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This paper proposes a new high throughput low coupling multi-
path routing protocol for Wireless Multimedia Sensor Networks
and describes its design, implementation and performance anal-
ysis.

Our approach attempts to improve throughput by means of the
Expected Transmission Count (ETX) metric and chooses routes
with minimum interference among them by using a modified ver-
sion of the Correlation Factor (CF).

The ETX metric represents the expected total number of trans-
missions (including retransmissions) required to successfully de-
liver a packet to the destination node. ETX allows finding high-
throughput paths on a multi-hop wireless network. ETX incor-
porates the effects of link loss ratios, asymmetry in the loss ra-
tios between the two directions of each link, and the interference
among the successive links of a path.

The radio interference when using multiple simultaneous routes
can greatly degrade the network performance. The CF is deter-
mined using neighbor information, allowing to find routes with
minimum interference among them.

Our simulation results show that the proposed high throughput
low coupling Multipath extension to the Dynamic Source Rout-
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ing (HTLC-MeDSR) protocol improves Quality of Service (QoS)
metrics like throughput, delay, packet loss and energy efficiency
in comparison with our preliminar Multipath extension to the
Dynamic Source Routing (MeDSR) protocol.

Key words: Multipath Routing, Correlation Factor, Expected Transmis-
sion Count, Wireless Sensor Networks, Quality of Service.

1 INTRODUCTION

Wireless Sensor Networks (WSN) [1] are ad-hoc networks that can be estab-
lished with no need for a pre-existent communications infrastructure. WSN
nodes (sensors or actuators) collaborate to forward sensor data hop-by-hop
from the source nodes to the sink nodes and vice versa. Sensor nodes consist
of sensing, data processing, communication, storage and energy components.
In order to minimize the cost, these sensor nodes are tiny devices with signif-
icant resource constrains.

Traditionally, WSNs have been used for monitoring applications based on
low-rate data collection with short periods of operation. Recent advances in
image sensor technology have enabled the use of audio and video sensors,
which have the ability to retrieve, store, process, fuse and/or correlate multi-
media data, originated from heterogeneous sources (multimedia sensor nodes,
scalar sensor nodes, etc), resulting in a new class of WSNs, called Wireless
Multimedia Sensor Networks (WMSN) [2]. WMSN can be designed for real-
time applications, which demand strict deadline, low delay, high throughput
and reliability, and non-real time applications, which usually require medium
to high bandwidth, low losses, etc. The transmissions in real time and non
real time of multimedia and/or scalar data may have different Quality of Ser-
vice (QoS) requirements, such as bounded latency or delay, throughput, jitter,
energy efficiency, and reliability, depending on the application. Some exam-
ples of real-time mission critical and monitoring applications are search and
rescue, security surveillance, patient monitoring [3].

Multipath routing allows building and using multiple paths for routing be-
tween a source and a destination, by exploiting the resource redundancy and
diversity in the underlying network to provide benefits such as fault tolerance,
load balancing, bandwidth aggregation, as well as improvement in QoS met-
rics such as throughput, delay and losses [4]. As sensor nodes can be used
to monitor events, where applications may require high data rates (e.g. mul-
timedia applications) not achievable with a single path, multiple flows may
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be used, through different paths, so that the effective data rate at each path is
reduced, and the application can be supported. Another example is splitting
a large burst of data, resulting for example from an I-frame into several small
fragments preventing buffer overflow at intermediate sensor nodes. These
applications make the use of multiple paths in WMSN recommended [2].

The use of multiple paths between a source and a destination node, despite
its benefits, has some disadvantages like the route coupling. The latter is due
to the radio interference or contention among routes, and may have a serious
impact on the performance of the multipath routing protocol even if routes
are node disjoint, when routes are not carefully selected. We propose several
mechanisms to minimize the route coupling issue.

The routing metric most commonly used by ad hoc routing protocols is
minimum hop-count. By minimizing the hop-count, the distance traveled in
each hop is maximized. This may contradict the performance requirements
of WMSN applications, since longer distances reduce the signal strength, re-
sulting in additional transmission errors.

It has been stated in [5] that packet loss due to collisions are often misin-
terpreted as link failures, which are called False Routing Failure (FRF). As
a consequence, the routing protocol attempts to find an alternative path even
though the current path is still valid.

In this paper, we present the design, implementation, and evaluation of the
High Throughput Low Coupling Multipath extension to the Dynamic Source
Routing (HTLC-MeDSR) protocol. We propose a cross layer approach to the
FRF problem involving the Medium Access Control (MAC) and the routing
layers. At the routing layer, we propose several enhancements to our pre-
liminary Multipath extension to the Dynamic Source Routing (MeDSR) [6]
protocol, by allowing it to use the Expected Transmission Count (ETX) [7]
metric and by including second degree neighbors (neighbor of neighbor’s) in-
formation in the Correlation Factor (CF) calculation. ETX finds paths with
the fewest expected number of transmissions (including retransmissions) re-
quired to deliver packets all the way to their destination. The primary goal
of the ETX design is to find paths with high throughput, despite some losses
[7]. The CF allows finding paths with low route coupling if they exist. We
apply a scheme to distinguish collisions from route failures. By increasing
the maximum number of MAC retransmissions (Short Retry Limit - SRL),
we reduce packet loss, and we use probe packets to identify routing failures.
This scheme reduces unnecessary route maintenance operations. In order to
demonstrate the effectiveness of our approach, this paper presents simula-
tions comparing HTLC-MeDSR with the Dynamic Source Routing (DSR)
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[8], MeDSR and Ad hoc On-demand Multipath Distance Vector (AOMDV)
[9], and other routing protocols. These measurements show that our approach
improves metrics such as throughput, delay and loss rate in comparison with
those routing protocols.

In terms of WMSN QoS requirements, HTLC-MeDSR addresses through-
put (by using the ETX), bounded latency and reliability (by means of CF and
SRL modification), and energy efficiency (by using probe packets to reduce
unnecessary route maintenance operations).

The paper proceeds in Section 2 with a description of related work. Sec-
tion 3 evaluates the SRL in MeDSR. Sections 4 and 5 describe the ETX and
Correlation Factor metrics respectively. Section 6 describes the design and
implementation of our HTLC-MeDSR protocol. Section 7 evaluates this ap-
proach using the NS-2? simulator. And finally Section 8 presents conclusions
and further work topics.

2 RELATED WORK

The Dynamic Source Routing (DSR) [8] protocol is an on-demand source
routing protocol. In source routing, each data packet contains complete rout-
ing information to reach its destination. When a node wants to send a data
packet, and no route to that destination is available on its route cache, it starts
a route discovery process. Route discovery is the mechanism by which a
source node discovers a route to a destination, typically by flooding Route
REquest (RREQ) packets targeting the destination. When a neighbor of a
source receives a RREQ packet, it first checks whether the packet is intended
for it or not. If it is the destination, it sends a reply back to the source after
copying the accumulated routing information contained in the RREQ packet
into a Route REPly (RREP) packet. Route maintenance is the mechanism by
which a node is able to detect any change in the network topology. The DSR
protocol is a single path routing protocol.

The Robust Multipath Source Routing (RMPSR) [10] protocol is a mul-
tipath extension to DSR. The basic idea behind RMPSR protocol is to dis-
cover multiple nearly disjoint routes between a source and a destination. To
increase the probability of discovering multiple disjoint routes, the path se-
lection criteria [11] include the following properties: disjoint nodes, small
distance between the primary (shortest) and the other paths, and small corre-
lation factor. The correlation factor of two node disjoint paths is defined as the

? http://www.isi.edu/nsman/ns/
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number of links connecting the two paths. A route set consists of a primary
route and several alternative routes. The primary route connects a source and
a destination node, and alternative routes connect an intermediate node to a
destination. The destination node collects multiple copies of RREQ packets
of the same session within a time window, then builds multiple nearly dis-
joint route sets, and returns primary routes to the source node, and alternative
routes to corresponding intermediate nodes.

The RMPSR protocol uses a per-packet allocation scheme to distribute
video packets over two primary routes of two route sets. If one transmitting
primary route is broken, the intermediate node that detects a broken link will
send a Route Error (RERR) packet to the source node. Upon receiving the
RERR packet, the source node removes the broken primary route from its
route cache, and switches the transmission to another primary route.

The RMPSR protocol was designed taking into account the QoS require-
ments for video applications. It does not deal with issues like route coupling,
as it selects nearly disjoint routes. In addition, the traffic allocation algorithm
does not take into account the link quality while selecting the routes to send
data, which means that routes with high packet loss may be selected, further
degrading performance.

The Ad hoc On-demand Multipath Distance Vector (AOMDV) [9] proto-
col offers a multipath, loop-free extension to Ad hoc On-demand Distance
Vector (AODV) [12]. It ensures that alternate paths at every node are disjoint.
Therefore it achieves path disjointedness without using source routing.

To support multipath routing, route tables in AOMDV contain a list of
paths for each destination. All the paths to a destination have the same desti-
nation sequence number. Once a route advertisement with a higher sequence
number is received, all routes with the old sequence number are removed.
Two additional fields, hop count and last hop, are stored in the route entry to
help address the problems of loop freedom and path disjointedness, respec-
tively.

Because AOMDV implements multipath discovery, the loop freedom guar-
antee from AODV no longer holds. AOMDV addresses this issue as follows.
The hop count field contains the length of the longest path for a particular
destination sequence number, and is only initialized once, at the time of the
first advertisement for that sequence number. Hence, the hop count remains
unchanged until a path for a higher destination sequence number is received.
It follows that loop freedom is ensured as long as a node never advertises a
route shorter than one already advertised, and never accepts a route longer
than one already advertised.
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To ensure that paths in the route table are link-disjoint, a node discards
a path advertisement that has either a common next hop or a common last
hop relative to one already in the route table. It was observed that, as long
as each node adheres to this rule, all paths for the same destination sequence
number are guaranteed to be link-disjoint. Node-disjoint paths can be ob-
tained with the following additional restriction: for a particular destination
sequence number, every node always advertises the same designated path to
other nodes. Route maintenance in AOMDV and AODV are similar.

The AOMDV protocol attempts to find link disjoint or node disjoint routes
between a source-destination pair. AOMDV does not address the route cou-
pling issue even though it uses disjoint routes, because it does not guarantee
that the routes are non-interfering. Furthermore, it does not take into account
the link quality of the selected routes, similarly to RMPSR.

The Interference-Aware Multipath Routing for Video Delivery (IAMDV)
[13] protocol is an on-demand interference-aware routing protocol for a single
source-destination pair, that tries to build two disjoint paths without the need
of any special hardware support for locatization. IAMDV consists of two
rounds of route request/replies. In the primary round, the protocol discov-
ers the shortest path between the source-destination pair, and while the RREP
packet travels back to the source node, the protocol tries to block neighbors of
the nodes in the shortest path, that are not supposed to participate in the rout-
ing process. In the second round, the protocol attempts to find two paths that
are distant from the shortest path by twice the radio communication range.

IAMDV prioritizes video traffic by splitting video streams into I-frames,
P-frames and B-frames, and sending the most important frames through the
path with the smallest hop count, and the less important frames (P and B)
through an alternate path. IAMDV takes into account the route coupling issue
during the route discovery process, but it does not consider the link quality
over the discovered/selected routes, as the protocol only considers the hop
count metric for the selection of the path to forward the most important traffic.

In a previous paper we have proposed a Multipath Extension to Dynamic
Source Routing protocol (MeDSR) [6]. The basic idea is to build disjoint
route sets for the source-destination pair. As in [11], to increase the proba-
bility of discovering multiple disjoint routes, when a node receives a RREQ
packet, if it is the first time this RREQ packet is received or the path included
in this message is node disjoint relative to the path included in a previously
cached copy of the same RREQ packet, then the node will cache it and broad-
cast it again. In other cases, the node will discard this message. The route sets
are built at the destination node, since the destination node knows the entire
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path of all available routes. The route sets consist of a primary route, con-
necting a source-destination pair, and the information about all the neighbors
of the nodes in the route. The neighborhood information is collected by all
nodes upon the route discovery process and is added to the RREP packet as it
travels back to the source node.

Some procedures were implemented to manage RREQ and RREP packets,
at the destination and source node respectively. The destination node collects
RREQ packets and builds route sets, and the source nodes collects paths from
received RREP packets and uses them during the multipath selection process.
During the multipath selection process, the paths are grouped according to
their correlation factor, and the ones with the smallest correlation are selected.
The MeDSR protocol is a multipath routing protocol that takes into account
the route coupling issue, but it does not consider link quality over the selected
routes, nor does it attempt to distinguish collisions from routing failures.

None of the above multipath routing protocols takes into account the link
quality during the route discovery process or while selecting the routes to
send data.

There is a technique used at the MAC layer that can improve routing in
WSN. The Short Retry Limit (SRL) is the limit of Request-To-Send (RTS)
retransmissions for a data packet over a wireless link at the MAC layer. If a
node fails to transmit a RTS packet SRL times, then the corresponding data
packet is discarded, and the routing maintenance process is triggered. In [14],
a scheme for adaptive SRL is proposed. Upon a collision, the SRL is in-
creased to reduce collision losses. Upon a link failure, the SRL is decreased
to avoid unnecessary retransmissions in subsequent packet transmission at-
tempts which will eventually fail. This scheme distinguishes collisions from
routing failures, and treats them differently. This study only evaluates the
impact of this scheme on the performance of single path routing protocols.

A common metric used in Mobile Ad Hoc Networks (MANETs) is the
ETX. In [7], the design and implementation of ETX as a metric for the DSR
and DSDV routing protocols is described. In addition, the modifications nec-
essary to allow these routing protocols to use ETX are also described. Mea-
surements taken from their test-bed demonstrated the poor performance of
minimum hop-count metric, and confirmed that ETX improved throughput
performance in a factor of two or more for longer paths. As a matter of fact,
by avoiding the use of paths with high packet error rates, packet loss is re-
duced and the achieved throughput is increased. These studies were only
conducted for single-path routing protocols.

This and other issues presented will be addressed by our HTLC-MeDSR
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(a) CBR traffic (b) Pareto traffic

FIGURE 1
MeDSR throughput analysis in various static scenarios

protocol, as described in the following sections.

3 SHORT RETRY LIMIT IN MULTIPATH ROUTING PROTOCOLS

The IEEE 802.11 DCF (Distributed coordination Function) employs the RTS/
CTS mechanism to reduce the effect of collisions due to the hidden terminal
problem. It is known that the RTS/CTS exchange is useful in heavily con-
tending environments, where many transmissions might fail due to collisions
[15].

As mentioned before, if a node fails to send a RTS packet a certain number
of times, called SRL, it discards the corresponding packet, and considers that
the destination node is no longer available. Then, it triggers the route mainte-
nance procedure. In the current IEEE 802.11 standard, the SRL is statically
set to seven tries.

According to [14], the problem of static SRL arises from the fact that a
node cannot distinguish between collision losses and mobility-induced er-
rors. Consequently, MANETs suffer from unnecessary overhead from rout-
ing maintenance. To examine the effect of the routing instability due to the
FRF, we compare the throughput achieved by the MeDSR protocol varying
the SRL. We perform one simulation run over 5 scenarios with 50 nodes ran-
domly distributed over an area of 500m x 300m using 6Mbps links, with SRL
= 7, 10, 15, 20, 25 and 30, respectively, and observe the effect of SRL on
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FIGURE 2
The ETX concept.

the achieved throughput. We vary the source rate from 128 to 1536 kbps, for
Pareto On/Off (50% average On time) and CBR (Constant Bit Rate) traffic.
In Figure 1, we present the throughput analysis for various static scenarios
together with 95% confidence intervals.

For the standard value (SRL = 7), the throughput tends to zero for source
rates above 768kbps, as the number of FRF is so high that almost no user
traffic goes through. It is observed that throughput increases till SRL = 25 for
CBR traffic (see Figure 1a), and SRL = 15 for Pareto traffic (see Figure 1b).
This results show that a large SRL can improve throughput in static routing
topologies. An optimal value for SRL for both CBR and Pareto traffic is 15.
For Pareto, this achieves the maximum throughput and for CBR it is the third
best value.

For SRL values above 30, we were not able to obtain higher gains in
throughput.

4 THE ETX METRIC

The ETX metric design goal is to choose routes with high end-to-end through-
put. The ETX of a link is considered as the average number of data transmis-
sions (including retransmissions) required to send a packet over that link. For
a route, the sum of the ETX for each link in the route is considered (the accu-
mulated ETX).

The ETX of a link is calculated using the link quality and the neighbor link
quality (see Figure 2). Taking node S for reference, the link quality, LQ, is
defined as the measured probability for a successful data packet transmission
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from node A to node S. So LQ says how good a given link from a neighbor
to the reference node is. As can be seen from Figure 2, the source node S
computes the link quality from node A to itself, LQSA, and for the route
from node S to destination D, we have 3 LQ values: LQSA, LQAB and
LQBD. It is also important to know the quality of the link in the opposite
direction, i.e. how many of the data packets that were sent from node S are
received by node A. So, we are not only interested in the LQ of a given link,
but also in the corresponding neighbor’s perception of the LQ. The latter is
what we call the Neighbor Link Quality, NLQ. The NLQ says how good a
given link between the reference node to the neighbor is. From Figure 2, node
D computes neighbor link quality from nodeB to itself,NLQBD, and for the
route from nodes S to D we have 3 values for NLQ: NLQSA, NLQAB and
NLQBD. The expected probability for a successful data packet round trip,
(i.e. the probability that we successfully send a data packet to our neighbor
and, on receiving it, our neighbor successfully replies with a response data
packet) is LQ × NLQ. Because each attempt to transmit a packet can be
considered a Bernoulli trial, the expected number of transmissions is:

ETX =
1

LQ×NLQ
(1)

We propose the use of dedicated link probe packets, designated HELLO
packets, to measure the LQ andNLQ of every link. Each node broadcast this
link probe packets, at an average period τ (one second in our implementa-
tion). The probe packets are jittered by up to±0.1τ , to reduce the probability
of collisions (accidental synchronization). Every node remembers the probes
it receives during the last ω seconds (five seconds in our implementation),
allowing it to calculate the link quality. Because the probes are broadcast,
802.11a does not acknowledge or retransmit them as in [7].

In order to calculate the ETX for a link to a neighbor, a node needs to
know also the NLQ, as it can only determine the LQ by itself. For each link
listed in such a probe packet, the originator of the probe packet also includes
the link quality. So, node A puts the LQ values that it has determined in
the probe packets, which from the reference node S are NLQ values. So,
with this mechanism, every node has all the information to calculate the ETX
for each link between itself and every one of its neighbors. A probe packet
can include direct neighbors’ information, link quality information and ETX
information (if it exists). The ETX of a route is the sum of the link metrics
along the path, i.e., ETXSA + ETXAB + ETXBD for Figure 2.
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FIGURE 3
The correlation factor concept for a 12 nodes scenario.

5 THE CORRELATION FACTOR

The correlation factor (α) between two paths is defined as the number of
shared neighbor nodes between the two. If there are no shared neighbor nodes
between two paths, we say the two paths are unrelated (α = 0). Otherwise,
the two paths have a correlation factor of α.

Consider Figure 3, where there are two node disjoint paths from the source
node 0 to the destination node 11. Two primary routes can be used to forward
packets. Nodes on the first primary route are 0, 1, 3, 5, 7, 9 and 11 and on
the other 0, 2, 4, 6, 8, 10 and 11. The neighborhood information for the
first path is {0, 1, 3, 5, 7, 9, 11} and for the other path is {0, 2, 4, 6, 8, 10, 11}.
Excluding the source and destination nodes, these paths do not share nodes.
The correlation factor for this case is α = 0 as these two paths are unrelated.

Now consider Figure 4, where there are 100 nodes randomly distributed
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FIGURE 4
The correlation factor concept for a randomly distributed scenario with 100 nodes.

over an area of 550x550m. We assume that each node has information about
its first degree neighbors (direct neighbors) and about its second degree neigh-
bors (neighbors of its neighbors) on its neighbors cache. This information
can be collected using the HELLO packets described in section 4. We choose
nodes 5 and 40 as our source-destination pair. We applied a MeDSR route
discovery process, and assumed that the received RREQ packets contained
information about the first and second degree neighbors of each node of each
discovered route. By running Dijkstra’s Algorithm [14] at the destination
node to find node disjoint paths from node 40 to node 5, the following paths
are found: {40 17 1 3 5}, {40 33 44 7 5}, {40 43 60 19 5}, {40 9 15 23 5},
{40 30 61 28 5}, {40 45 32 35 5}, {40 48 16 37 5}, {40 70 80 58 5}, {40 62
97 85 5}, {40 65 22 27 8 5}, {40 71 54 2 31 5}, {40 89 75 86 41 5}, {40 96
77 76 68 5}, {40 82 0 6 26 4 5}, {40 98 14 79 42 25 5}, {40 39 47 73 50 90
84 5}.
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Despite all found paths being node disjoint, if the selected pair of paths to
use for multipath forwarding is not carefully chosen, the interference between
routes can greatly degrade the performance of multipath routing. The best
option would be to select first the most unrelated pair of paths. There are
not unrelated paths between the ones that were found. The combinations of
paths with the smallest correlation factor are Combination1: {{40 62 97 85
5}, {40 71 54 2 31 5}} and Combination2: {{40 71 54 2 31 5}, {40 98
14 79 42 25 5}}, with correlation factors of 18 and 9, respectively. The best
option is Combination2 because it has the lowest value of correlation factor
as can be seen in Figure 4. The paths on Combination2 have fewer common
neighbors and less interference between each other, if compared to those of
Combination1.

There are cases where the Combinations of paths have the same Correla-
tion Factor. In these cases, our correlation factor metric takes into account
information from second degree neighbors too. We apply the same principle
as before, but we consider as path’s nodes the first degree neighbors of all the
nodes in the path. The neighborhood information is obtained from the second
degree neighbors. By doing so, we obtain the Second degree Correlation
Factor (SdCF). For example, for Combination1 and Combination2, the
second degree correlation factors are 76 and 68 respectively, as they have
different sets of second degree neighbors. The best possible combination of
discovered paths is Combination2, as it has the lowest SdCF.

6 HIGH THROUGHPUT LOW COUPLING MULTIPATH EXTEN-
SION TO THE DYNAMIC SOURCE ROUTING (HTLC-MEDSR)

We propose a High Throughput Low Coupling Multipath Extension to DSR
(HTLC-MeDSR) protocol, which inherits desirable features of other routing
protocol approaches, and applies some new features to address WMSN QoS
requirements.

The HTLC-MeDSR implementation is based on our MeDSR protocol as
in [6]. MeDSR is a reactive routing protocol, in which a node issues RREQ
packets only when it has data to send. RREQ packets are flooded through the
network, each node appending its own address to each request it receives, and
then re-broadcasting it. The request originator issues a new RREQ packet for
the same destination after an exponential back-off time if no RREP packet is
received.

The destination issues a RREP packet in response to the RREQ packets
received. The RREP includes the route which was accumulated as the request
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was forwarded through the network. The RREP is source-routed back to the
originator along the reverse route.

In MeDSR, FRF due to collisions are misinterpreted as link failures. HTLC-
MeDSR uses probe packets to detect link failures. We modified the standard
SRL to 15, as for both CBR and Pareto traffic, we could obtain a higher
throughput, as explained on section 3. These two mechanisms allow the re-
duction of packet loss and the increase of throughput.

In order to increase the accuracy in determining FRF, each node over-
hears packet transmissions from other nodes, and all transmitted packets from
neighboring nodes are considered probe packets, meaning that that neighbor
is alive.

6.1 Obtaining neighborhood information
Each node has a neighbor’s cache where the neighborhood information is
kept. Our neighborhood information consists of first and second degree neigh-
bors.

The direct neighbors (first degree neighbors) are those nodes from which
we receive HELLO packets. If no probe packet is received from a given node
over the last ω seconds (5 seconds in our implementation), we assume that
node as failed and remove it from our first degree neighbors cache.

The first degree neighbor’s information is added to the HELLO packet and
broadcast. Each node that receives the first degree neighbor’s information
adds it to its second degree neighbor’s cache. This information is used to
calculate SdCF as explained in Section 5.

6.2 Obtaining ETX information
To support ETX, each node maintains a link quality and a neighbor link qual-
ity caches.

Each node sends sends periodically HELLO packets which are used to
determine the link quality, as explained in Section 4. The link quality infor-
mation obtained is added to the HELLO packet. Each node receiving the link
quality information, adds it to its neighbor link quality cache, and uses it to
calculate the ETX. The ETX information is also added to the HELLO packet.
As HELLO packets are broadcast, each node has the ETX information of its
first and second degree neighbors, which is added to the RREQ packet during
the route discovery process.

6.3 Building Route Sets
During the route discovery process, each RREQ packet collects neighborhood
and ETX information for each node in the path. With this information we can
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build a graph and use available path finding algorithms like Dijkstra’s [16],
A* [17], etc. We assume the destination (sink node) is powerful enough to
run these algorithms.

HTLC-MeDSR runs Dijkstra’s Algorithm at the destination node, to find
the shortest path between the source and destination pair. If the algorithm
returns a path, we remove all the nodes in the path except the first degree
neighbors of the source and destination nodes. Then we run Dijkstra’s algo-
rithm again to find a new path. If a new path is found, and it contains the first
degree neighbors of the source and destination nodes that have been previ-
ously considered, those nodes are removed together with the other nodes in
the path in the succeeding runs. Therefore, any first degree neighbor is used
at most twice by the algorithm. This increases the possibility of finding more
node disjoint paths. This process is repeated until the algorithm does not find
more paths.

After finding all the available paths, the ETX information is added to them.
Then the CF is determined as described in section 5. The resulting pairs of
routes are sorted according to formula 2, where ε is the path ETX value, CF
is the Correlation Factor, SdCF is the Second degree Correlation Factor, and
n is the number of node disjoint paths found between the source-destination
pair.

sort metric =

n∑
i=1

εi ×
n∑

i=1

(CF +
SdCF

2
) (2)

The first term of formula 2, corresponds to the sum of the paths ETX
values. We can see from the second term that the SdCF does not have the
same weight as the CF. The SdCF is useful for situations where we have
some pairs of routes with the same value of CF.

The sort metric takes into account both ETX and CF which enabled us
to find the best pairs of routes, both in terms of smaller expected number of
transmissions to reach the destination and smaller cross-interference.

A route set is created with at most eight routes from the best pairs of routes.
The ETX and neighborhood information for all nodes in these routes is added
to the route set. The route set is inserted in the RREP packet that is sent back
to the source node for every route in the route set to improve tolerance to
transmission errors.

6.4 Data Transmission
The source node selects the best pair of routes using the sort metric ex-
plained in the previous section, and transmits the data packets in a round robin
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FIGURE 5
Neighborhood information structure.

manner. In other words, the source node will send one data packet through
the path with the smallest ETX value, and then send the next packet through
the other path. In case of route failure, a new pair of paths is selected to trans-
mit data packets. By distributing data packets among the selected paths, the
energy usage is balanced.

In case of data prioritization, the most important data in sent through the
path with the smallest ETX value, as it is the path with the highest throughput.

6.5 Cross-Layer Approach

HTLC-MeDSR uses a cross layer approach to address the False Routing Fail-
ure problem involving the MAC and routing layers. At the routing layer, we
use the ETX and the CF values to find high throughput paths with low route
coupling between them, if they exist. At the MAC layer, we modified SRL
and use probe packets to identify routing failures, which reduces packet loss
and unnecessary route maintenance operations.

6.6 Scalability

It was mentioned before that the RREQ packets sent by the source node col-
lect neighborhood and ETX information while traveling to the destination
node. For small networks, this information is small, but for large networks it
may exceed the maximum IEEE802.11 [18] frame body size of 2312 bytes.

When a packet exceeds the maximum frame body size, it is fragmented.
As RREQ packets are sent in broadcast without retransmission, sending RREQ
fragments would reduce the probability of finding routes at the destination
node because of collisions and contention occuring during the Route Discov-
ery process.

We use two schemes in order to reduce the size of the collected informa-
tion: (1) use of node identifiers (2) data compression.

These techniques can be used individually or combined depending on the
situations, and are explained on the following subsections.
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FIGURE 6
10x10 Grid network.

Use of Node Identifiers
Figure 5 shows the neighborhood information structure, and Figure 6 shows
a 10x10 dense grid network. If we consider that the distance between nodes
and the transmission range allows node 54, for example, to have the following
36 direct neighbor nodes: 23, 24, 25, 32, 33, 34, 35, 36, 41, 42, 43, 44, 45,
46, 47, 51, 52, 53, 55, 56, 57, 61, 62, 63, 64, 65, 66, 67, 72, 73, 74, 75, 76,
83, 84, 85; node 54 neighbor information has 148 bytes† . By applying the
same logic to all nodes in this particular network (Figure 6), i.e. from node 0
to node 99, the neighborhood information has 10880 bytes.

Our scheme assigns a node identifier to every node in the network of 8/16
bits. Here we consider 8 bits node identifiers. As all nodes in the network
have 1 byte identifier, that accounts for 100 bytes. Node 54 neighborhood
information occupies now just 37 bytes. This allowed a reduction of 75%.
Applying the same logic to the entire network, for nodes 0 to 99, we have
2820 bytes. If we collect neighborhood information of all the network, we
gain a reduction of 74.1%.

† An IPv4 node address has 32bits (4 bytes).
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Data Compression

Even by applying the scheme described in the previous subsection, for larger
networks, the addition of compression mechanisms is required to allow a
RREQ packet to collect neighborhood and ETX information while it travels
through the network until it reaches the destination node.

The authors in [19] survey practical data compression algorithms for wire-
less sensor networks, i.e. algorithms that are based on real world requirements
(e.g. minimizing power consumption). According to them, data compres-
sion can be classified as (1) distributed data compression approach, which
is usually applied in dense sensor networks, and (2) local data compression
approach, which performs data compression locally on each node without
distributed collaboration among other sensor nodes.

The local data compression approach can be divided in two techniques:
lossless compression algorithms, which ensure that information is correct dur-
ing the processes of compression and decompression; and lossy compression
algorithms, in which some information may be lost.

Each node that deals with a RREQ packet must be able to compress neigh-
borhood and/or ETX information, or decompress it in case of the destination
node.

In our routing protocol approach, we assume the use of a lossless com-
pression algorithm such that the information always fits in a single packet.
The use of further additional compression mechanisms, such as lossy com-
pression by using RSSI information to discard some low quality links, is left
for future study.

7 SIMULATION MODEL

We use a simulation model based on NS-2. We study the performance of
HTLC-MeDSR protocol in comparison with a single path and multipath rout-
ing protocols. The channel capacity of every node is set to 6Mbps. All the
transmitters have the same transmission range. We use the distributed coordi-
nation function (DCF) of IEEE 802.11 for wireless LANs. We use 802.11Ext
[20] as MAC protocol simulator from NS-2 LANs, because it uses an additive
interference model [6].

In our simulation, we consider two different network scenarios, with 12
(see Figure 3) and 100 (see Figure 6) nodes distributed over an area of 700m
x 700m. The 12 nodes scenario has two non-interfering paths. In the 100
nodes scenario, nodes are distributed on a 10 x 10 grid with separation of
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50m between them. We only consider static scenarios because they are more
common in WMSN.

The simulation duration is of 210s. We perform ten runs of simulations for
both scenarios, and the results are averaged. In order to get non-deterministic
results across runs, different seeds were used. This will influence the received
noise, as well as the traffic pattern, where applicable.

We use two simulation traffic types: Constant Bit Rate (CBR) and Pareto
On/Off with transmission periods of 50% of the time, on average. The size
of the packets is set to 210 bytes. There is only one source/destination traffic
pair. For each traffic source, we used the following data rates: 128, 256, 512,
768, 1024, 1280 and 1536kbps. We present the average throughput, end-to-
end delay, packet loss, control overhead, energy efficiency and path length
analysis for both scenarios together with 95% confidence intervals.

Each node contains an initial energy of 1MJ. Considering a group of 12
and 100 nodes, it gives amounts of 12MJ and 100MJ overall. Since nodes
participate in the sensor network, they use their energy to transmit or to re-
ceive packets, as well as while operating in standby mode. They can only
participate in the network if they have energy. The values of power consump-
tion in the four radio states, including idle, transmit, receive and sleep state
are set according to the study results in [21]: Pidle = 1.08 mW, Ptx = 1.875
mW, Prx = 1.3 mW, and Pslp = 0.045 mW.

Table 1 show the simulation parameters.

8 SIMULATION RESULTS

We evaluate the performance according to the following metrics:

• Throughput: This metric represents the ratio between the number of
data packets that are sent by the source and received by the sink during
the simulation over the simulation time.

• Average End-to-End Delay: The end-to-end delay is averaged over all
surviving packets from the source to the destination.

• Packet Loss Ratio: This metric represent the ratio between the number
of dropped packets over all packets.

• Control Overhead: The control overhead represents the ratio between
the total number of routing control packets over all packets.
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TABLE 1
Simulation Parameters

Network field 700m x 700m

Number of Sinks/Number of Sources 1/1

Packet Size 210 bytes

Idle power 1.08mW

Receive power 1.3mW

Transmit power 1.875mW

Sleep power 0.045mW

Radio Propagation Model Two Ray Ground

Traffic types CBR, Pareto On/Off

MAC Layer IEEE 802.11a

Physical Layer data rate 6 Mbps

Simulation time 210 seconds

Number of Sensor 12, 100

Node Energy 1MJ

Source Data rates 128 – 1536kbps

• Energy Efficiency: The energy efficiency measures the energy dissi-
pated per transmitted bit by the nodes throughout the entire simulation.

• Path Length: The path length is averaged over all surviving packets
from the source to the destination.

We evaluate and compare the performance of the following protocols:

• DSR: Dynamic Source Routing protocol which is a single path routing
protocol.

• AOMDV: Ad hoc On-demand Multipath Distance Vector which uses
only one path to forward traffic, keeping the alternative paths as a
backup if the main path fails.

• MDART1: Multipath Dynamic Address Routing protocol [20], using a
single path.

• MDART2: MDART using two simultaneous paths to forward traffic.
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(a) CBR traffic (b) Pareto traffic

FIGURE 7
Throughput as function of source rate on scenario 1

• MeDSR1: Our preliminary Multipath Extension to Dynamic Source
Routing protocol [6].

• MeDSR2: High Throughput Low Coupling Multipath Extension to the
Dynamic Source Routing (HTLC-MeDSR) protocol.

8.1 Throughput
It has been stated before that the simultaneous use of multiple paths to for-
ward traffic may incur in a performance degradation due to the route coupling
issues, if additional care is not taken during the multipath selection process.

Multipath routing protocols in fault tolerance configuration, like M-DART1,
use only one path to forward traffic and another path for backup. For small
source rates, single path protocols behave better than the ones that use mul-
tiple paths simultaneously (e.g. MDART2), because their nodes suffer less
contention and collision while forwarding traffic through a single path. The
same happens between DSR and MeDSR1 with normal SRL. These two last
protocols use SRL to detect link failure.

In Scenario 1, MeDSR1 with normal SRL uses two independent paths to
forward traffic. It has to deal with contention and collisions over these two
routes, and with the increase of source rate, link failures in both paths cause
additional performance degradation. Figure 7 shows that, if we increase SRL
as in MeDSR1 with SRL = 15, more MAC level retransmissions are permitted
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(a) CBR traffic (b) Pareto traffic

FIGURE 8
Throughput as function of source rate on scenario 2

per node. Consequently, there is a throughput increase since more packets
are delivered to the destination. This confirms the results of section 3. As
AOMDV and MeDSR2 use probe packets to detect link failure, they behave
better than all other protocols, since this mechanism reduces FRF. Figure 7
also shows that using multiple paths to forward traffic increases throughput, if
the routes have no cross-interference. With the increase of SRL in MeDSR2,
there is also a throughput increase for both CBR and Pareto traffic as for
MeDSR1 with SRL = 15. For Pareto traffic (see Figure 7b), the throughput
magnitude is smaller than the one achieved with CBR traffic, because Pareto
traffic is less intense due to burst and pause times.

The results for scenario 2 are shown in Figure 8. Considering only normal
SRL, we can see that MeDSR2 behaves almost similarly to AOMDV, per-
forming even better if compared with other routing protocols for both CBR
and Pareto traffic. The difference in performance is because, in Scenario 2,
the routing protocols are able to find node disjoint routes between the source-
destination pair, but the selected routes are not completely independent as the
ones of Scenario 1. Consequently, the selected routes in Scenario 2, suffer
more route coupling even for MeDSR2.

Figure 8 also shows that MeDSR1 with normal SRL behaves worse than
DSR. This happens because of the route coupling among the selected pair
of multipath routes, as the protocol has to deal with a lot of contention and
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collision, causing unnecessary new route discovery processes that severely
degrade performance. For scenario 2, as for scenario1, the increase of SRL in
MeDSR1 also causes an increase in terms of throughput in comparison with
other routing protocols. The same happens to MeDSR2.

MDART performs worst, as it is not able to find usable paths with the
increase of the source rate, due to excessive collisions.

TABLE 2
MeDSR2 Throughput Gains for normal SRL (%)

DSR AOMDV M-DART1 M-DART2 MeDSR1

S1
CBR 77.1 17.8 433 531 158

Pareto 52.9 2.7 355 389 120

S2
CBR 611 5.6 5737 6609 2513

Pareto 536 -1.3 2774 3734 1457

Table 2 shows the average throughput gain comparison for SRL=7 be-
tween MeDSR2 and other routing protocols on Scenario 1 (S1) and Scenario
2 (S2). As can be seen, MeDSR2 is on average 1147% better than protocols
that use one path to forward traffic (e.g. DSR, AOMDV and M-DART1) for
CBR traffic and 620% better for Pareto traffic. It is also on average 2453%
better than protocols that use two paths to forward traffic (e.g. M-DART2 and
MeDSR1) for CBR traffic and 1425% for Pareto traffic.

TABLE 3
MeDSR2 Throughput Gains for SRL = 15 (%)

DSR AOMDV MeDSR1 MeDSR2

SRL=7 SRL=7 SRL=7 SRL=15 SRL=7

S1
CBR 164 75.6 284 46.1 49.0

Pareto 105 37.7 195 17.8 34.1

S2
CBR 779 30.6 3132 164 23.6

Pareto 716 26.5 1895 65.1 28.2

Table 3 shows the average throughput gain comparison between MeDSR2
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(a) CBR traffic (b) Pareto traffic

FIGURE 9
Packet Loss Ratio as function of source rate on scenario 1

with SRL = 15 and other MeDSR implementations with SRL = 7 and SRL
= 15, DSR and AOMDV for both Scenarios. As can be seen, MeDSR2 with
SRL = 15 is on average 616% better than other MeDSR implementations for
CBR traffic and 373% better for Pareto traffic.

In comparison with DSR, MeDSR2 is on average 472% better for CBR
traffic and 411% better for Pareto traffic. If compared to AOMDV, MeDSR2
is on average 53.1% better for CBR traffic and 32.1% better for Pareto traffic.

8.2 Packet Loss Ratio
Figure 9 shows the packet loss ratio for scenario 1. For normal SRL, MeDSR2
presents less packet loss than all other protocols, because it uses node inde-
pendent routes and probe packets to detect link failure. With the increase
of SRL, MeDSR1 and MeDSR2 use the additional attempts to successfully
deliver more packets to the next hop, at the expense of an additional delay.

Figure 10 shows the packet loss ratio for scenario 2. The results show
that single path routing protocols tend to perform better than multipath rout-
ing protocols regarding the packet loss ratio. As examples, we have DSR
and MeDSR1 with normal SRL, and both version of MDART. We also no-
ticed that for smaller source rates, single path routing protocols like DSR and
MDART1 suffer less from concurrent transmissions than multipath routing
protocols like MeDSR1 with normal SRL and MDART2.

AOMDV and MeDSR2 with normal SRL, despite being multipath routing
protocols, behave similarly in terms of packet loss, since they use a similar
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(a) CBR traffic (b) Pareto traffic

FIGURE 10
Packet Loss Ratio as function of source rate on scenario 2

mechanism to avoid FRFs. The increase of SRL enables the protocols to
reduce even more packet loss, since there are more transmission attempts.

TABLE 4
MeDSR2 Packet Drop Ratio Gains for normal SRL (%)

DSR AOMDV M-DART1 M-DART2 MeDSR1

S1
CBR 29.4 8.0 39.2 42.3 34.8

Pareto 37.7 3.9 53.0 55.7 43.7

S2
CBR 35.2 2.4 46.3 46.4 44.0

Pareto 46.5 4.2 58.7 59.5 53.9

Table 4 shows the average packet loss gain comparison for normal SRL
between MeDSR2 and other routing protocols for both scenarios. As can be
seen, MeDSR2 is on average 26.7% better than protocols that use one path to
forward traffic for CBR traffic and 34% better for Pareto traffic. It is also on
average 27.9% better than protocols that use two paths to forward traffic for
CBR traffic and 53.2% for Pareto traffic.

Table 5 shows the average packet loss comparison between MeDSR2 with
SRL = 15 and other MeDSR implementations with SRL = 7 and SRL = 15,
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TABLE 5
MeDSR2 Packet Drop Ratio Gains for SRL = 15 (%)

DSR AOMDV MeDSR1 MeDSR2

SRL=7 SRL=7 SRL=7 SRL=15 SRL=7

S1
CBR 51.2 36.4 54.9 30.4 30.8

Pareto 64.8 45.7 68.2 33.7 43.5

S2
CBR 42.0 12.7 49.9 30.1 10.5

Pareto 61.4 24.8 66.7 35.4 27.8

(a) CBR traffic (b) Pareto traffic

FIGURE 11
Average End-to-End Delay as function of source rate on scenario 1

DSR and AOMDV for both scenarios. As can be seen, MeDSR2 with SRL =
15 is on average 34.4% better than other MeDSR implementations for CBR
traffic and 45.9% better for Pareto traffic.

In comparison with DSR, MeDSR2 is on average 46.6% better for CBR
traffic and 63.1% better for Pareto traffic. If compared to AOMDV, it is on
average 24.6% better for CBR traffic and 35.3% better for Pareto traffic.
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(a) CBR traffic (b) Pareto traffic

FIGURE 12
Average End-to-End Delay as function of source rate on scenario 2

8.3 Average End-to-End Delay
For scenario 1, DSR presents a low end-to-end delay for small values of
source rates for both CBR and Pareto traffic (see Figure 11). Above these
values, DSR presents a considerable increase in the end-to-end delay. This
happens because it uses only one path to forward traffic and, if that path be-
comes broken, salvaged packets suffer additional delay, since intermediate
nodes might not have alternative paths to the destination node. In these sit-
uations, the route maintenance procedure initiates a route discovery process
attempting to discover new routes to the destination node.

MeDSR1 behaves better because it uses multiple paths to forward traffic.
By using multiple paths alternatively, there is less load in each path, resulting
in a smaller end-to-end delay. We can see also that MeDSR1 with SRL = 15
behaves better than the normal SRL one, on scenario 1, due to the use of more
MAC retransmissions, as explained before.

MDART versions have less end-to-end delay than AOMDV and MeDSR2
with SRL = 15, because only a small subset of packets sent by the source
node is received by the destination node, and these received packets have
small end-to-end delay. The increase of SRL despite its benefits, like the
reduction of packet loss, has some disadvantages, such as the increase of end-
to-end delay. This is caused by the additional MAC level retransmissions over
sucessive nodes in a path. This can be seen in Figure 11 and Figure 12, as
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MeDSR2 with normal SRL has the smallest values of end-to-end delay. Since
MeDSR2 with normal SRL and AOMDV have similar values of throughput
(see Figure 8 or Table II), MeDSR2 is a good choice for small end-to-end
delay applications. If we compare MeDSR2 with normal SRL on both sce-
narios, we can see that the set of changes proposed were useful in selecting
paths with smaller end-to-end delay.

Table 6 shows the average delay gain comparison for normal SRL between
MeDSR2 and other routing protocols for both scenarios. MeDSR2 is on av-
erage 94% better than protocols that use one path to forward traffic for both
CBR and Pareto traffic. It is also 94.3% better on average than protocols that
use two paths to forward traffic for CBR traffic and 93.9% for Pareto traffic.

TABLE 6
MeDSR2 Average End-to-End Delay Gains for normal SRL (%)

DSR AOMDV M-DART1 M-DART2 MeDSR1

S1
CBR 99.4 98.7 91.0 90.3 99.3

Pareto 99.1 96.9 88.3 86.6 98.9

S2
CBR 92.0 88.7 94.3 94.5 93.3

Pareto 95.3 88.7 95.9 96.2 94.2

Table 7 shows the average delay gain comparison between MeDSR2 with
SRL = 15 and other MeDSR implementations with SRL = 7 and SRL = 15,
DSR and AOMDV for both scenarios. As can be seen, MeDSR2 with SRL =
15 is on average 31.5% better than other MeDSR1 versions for CBR traffic
and 36.9% better for Pareto traffic.

MeDSR2 with SRL = 15 despite having a considerable gains in compari-
son with both MeDSR1 implementations, does not perform as good, in terms
of delay, if compared with the normal SRL version. MeDSR2 with normal
SRL is on average 4304% better than SRL= 15 version for CBR traffic and
2314% better for Pareto traffic.

In comparison with DSR, MeDSR2 is on average 18.1% better for CBR
traffic and 50.6% better for Pareto traffic. If compared to AOMDV, MeDSR2
is on average 37% worse for CBR traffic and 35.9% worse for Pareto traffic.
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TABLE 7
MeDSR2 Average End-to-End Delay Gains for SRL = 15 (%)

DSR AOMDV MeDSR1 MeDSR2

SRL=7 SRL=7 SRL=7 SRL=15 SRL=7

S1
CBR 63.1 5.3 52.1 31.6 -7121

Pareto 72.5 -0.4 63.1 33.2 -3213

S2
CBR -26.9 -79.3 -7.1 49.4 -1487

Pareto 28.6 -71.3 11.9 39.6 -1415

(a) CBR traffic (b) Pareto traffic

FIGURE 13
Control Overhead as function of source rate on scenario 1

8.4 Control Overhead
Figure 13 shows, for scenario 1, that AOMDV and MeDSR2 have less con-
trol overhead, as they use probe packets to detect link failures. For small
source rates, DSR has smaller control overhead. But as the source rate in-
creases, collisions and contention increase too, and so does the control over-
head. MeDSR1 with normal SRL has a higher amount of control overhead,
because it uses multiple paths to forward traffic, and has to deal with con-
tention and collisions in both paths.

In Figure 14, we see that MeDSR2 and AOMDV for smaller source rates
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(a) CBR traffic (b) Pareto traffic

FIGURE 14
Control Overhead as function of source rate on scenario 2

have more overhead as the number of control packets tends to be higher than
the data packets. The number of generated data packets for small source
rates is quite low, but as the source rate increases, the number of data pack-
ets also increases, reducing considerably the percentage of control overhead.
MDART behaves similarly, but has a higher control overhead, as the number
of delivered packets is very small.

By analyzing MeDSR1 with normal SRL, we conclude that the number
of FRF is very high. FRFs are directly responsible for new route discovery
processes which increase the control overhead.

TABLE 8
MeDSR2 Control Overhead Gains for normal SRL (%)

DSR AOMDV M-DART1 M-DART2 MeDSR1

S1
CBR 91.3 23.7 93.9 94.0 98.2

Pareto 81.4 12.9 93.2 93.4 96.9

S2
CBR 79.9 2.1 78.1 78.1 82.5

Pareto 66.5 2.8 69.5 69.2 71.1
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TABLE 9
MeDSR2 Control Overhead Gains for SRL = 15 (%)

DSR AOMDV MeDSR1 MeDSR2

SRL=7 SRL=7 SRL=7 SRL=15 SRL=7

S1
CBR 92.1 30.2 98.4 82.6 8.6

Pareto 81.5 13.3 96.9 41.8 0.4

S2
CBR 79.3 -1.1 81.9 60.8 -3.3

Pareto 65.7 -5.4 70.4 -1.2 -2.5

Table 8 shows the average control overhead gain comparison for normal
SRL between MeDSR2 and other routing protocols for both scenarios. As
can be seen, MeDSR2 is on average 62.1% better than protocols that use one
path to forward traffic for CBR traffic and 54.4% better for Pareto traffic. It
is also better on average 88.2% than protocols that use two paths to forward
traffic for CBR traffic and 82.7% for Pareto traffic.

Table 9 shows the average control overhead comparison between MeDSR2
with SRL = 15 and other MeDSR implementations with SRL = 7 and SRL
= 15, DSR and AOMDV for both scenarios. As can be seen, MeDSR2 with
SRL = 15 is on average 54.8% and 34.3% better than other MeDSR imple-
mentations for CBR and Pareto traffic respectively.

In comparison with DSR, MeDSR2 is on average 85.7% better for CBR
traffic and 73.6% better for Pareto traffic. If compared to AOMDV, MeDSR2
is on average 14.6% better for CBR traffic and 3.9% better for Pareto traffic.

8.5 Energy Efficiency
Figures 15 and 16 show that, for a source rate of 128Kbps, DSR presents
the best values of energy efficiency, since a single path routing protocol is
sufficient for transmission at low data rates, and it does not use additional
control packets like AOMDV and MeDSR2. But with the increase of the
source rate, nodes suffer more packet loss which causes an increase in energy
consumption and a reduction of throughput. MeDSR1 has a similar behaviour
to DSR, but the normal SRL version consumes more energy as it experiences
more control overhead than other routing protocols. MeDSR2 is the most
energy efficient protocol as it has similar values of energy consumption, as
other routing protocols, but achieves higher values of throughput. M-DART
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(a) CBR traffic (b) Pareto traffic

FIGURE 15
Energy Efficiency as function of source rate on scenario 1

(a) CBR traffic (b) Pareto traffic

FIGURE 16
Energy Efficiency as function of source rate on scenario 2

is the routing protocol that performs worst in both scenarios, as it presents the
lowest values of throughput.

Table 10 shows the average energy efficiency gain comparison for nor-
mal SRL between MeDSR2 and other routing protocols for both scenarios.
MeDSR2 is on average 58% better than protocols that use one path to for-
ward traffic for CBR traffic and 51.4% better for Pareto traffic. It is also on
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average 89.2% better than protocols that use two paths to forward traffic for
CBR traffic and 85.1% for Pareto traffic.

TABLE 10
MeDSR2 Energy Efficiency Gains for normal SRL (%)

DSR AOMDV M-DART1 M-DART2 MeDSR1

S1
CBR 34.4 11.7 97.8 97.9 59.9

Pareto 15.3 3.3 93.2 93.5 49.1

S2
CBR 99.3 5.2 99.4 99.5 99.5

Pareto 98.1 0.1 98.5 98.5 99.4

TABLE 11
MeDSR2 Energy Efficiency Gains for SRL = 15 (%)

DSR AOMDV MeDSR1 MeDSR2

SRL=7 SRL=7 SRL=7 SRL=15 SRL=7

S1
CBR 49.4 31.9 69.1 18.1 22.9

Pareto 26.9 16.6 56.1 1.6 13.7

S2
CBR 99.4 20.3 99.6 15.9 15.9

Pareto 98.4 11.6 99.4 11.6 11.6

Table 11 shows the energy efficiency comparison between MeDSR2 with
SRL = 15 and other MeDSR implementations with SRL = 7 and SRL = 15,
DSR and AOMDV for both scenarios. As can be seen, MeDSR2 with SRL =
15 is on average 40.3% and 29.4% better than other MeDSR implementations
for CBR and Pareto traffic respectively.

In comparison with DSR, MeDSR2 is on average 74.4% better for CBR
traffic and 62.7% better for Pareto traffic. If compared to AOMDV, MeDSR2
is on average 26.1% better for CBR traffic and 14.1% better for Pareto traffic.

8.6 Path Length
Routing protocols that use SRL to detect link failures tend to initiate a route
discovery process more often, if intermediate nodes are not able to forward
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(a) CBR traffic (b) Pareto traffic

FIGURE 17
Path Length as function of source rate on scenario 1

packets. If we consider scenario 1 (see Figure 3), the routes discovered by
intermediate nodes do not have equal length, e.g. for node 5, one path has
length 3 and another path has length 9 (which includes going back through
the source node 0). As intermediate nodes attempt to salvage packets, they
tend to use paths with longer path lengths. This happens even more with the
increase of the source transmission rate, as more collisions occur, resulting in
an increased average path length.

MDART, in case of link failure, attempts to forward packets using other
neighbor nodes that have paths with higher costs, resulting in higher average
path lengths.

Protocols with high control overhead tend to have also a high path length,
as can be seen in Figures 17 and 18. MeDSR2 with SRL=15 achieves the best
average path length, for the reasons mentioned in previous sections.

Table 12 shows the average path length gain comparison for normal SRL
between MeDSR2 and other routing protocols for both scenarios. MeDSR2
path length is on average 17.4% shorter than that of other routing protocols
that use one path to forward traffic for CBR traffic and 18.3% shorter for
Pareto traffic. It is also on average 29.1% better than that of the routing pro-
tocols that use two paths to forward traffic for CBR traffic and 28.9% for
Pareto traffic.

Table 13 shows the average path length comparison between MeDSR2
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(a) CBR traffic (b) Pareto traffic

FIGURE 18
Path Length as function of source rate on scenario 2

with SRL = 15 and other MeDSR implementations with SRL = 7 and SRL
= 15, DSR and AOMDV in both Scenarios. MeDSR2 with SRL = 15 has an
average path length 16.4% shorter than that of other MeDSR implementations
for CBR traffic and 13.6% shorter for Pareto traffic.

In comparison with DSR, MeDSR2 is on average 18.5% better for CBR
traffic and 17.1% better for Pareto traffic. If compared to AOMDV, MeDSR2
is on average 8.9% better for CBR traffic and 9.9% better for Pareto traffic.

9 CONCLUSION

We have developed a high throughput low coupling multipath routing pro-
tocol for wireless multimedia sensor networks and studied its performance
through simulation. In our approach, at the routing layer, nodes use ETX
in conjunction with the first and second degree correlation factors between
paths to find multiple high throughput paths with minimal interference be-
tween them. At the MAC layer, we modify SRL and use probe packets to
identify routing failures, which reduces packet loss and unnecessary route
maintenance operations.

Simulation results show that HTLC-MeDSR presents considerable gains
in comparison to other routing protocols in terms of the studied QoS metrics
(throughput, delay, packet loss, control overhead, energy efficiency and path
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TABLE 12
MeDSR2 Path Length Gains for normal SRL (%)

DSR AOMDV M-DART1 M-DART2 MeDSR1

S1
CBR 4.5 0.0 6.2 7.9 14.4

Pareto 3.8 0.0 8.6 8.4 13.6

S2
CBR 30.1 15.9 47.4 51.2 42.8

Pareto 29.9 19.3 48.4 55.3 38.6

TABLE 13
MeDSR2 Path Length Gains for SRL = 15 (%)

DSR AOMDV MeDSR1 MeDSR2

SRL=7 SRL=7 SRL=7 SRL=15 SRL=7

S1
CBR 4.5 0.0 14.4 6.5 0.0

Pareto 3.8 0.0 13.6 6.3 0.0

S2
CBR 32.4 17.9 44.2 30.6 2.5

Pareto 30.3 19.8 39.0 21.8 0.6

length).
By increasing the number of MAC level retransmissions (SRL) from 7

to 15, in conjunction with the mechanisms implemented at the routing layer,
HTLC-MeDSR is 40%, 590% and 30% better in terms of throughput, in com-
parison with DSR, AOMDV and MeDSR1, respectively. This shows the ad-
vantage of increasing the SRL, despite the fact that certain caution should be
taken, as high SRL values can cause an overall performance degradation.

We also noticed that in terms of delay, HTLC-MeDSR with normal SRL
is 180%, 160% and 180% better in comparison with DSR, AOMDV and
MeDSR1, respectively. The increase of SRL, despite its throughput improve-
ments, increases the end-to-end delay, as more packets with additional latency
are sucessfully delivered.

By increasing SRL from 7 to 15, our routing protocol is 50%, 550% and
10% better in terms of packet loss, and 10%, 300% better and 40% worst in
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terms of energy efficiency in comparison with DSR, AOMDV and MeDSR1,
respectively.

The current solution is targeted to networks with low mobility, which is
expected to be the most common situation in Wireless Multimedia Sensor
Networks. For future work, we plan on evaluating and improving the sta-
bility of routes and protocol overhead in face of failures and node mobility.
Another topic is using the received signal strength indicator (RSSI) to com-
plement ETX, since having a low ETX value does not mean that the nodes
are close to each other, and the distance among nodes has direct impact on the
achievable throughput. A third topic is to add priority schemes, allowing the
protocol to adjust its behavior according to the QoS requirements that multi-
media traffic (real or non-real time) may have. Finally, scalability issues also
deserve further study.
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