.60 1.56 1.25 0 2 3.33 

Table 5 – ETX Metric values for nodes of OR topology. 

 
To make the candidates use anypath forwarding, the potential optimal ETX path should be 
the one with highest delivery ratio path. We define:  

 (9.1) 

where (s,d) is a path source and the destination. SP(s,d) is all the shortest path between 
(s,d) and f

ij
(e

ij
) will be the packet delivery ratio at edge e

ij
. 

 
 

9.4 Propagation and broadcast Interference Models 
The basic CSMA/CA mechanism in 802.11 DCF operation model, before any node transmits 
a frame, it must sense the medium first. When the medium is idle for a time interval, called 
Distributed Interframe Space (DIFS), it can transmit a frame. Otherwise, the station pulls 
back to wait for a back-off time before the transmission. The random back-off timer is picked 
up uniformly in [0, CW-1], where CW is Contention Window. CW is initially assigned to CW

min

, and double increasing up to its maximum value CW
max

 after each time a frame was 

collided. When the channel is idle, the back-off time is decreased by one, suspended when 
the channel becomes busy and reactivated when the channel is sensed idle during a DIFS. If 
the back-off timer is zero, the node is allowed to transmission. The sender expects to receive 
a ACK frame from the destination node (receiver) within a Short InterFrame Space (SIFS). If 
there is no ACK is received in SIFS, the frame is assumed to be in a collision, and contention 
windows (CW) update algorithm is activated. 
 
There are two methods for carrier sensing in the IEEE 802.11 standard, physical carrier 
sensing (physical model) and virtual carrier sensing (protocol model). [BIANCHI 200] and 
[GUPTA 2000] have studied the impact of transmission power and carrier sense threshold on 
network throughput. [YANG 2007] found that minimizing carrier sense area CS

s
that covers 

the interference area IN
r
 of its intended receiver r can obtain higher throughput. This result 

indicates the trade off the transmit power and distance. In wireless network, the average 
received power strength is decayed as power law of the distance between a transmitter and 
receiver. The signal receiving power P

r
 is a function of the distance d. Let P

s
 denote the 

transmit power the sender s, g is the antenna gain, and α is path loss exponent (typical 
α=[2..4]), then receiving power can be written as  

  (9.2) 
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where , C=3x108 and such as carrier frequency fc=2.472 Ghz. 
 
Only if the receiving signal exceeds a received sensitivity threshold (RX

th
), the receiver can 

correctly decode the information. Therefore, the maximum transmission distance d
tx

 is 

expressed:  

  (9.3) 

Following the notations in [YANG 2007], we can define the carrier sense set of a sender s, 
i.e.,CS

s
, and the interference set of a receiver r,i.e., IN

r
.  
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where CS
th

 and β are the carrier sense threshold and interference threshold, respectively. 

Assume that all the nodes use uniform transmit power and carrier sense threshold, i.e., 
P

s
=P

s
'. Simultaneous transmitters cause capture effect at a receiver. A receiver r overlapping 

with the transmission of sender s will cause collision. The interference set in equation (9.5) 
can be rewritten as:  

}
),(

),'(
|'{ β≤=

a

a

r
rsd

rsd
sIN   (9.6) 

 
 

9.5 Delivery Probability of Physical Model 
Delivery probability can be obtained by measurement or the theory model. In this work, we 
derive the delivery probability based on the distance of transmission. We assume to use free 
space propagation model because the fast fading in the scenarios such as disaster relief and 
fire fighting is not significant. The power received at the distance d will be calculated where 
path loss exponent α=2 in equation (8.2): 
 

 (9.7) 
 
where N0

dB
 is zero mean and standard deviation σ

dB
 Gaussian noise. Packets are correctly 

delivered if the aggregate received power plus noise power is greater than a threshold, RX
th

. 

Thus, the delivery probability at the distance d can be given by:  
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 (9.8) 
 

where dyexQ
x

y

∫
∞

−= 2/2

2

1
)(

π
. In our numeric experiments we use NS-2 default values, 

given in Table 6. Figure 55 shows the delivery probability of the physical model. 
 
Parameter Value 
P

s
 0.28183815 Watt 

RX
th

 3.652x10-10 Watt 
Error! 1 
f
c
 2.472 GHz 

σ
dB

 6 
Table 6 – Default NS values for the free space propagation model. 

 

 
Figure 55 - Delivery Probability vs Distance. 

 
 

9.6 Cooperative k-Anypath Algorithm 
In this section, we define the k shortest anypath algorithm. As we have learned from EATX 
as shortest anypath metric has equal or lower cost than any shortest anypathh using a single 
rate. We use shortest path as a basis for the anypath routing. In algorithm 1, ETX

o
pt return a 

keyed shortest paths. To calculate k-shortest path, we use [YEN 1971]’s algorithm, an 
efficient k-shortest loopless path algorithm. The complexity of this algorithm to find K-shortest 
path is upper bound to O(KN3). We will use this to calculate each node’s candidate. 
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Our algorithm input delivery probability matrix, for any path routing (S,D), the algorithm builds 
a forwarding set iteratively by calculating k-shortest path for each candidates to the 
destination. The algorithm converges when the candidate is indeed a destination node. 
 

 
Figure 56 – pseudo code for algorithm used. 

 
 

9.7 Conclusion 
A k-anypath routing algorithm was developed. The algorithm uses k-shortest paths as basis, 
to calculate the candidate sets for anypath routing. The k anypath routing is extremely 
efficient because each potential candidate is one of nodes in shortest path. Therefore, any of 
the nodes failed in candidate forwarding set has immediately lower priority candidate on the 
shortest routing path. This mechanism reduces the routing switch time. 
Concerning the applicability of k-Anypath to MONET, while it’s true that anypath routing may 
generate a considerable amount of additional load, we believe this is offset by the increase in 
the packet delivery ratio. If it can be properly used and if the network can limit the control 
overhead to an upper bound for example, only maximum 2, then anypath route can delivery 
the content. Additionally, other mechanisms such as using ACK to cancel the delivered 
message could reduce the overhead. 
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10 Joint network coding algorithm for MONET MANET 
segment 

According to D3.1 architecture design, network coding in wireless multihop networks exploits 
significant benefits. However the broadcast nature of wireless ad hoc networks creates 
coding opportunities in different levels. In this section, we start from network coding 
mechanism then analyze COPE’s scheme. Then we propose opportunistic network coding 
OLSR (ONCOLSR) with inter-session packet scheduling. Simulation shows that ONCOLSR 
significantly outperforms existing OLSR in terms of network throughput and packet delivery 
ratio at different mobility models without incurring large delay. 
 
 

10.1 Introduction 
Network coding was proposed in [AHLSWEDE 2000]. It is a new paradigm for information 
dissemination in wireless networks, where multiple wireless nodes can mix the incoming 
packets at intermediate nodes into a single packet to be transmitted to the next hops. The 
coding gain requires a structured network topology [PARAG 2010][SENGUPTA 2010]. The 
recent work on random linear network coding [CHOU 2003], COPE [KATTI 2008], MORE 
[CHACHULSKI 2006], Pacifier [KOUTSONIKOLAS 2009], DCAR [LE 2008], and CCACK 
[KOUTSONIKOLAS 2010] have demonstrated the benefits of network coding. Not 
surprisingly, network coding outperforms classic routing for networks with identical link 
capacities. Results from analysis of wireless butterfly network [PARAG 2010] show that 
combining packets at an intermediate wireless relay doesn’t necessarily yield performance 
gains. This coding gain depends on the topology of the butterfly network and the physical 
locations of the nodes. If the link capacities are not identical, then packet combining entails 
delay and inefficiencies. However, the problems of network coding to be used in OLSR 
based wireless ad hoc networks are not well addressed. Particularly, what is the coding gain 
under the circumstances of packet loss, different source transmission rate, and mobility are 
still open issue. 
 
In this section, we will investigate opportunistic OLSR joined with network coding for ad hoc 
network optimization. The motivation is to enhance the throughput performance when OLSR 
delivers any pattern of concurrent unicast traffic sessions where network coding opportunity 
can work for reducing interference. Particularly under certain mobility patterns, the 
performance gain of network coding should be reflected. The previous research [WILLIAMS 
2009] has shown that the mobility model can significantly impact the performance of ad hoc 
routing protocols in terms of packet delivery ratio and the data packet delay. In our design, 
we extended COPE-like opportunistic listening to OLSR, a coding layer will automatically 
detect the multiple concurrent unicast sessions for networking coding. 
 
 

10.2 Related Work 
An example of network coding increasing throughput is butterfly network in Figure 57. Under 
unit link capacity, two source nodes S1 and S2 transmit packets to two receivers (t1 and t2). 

In the intermediate nodes (R3 and R4), XOR is performed to two messages (X1⨁X2) then 

broadcast to two receivers.  
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Figure 57 - Butterfly Network Coding. 

 
The work most relevant to ours is COPE [KATTI 2008], where the authors proposed 
opportunistic coding protocol and implemented as a coding layer between the MAC and 
routing/IP layers. In opportunistic coding context, COPE’s approach to network coding has 
two attractive properties: 

• Opportunistic Coding: Each MANET node uses only local packets in the queues for 
coding. This rule allows local coding decision without requiring a global coordination 
between different nodes.  

• Opportunistic Listening: Each MANET node can overhear and snoop on all packets 
from its neighbours. The snooped packets are used in coding decision.  

 
In Figure 57, source S1 and S2 can broadcast the content X1 and X2 separately. With 
opportunistic listening, the intermediate node R3 can overhear the message X1 and X2, and 

performs XOR-operation. Node R3 then broadcast (X1⨁X2) to the next-hop and node R4 

can just broadcast the mixed packet (codedpacket to the destinations (t1,t2). Obviously, if no 
coded packet transmitted over links (R3,R4), (R4,t1), and (R4, t2), traditional routing should 
forward X1 and X2 on that links separately. Therefore, the whole network without coding has 
6 packets transmission versus 4 packets transmission in network coding.  
 
The theoretical study on network coding has done significantly. [LUN 2006] studied the 
problem of minimum-cost (energy) multicast with a single session in a single source. Lun’s 
work addressed the rate allocation optimisation for minimum-cost multicast. 
[RAMAMOORTHY 2011] studied the maximum flow to multiple correlated sources in random 
wireless networks. [HO 2006] studied network coding across multiple unicasts within XOR 
coding between pairs of flows and [LI 2004] showed that network coding would provide 
marginal benefits over traditional approaches in some multihop wireless scenarios with 
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multiple unicast sessions. In this work, we use dynamic routing-scheduling-coding strategy 
for MANET for serving multiple unicast sessions with opportunistic coding structure existing.  
 
 

10.3 Joint network coding and OLSR 
To provide 802.11 network coding opportunity, each node will operate at promiscuous mode 
to snoop on all packets communicated by the neighbour nodes. The opportunistic coding is 
not guaranteed unless the node knows the routing information. To join this information to 
MAC layer network coding mechanism, we push MPR information down to network coding 
layer. The network coding layer uses the two hops topology information to decide when to 
perform the coding. Here is an architecture for network coding layer in Figure 58.  
 

 
Figure 58 - Position of network coding in OLSR. 

 
 

10.4 Modelling Coding Structure with Opportunistic Listening  
The benefit of opportunistic listening relies on the traffic structure. The common coding 
structure can be found in many literatures such as [SENGUPTA 2010] and 
[SCHEUERMANN 2007]. Two way 3 sessions and X-structure sessions are common coding 
structures. Each node in MANET can receive packets whether it is coded or native packet, it 
is likely that only next-hop node of a packet can be decoded. For a node with d degree 
incoming/outgoing traffics, the number of all possible combinations of these traffic is d(d−1). 
Therefore, the coding opportunity at node i is governed by a structure set S where the 
element is defined by Error!, here Error! is the incoming link of the packet, Error! is 

outgoing link of the packet, and p∈c,n stands for coded (c) or native (n) packet. The coding 

structure represents the coding opportunity subject to the following conditions: 

• The next-hop node of each s∈S must be distinct since two packets to the same next-

hop can’t be coded.  
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• The next-hop node for each s∈S must enable to decode its packets. for any node 

s'∈S,s'≠s, the next-hop node of s must be (a) the previous-hop node of s'; or b) be a 

neighbour of previous-hop node of s' to have overheard a native packet.  
 
The simple example is explained in Figure 59 and in Figure 60. In Figure 59, two packets p1 

and p2 are transmitted over opposite routing paths n1→n2→n3 and n3→n2→n1, 

respectively. At node n2, a coding opportunity arises because a coded packet p=p1⨁p2 can 

be broadcast at node n2 and both n1 and n3 can decode. According to the definition above, 
the coding structure at node n2 has S={(e1e2,n),(e3e4,n)}, {(e1e2,c),(e3e4,n)}, 
{(e1e2,n),(e3e4,c)},{(e1e2,c),(e3e4,c)}. 
 
Similarly, let us consider the coding structure in Figure 60. Two traffics p1 and p2 are 

transmitted over paths n3→n2→n5 and n4→n2→n1, respectively. For node n1 and n5 if 

node n2 has a coding opportunity, i.e. p=p1⨁p2, they must have already received native 

packet p1 for n1 and p2 for n2. However the node n2 doesn’t have a coding opportunity if 

node n3 and n4 transmit a coded packet. Therefore, only S={(e1e2,n),(e4e3,n)} is a valid 

coding structure. A general rule for a coding structure of size |S|≥3, all elements s∈S must 

have already received native packet. 
 

 
Figure 59 - Figure 3: Two Way Coding Structure. 
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Figure 60 - Figure 4: X-traffic Coding Structure. 

 
 

10.5 Pseudo Broadcast and ACK for network coding 
In 802.11, MAC works on unicast and broadcast modes. COPE broadcasts coded packet 
and naturally should use broadcast mode. However, it doesn’t work due to lack of reliability 
and backoff. In broadcast, direct ACK for reporting packet received by its neighbour is not 
working because ACK collisions happen to many intended receivers. On the other hand, 
ACK mechanism doesn’t work well with broadcast links because retransmission wastes the 
receivers who have already received it. 
 
In the COPE design, pseudo-broadcast, which piggybacks on 802.11 unicast, is used and 
provides its reliability and backoff mechanism. Pseudo-broadcast unicast packets that 
contain all next-hop MAC addresses and an XOR-header added after the link-layer header. 
When one node overhears this packet, if the MAC address is different from its own, it will 
buffer it for the future coding. As all packets are sent using 802.11 unicast, the MAC can 
detect collisions and backoff properly. Pseudo broadcast doesn’t solve reliability. For packet 
loss, local retransmission is required. When a node sends an encoded packet, it schedules a 
retransmission event for each of the native packets in the encoded packet. If any of these 
packets is not ack-ed within T

a
 seconds, the packet is inserted at the head of the output 

queue and retransmitted. 
 
Another reliability mechanism is proactive ACK. If a node starts decoding timer, within T

d
 

seconds, it should receive coded packet or native packet. If no packet is received, it is 
assumed the packet was lost. This next-hop node can broadcast request the missing packet. 
 
 

10.6 Broadcast Scheduling 
In opportunistic coding node, no coded transmission can take place at the end nodes. The 
availability of coding parties is likely at intermediate nodes. It is obvious that coding is seldom 
possible if too few packets are in the queue. It’s thus necessary to determine how many 
packets are necessary in order to obtain high coding gains. 
 
In [SCHEUERMANN 2007], the authors proposed a set of properties to address this issue. At 
any time, any n consecutive intermediate nodes are at least n-1 queued packets. For a route 
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over h hops for a bidirectional connection, there are at least h-2 packets in networks at any 
time. This means that at the intermediate node, it is not allowed to process with only coded 
transmission. 
 
 

10.7 Performance Evaluation 

10.7.1 Simulation Environment and Parameter Settings 

Simulation environments are an important tool for MANET performance evaluation. In this 
section, we address the key parameters that are used in performance comparison. We 
compared ONCOLSR to OLSR-ETX [CORDEIRO 2010]. In our simulation, there are 40 
nodes with 250m transmission ranges in a 800m× 800m area. Group force mobility model 
[WILLIAMS 2009] is used because in a disaster scenario, a group member has common 
interest in moving together. Hence, it is important to use mobility model to reflect MONET 
scenarios that accurately represent the intended scenarios in which the protocol could be 
used. 
 
All simulations are run at 400seconds duration for 10 times with different mobility random 
seed. and CBR traffic is used uniformly up to 2Mbps. 802.11 physical bandwidth is 6Mbps 
and the metrics that used in comparison of different routing algorithms are packet delivery 
ratio, average data packet delay, average throughput, under different movement speeds 
(1m/s, 5m/s, 10m/s, 15m/s, 20m/s). 
 
 

10.7.2 Metrics 

Packet Delivery Ratio (PDR) is the ratio of the number of packets sent from the source to the 
number of received at the destination. Average end-to-end delay (AE2ED) is the average 
time delay for data packets from the source node to the destination node. Coding gain is the 
ratio of the number of transmissions required by the current non-coding approach, to the 
number of transmissions used by COPE to deliver the same set of packets.  
 
 

10.7.3 Results and Analysis 

The scenarios have 40 nodes and 15 of these connect randomly. At a randomly selected 
start time during the interval [0,120], 15 sessions were randomly started. The session 
duration is uniformly distributed between [120, 180]. Compared OLSR-ETX is used ETX as a 
routing matrix. In Figure 61, packet delivery ratio is compared. We can see that 
OLSR+COPE NC has a higher PDR than OLSR-ETX. The trend of PDR is decreasing along 
with mobility speed because of interference. With network coding, the average PDR 
increases about 26%.  
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Figure 61 - Packet Delivery Ratio Comparison. 

 
Under the same scenario, we measured the average throughput. In Figure 62, the 
throughput of network coded sessions is higher than OLSR-ETX. The average increase of 
throughput is about 35%. In a stationary network, the network coded sessions are about 1.7 
times those of a plain OLSR-ETX.  
 

 
Figure 62 - Average Throughput. 

 
The end-to-end delay performance for network coded sessions is larger than OLSR-ETX. 
The reason is network coding mechanism in general cost processing time. However, it’s 
visible from Figure 63, the delay increases is not big issue. This is probably due to 
inexpensive XOR operation rather than random linear coding Gaussian elimination 
execution.  
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Figure 63 - Average End to End Packet Delivery. 

 
Finally, we evaluate the coding gain. We use 40 nodes with 15 connections, and 40 nodes 
with 25 connections. Because of random topologies, the network coding opportunity is not 
guaranteed. In general, the coding gain is visual about 1.1-1.68 compared to OLSR-ETX as 
can be seen in Figure 64. However, this coding gain relies on traffic pattern and mobility as 
well.  
 

 
Figure 64 - Coding Gain introduced by networking coding scheme. 

 
 



 

MANET Optimization Studies 
MONET 

 
 

MONET-ICT-247176-D4.3  Page 101 of 110 

10.8 Conclusions 
In this work, we have demonstrated multiple unicast session jointed network coding with 
OLSR and exploited obvious gain in terms of packet delivery ratio and throughput. In 
average improvement with network coding to OLSR-ETX is about 26% for packet delivery 
ratio and 35% for throughput. Furthermore, the delay due to network coding operation is not 
such high. 
 
In the future, there are many directions that need to be investigated. For example, 
opportunistic multicast network coding, multiple correlated sessions, among others. Some 
work has been done on distributed source coding to be used in MANET. 
 
Minimum cost network coding has been studied in [LUN 2006] and [RAMAMOORTHY 2011]. 
In Lun’s work, a single source multicast optimal problem is considered. Two types of 
multicast groups are considered: static multicast group with membership constant during the 
time, and dynamic multicast group with members join and leaving arbitrary. A decentralized 
algorithm is proposed to solve minimum cost multicast over wireless network with a 
polynomial time solution. In Ramamoorthy’s work, the problem of transmitting multiple source 
information over a network has been studied [RAMAMOORTHY 2011]. The multiple 
distributed source coding can compress the information and reduce the transmission 
bandwidth. To find the optimal rate that source can be compressed, the capacity region of 
distributed source coding is studied. Ramamoorthy proposed a framework that the feasible 
rate region can be solved optimally by subgradient and the proximal bundle method. There 
are many open issues in this direction. 
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11 Conclusions 

Throughout this document, a number of studies on improvements to the MANET segment of 
a MONET network were presented and their results discussed. In order to properly set the 
work done, an overview of the challenges befitting a MONET MANET segment was 
presented and of the state of the art on routing was given (since most studies were related to 
routing).  
 
It was shown that it is possible to improve the path bandwidth stability and load balancing of 
the MANET using a MIMC routing protocol by introducing interference and path load 
estimations in route discovery. The AOMDV protocol was extended to support MIMC and its 
performance evaluated through simulation. 
 
The inclusion of geographical and energy information in the routing decision was studied in 
section 6. It was shown that different approaches can be considered (e.g. only position and 
battery level or position and battery level plus node velocity and rate of battery consumption). 
It was argumented that the overheads introduced by the metrics could be compensated by 
the better performance of the network, namely in minimum node lifetime increase and in less 
flooding. For e.g., the additional information on the TC Messages introduced by the metrics 
can be compensated by the better routing achieved and the expected overall extension of 
the minimum node lifetime introduced. And the higher computational power required to 
process rate of consumptions and velocities should be balanced with the lower frequency of 
flooding necessary to achieve the same levels of synchronization on the network topology 
database. It was shown that minimum lifetime of all nodes is increased using the proposed 
metrics with no significant costs in terms of throughput. Also, through simulation it was 
observed that the performance of OLSR can be improved by using geo-based routing, which 
reduces the need for retransmissions and waiting for timeouts, adjusting seamlessly to new 
paths and foreseeing communication path breakdowns. 
 
The inclusion of satlink information in the routing decision was shown to reduce 
communication costs at the disadvantage of increased overhead. Different parameters were 
discussed and simulations for the inclusion of cost/bit weights on the routing decision were 
presented. It was judged that the overhead increase is compensated by the decrease in 
satellite communication costs and this decision will ultimately belong to the end-user and the 
circumstances of the application. 
 
Section 8 discussed a fault tolerant routing strategy and showed how extending the Q-
Routing algorithm with a proactive extension and using residual energy, fault tolerance and 
mobility management metrics (following the technique shown in [WU 2009]) can improve the 
minimum node lifetime (in particular at human speeds). The algorithm was compared with a 
simple Q-Routing and the standard OLSR diffuse protocol, in scenarios with application 
flows, concurrent users, intervention areas and speed in line with MONET requirements. The 
results however are not conclusive regarding a clear winner. However, significant 
improvements on the solution proposed when compared to the standard OLSR algorithm 
were demonstrated. 
 
When considering very sparsely distributed nodes in the MANET, a cooperative k-anypath 
routing algorithm was developed in section 9 with a view to improve routing switching time. 
The algorithm proposed used k-shortest paths as basis, to calculate the candidate sets for 
anypath routing. It was demonstrated that, given the fact that the k anypath routing is 
extremely efficient because each potential candidate is one of nodes in shortest path, when 
any of the nodes failed in candidate forwarding set has immediately lower priority candidate 
on the shortest routing path. 
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Another improvement studied was the introduction of network coding with OLSR in multiple 
unicast sessions. The consortium showed how NC can be exploited to obvious gains in 
terms of packet delivery ratio and throughput. On average, improvements with network 
coding to OLSR-ETX were shown to be about 26% for packet delivery ratio and 35% for 
throughput. Furthermore, the impact of network coding on delay was considered negligible. 
 
Finally, an effort was made to ensure that all the studies made were perfectly in line and 
traceable to the end-user requirements defined in MONET deliverable D2.3. This was done 
throughout the document in the studies’ particular sections and in section 2.4 specifically. 
The consortium believes the approach taken was very successful. All studies results were 
input to the system level studies during the course of the work to ensure coherence and 
applicability at system level and some points regarding the studies in this document can be 
seen in D4.1. The decisions on which studies to implement under WP5 were taken at system 
level. 
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