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Abstract— We present link-diversity routing, a routing para-
digm that increases the path resilience in mobile ad hoc networks.
Link-diversity routing chooses each hop of a packet’s route, so
that the choice reflects the amount of outgoing links at the
intermediate hops. This choice maximizes the opportunities to
make progress at every hop in the presence of link failures.
As a result, link diversity routing takes paths which are less
prone to fail due to individual link failures than traditional
routing. We develop a loop-free and distributed link-diversity
routing algorithm. The algorithm is based on an analogy from the
heat theory which consists of routing packets along the steepest
gradient of a temperature field that is created by the destination
nodes. We perform simulations of our algorithm with a DSDV-
based implementation. Our simulations of 802.11b networks with
up to 10000 nodes which are moving according to a mobility
model we inferred from geographical data of a large existing city
show that link-diversity routing increases considerably the path
resilience and also the overall performance. For nodes moving at
car speeds in our simulations, link-diversity routing increases the
end-to-end packet delivery ratio compared to traditional routing
by a factor of up to four.

I. I NTRODUCTION

Mobile wireless multi-hop networks typically usebest ef-
fort routing techniques. That is, each router in the network
maintains a forwarding table that includes a set of possible
links to reach a specific destination1. When a packet has to be
forwarded, a node looks up in its forwarding table the preferred
link according to the network routing metric, and forwards the
packet over this link. If for any reason this link is currently
unavailable (for example, the node is temporarily down or has
just moved away before the change has been captured and
updated by the routing protocol), an alternative link from the
forwarding table is selected and used to forward the packet.
When there are no alternative links in the forwarding table,
the packet is simply dropped and the loss is assumed to be
handled by the upper layers.

This model is in itself very robust to link failures as it
works even in the presence of link failures. However, the
probability that a packet eventually arrives successfullyat the
destination strongly depends on the number of outgoing links
at each hop along a path to the destination. This issue is

1A destination can be a single node or a set of nodes aggregatedas a whole
network.

source

source

destination

destination

Fig. 1. The top network topology is more sensitive to link failures than the
bottom one because each node has only one link to reach the destination.
If only one link fails, the source can no longer reach the destination. In
the bottom topology, the source node can still reach the destination when
particular links are unavailable.

best illustrated in Figure 1. In the top network topology, a
source node is connected to a destination node via a single
chain of intermediate nodes. If any link on this chain becomes
unavailable, a packet from the source to the destination node
cannot be delivered. In the bottom of the figure, all nodes have
two outgoing links in their forwarding table over which they
can reach the destination. In contrast to the previous case,a
packet from the source node can now be delivered successfully
in the presence of individual link failures.

Existing routing protocols are agnostic to the link diversity
and typically optimize for a metric like the number of hops
[26], [18], [27], [8], [13], the link qualities [28], [10], [1], or
the throughput [9]. These approaches are effective in rather
static networks where the link failure probability is low.
However, as illustrated before, in dynamic and possibly mobile
networks, ignoring the alternative link opportunities along a
path often leads to dead-ends.

In this paper, we proposelink-diversity routing, a novel
routing paradigm that increases the path resilience in the
presence of frequent link failures. This is achieved by choosing
each hop of a packet’s route such that each hop has a
high number of opportunities to forward the packet. As a
consequence, it is possible that packets will not be delivered
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Fig. 2. The heat flow at the bottom of the left arrangement is lower than at the
bottom of the right arrangement because of the difference in path connectivity.

over the shortest path to the destination.
To implement link-diversity routing, we present thefinite

difference method routing(FDMR) algorithm which is based
on an analogy from the heat theory. Our algorithm exploits
the fact that the heat flow generated by a heat source depends
on the physical interconnection of the propagation media (see
Figure 2). In our routing context, this means that highly
interconnected network regions, or nodes with a high-link
diversity, will allow the heat to dissipate better than sparsely
connected regions, or nodes with a low link diversity. As a
result, our forwarding scheme which consists of forwarding
packets towards the ”warmest” path, routes packets along paths
which exhibit a high link-diversity.

The main contributions of this paper are the following:

• We propose the idea of link-diversity routing to improve
the path resilience in networks with frequent link failures.

• We present the design of a routing model inspired from
heat theory that exploits link-diversity. Additionally, we
provide the FDMR algorithm, a loop-free routing algo-
rithm that relies on the finite different method to distribute
heat information in the network in a distributed way.

• We compare the performance of our DSDV [27]-based
FDMR implementation with the original DSDV protocol
that uses a the minimum hop-count as routing metric.
Our simulations show that link-diversity routing manages
to increase the end-to-end packet delivery probability
in mobile scenarios by a factor of up to four. This
improvement is achieved without considerably increasing
the delivery path length.

The rest of this paper is organized as follows. In the next
section, we present the heat-based routing model and the
FDMR algorithm. In Section III, we describe our implementa-
tion of the FDMR algorithm which relies on the DSDV routing
protocol. Section IV presents our simulation results. We review
related work in Section V and conclude in Section VI.

II. M ODEL FORL INK -DIVERSITY ROUTING

In this section, we present our heat-inspired model for
link-diversity routing. We first describe the key ideas of the
heat-based routing paradigm. Then, we introduce the FDMR
routing algorithm which we propose to establish temperature
fields in a completely distributed manner and forward packets
according to those fields. We also prove the key routing
properties such as convergence and loop-freeness.

A. Heat-based Routing Paradigm

The key idea of link-diversity routing is to chose a packet’s
route so that the amount of outgoing links at each hop is
sufficiently high to provide enough forwarding opportunities.
To find such routes, we rely on a thermodynamic analogy.
Consider the heat flow away from an ideal heat source. The
flow intensity depends on how well a region is physically
interconnected with the source (see Figure 2). To exploit this
property for routing, we model the destination in a network as
a heat source. Then, we evaluate the heat flow resulting from
this heat source at all the nodes according to the network
connectivity. For this, we determine the temperature of every
node. The temperature distribution around a heat source is
defined by the heat equation. The heat equation is a partial
differential equation which in steady state follows the Laplace
equation:

∆φ = 0, (1)

where ∆ is the Laplace operator defined as∇2 = ∇ ·
∇ = div grad2, and φ is the temperature distribution. This
equation basically means that the temperature distribution is a
twice differentiable function. It also means that the field is a
monotonously decreasing function.

As such, the heat equation defines an infinite number of
possible solutions. An exact solution of the equation is one
that satisfies the a priori knownboundary conditions. We
define the boundary conditions intuitively as follows. We set
the temperature of the destination nodexd to φ(xd) = 1,
corresponding to the constant temperature of an ideal heat
source and the temperature value of the source nodexs to
φ(xs) = 0, corresponding to the absolute lowest possible
temperature. These two boundary conditions together with
the heat equation now define a unique temperature field
distribution which has a maximum value at the destination
node and is minimal at the source node. Furthermore, it can
be shown that since the Laplace equation is a monotonously
decreasing function, the distribution has no local maxima.This
is a necessary condition for the routing to work as we will see
later.

Figure 3 shows the temperature field for an example net-
work. The temperature of the nodes are given by the numbers
inside the circles representing the nodes. The temperatureof
the boundary conditions are set to 1 (for the destination) and
0 (for the source).

Finding a path from the source to the destination is a
gradient search problem. Since a field distribution following
the heat equation can never have a local maximum, any
ascending gradient from the source (represented with a thin
arrow in Figure 3) is a valid path towards the destination.
Therefore, loop-free packet routing can be implemented in
a hop-by-hop way by forwarding a packet at every node to
any neighbor which has a higher temperature value. In our
approach however, unless a link along the steepest gradient

2where div is the divergence and grad is the gradient.



10

source

0.33 0.67

0.73

0.67
0.8

0.47
destination

steepest temperature gradient

ascending temperature gradient

Fig. 3. Example temperature field. The steepest gradient from the source to
the destination is along the path with the highest link diversity.
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Fig. 4. Example temperature field: All paths have the same link diversity
and the steepest gradient is along the shortest path.

is broken, we always forward packets along the steepest as-
cending gradient (represented with a thick arrow in the figure),
corresponding to the neighbor with highest temperature. This
way, the path a packet follows is analogous to the minimum-
energy diffusion path of a particle in a real temperature field.
Further notice that the chosen path towards the bottom is more
resilient to link failures than the upper path.

Another interesting property of the routing model it that
the path with the minimum hop-count is chosen if the link-
diversity of different paths is the same. This is best illustrated
in Figure 4, where there are three paths from the source to the
destination all having the same link diversity but a different
number of hops. As we can see the steepest gradient is along
the path with the minimum number of hops.

B. The FDMR Routing Algorithm

Establishing routes with this model results in establishing a
temperature field on the network nodes which solves Equation
(1). To establish a temperature field, we require an algorithm
which is by design scalable and robust. These two properties
imply the following two requirements:

• The algorithm should be completely distributed.
• Every node should be able to calculate its own temper-

ature locally, based on the temperature ofonly its direct
neighbors.

We propose the FDMR algorithm which fulfills both re-
quirements at the same time. The FDMR algorithm relies on

(i,j) (i+1,j)

(i,j−1)

(i−1,j)

(i,j+1)

Fig. 5. The finite difference method on a grid:φi,j = 1
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Fig. 6. The FDMR algorithm: Nodes calculate their temperatureas the
average temperature of their neighbors:φt+1(x1) = 1

4
φt(x2) + φt(x3) +

φt(x4) + φt(x5)

a numerical technique called thefinite difference method[22]
to evaluate the solution of partial differential equationson a
grid. The finite difference method is an iterative technique. As
a basic principle, the method relies on the fact that solutions
to Laplace’s equation are harmonic functions and thus satisfy
the mean value theorem of potential theory. According to
this theorem, the value at a point is equal to the arithmetic
average of its values on a boundary surrounding this point.
For example, in a 2-dimensional square grid, the value at a
point is equal to the average values of the four immediately
neighboring points in the grid (see Figure 5). The way the
finite difference method works is by iteratively approximating
the value of the points on the grid as the arithmetic average
of the neighboring points until the values have converged to
the final solution. It can be shown that this method always
converges to Equation (1) in a bounded number of iterations.

Our application of this method to evaluate the temperature
distribution on a network of nodes is as follows. We define the
grid as given by the network topology. That is, every node in
the network is a point in the grid and every link in the network
corresponds to an edge in the grid. Note that for an arbitrary
network topology, the grid might not be a regular square grid
but this is not a requirement for the finite difference method
to work.
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Fig. 7. Basic operation of the FDMR algorithm. At iteration step T , the
algorithm has converged and the temperature distribution follows Equation
(1).

We define the FDMR algorithm as follows. LetX =
{x1, · · · , xn} be the set of nodes in the network and denote
{xk; k ∈ nbr(xi)} as the set of nodes which are neighbors
of xi (i.e., there exists a link betweenxi andxk). All nodes
except the source and the destination nodes (which define the
boundary conditions) start with an initial temperature value
φt=0(xi) = 0;xi ∈ X\{xs, xd} and calculate their own
temperature at iteration stept + 1 as the average of the
temperature of their direct neighbors at iteration stept (see
Figure 6 for an example):

φt+1(xi) =

{ P
k∈nbr(xi)

φt(xk)

|nbr(xi)|
, |nbr(xi)| > 0

0 , |nbr(xi)| = 0
(2)

The temperature of the source nodexs and destination node
xd are the boundary conditions and thus constant over all
iterations:

φt(xs) = 0;∀t ≥ 0 (3)

φt(xd) = 1;∀t ≥ 0 (4)

The operation of the algorithm is shown for a simple
example in Figure 7. At iteration stept = 0, all nodes
expect the destination have a temperature value of 0. At each
next iteration step, the nodes recalculate their temperature
according to the new temperature of their neighbors. At
iteration stepT , all values have converged.

C. Properties of the Routing Algorithm

We now prove three fundamental routing properties of the
FDMR algorithm.

Theorem 1:The temperature field constructed by the
FDMR algorithm converges to Equation (1) in a bounded
number of iterations:

∆φt(x) = 0, t < ∞. (5)
Sketch of Proof: A detailed proof of this theorem is outside
the scope of this paper. However, since our algorithm relies
on the finite difference method to calculate the temperature

field, the theorem holds if we prove that the finite difference
method works on any irregular grid. This has been shown in
[24]. �

Theorem 2:In a converged temperature field constructed
by the FDMR algorithm, a packet from the source forwarded
along any ascending gradient will eventually reach the desti-
nation.

Sketch of Proof: To guarantee that any gradient from the
source leads to the destination, two conditions must be met:
(i) the temperature of the destination must be the maximum
value in the field and (ii) the temperature may not have any
local maxima. Condition (i) is always true since for a node
to have temperature value greater than one, it must have at
least one neighbor with a value greater than one. However,
since at iteration stept = 0 there are no nodes with a value
greater than one, it is not possible that at any iteration step
t ≥ 0 it occurs. Condition (ii) holds because any solution of
the Laplace equation is an harmonic function. An harmonic
function can never have a local maximum or minimum.�

Theorem 3:Packet forwarding with the FDMR algorithm
is loop-free.
Proof: We prove this with a counter example. Assume that a
packet has traveled in a loop. Therefore, the packet must have
traveled across a node twice. However, the FDMR algorithm
requires forwarding to be along an ascending gradient. There-
fore, the potential value at every hop must be strictly larger
than at the previous hop. Hence, it is not possible that a packet
travels more than once through a specific node.�

III. I MPLEMENTATION OF THE FDMR ALGORITHM

In this section, we describe our implementation of the
FDMR routing algorithm. Since our algorithm operates with
iterative updates between the neighbors, it is a natural choice
to implement it as a distance vector [3] routing protocol. For
our implementation, we used the DSDV [27] routing protocol,
a protocol designed for wireless ad hoc networks. In the
following, we describe how we adapted the DSDV routing
protocol and how packet forwarding is done.

A. Establishing Temperature Fields

Nodes running a distance vector protocol periodically ex-
change routing messages with their neighbors. These periodic
messages include a cost per known destination. These costs
represent the network ”distance” of each node to reach the
destination. Looking at the cost of the direct neighbors, each
node then estimates its own cost through a well defined method
identical for all nodes. In the traditional DSDV implementa-
tion, the destination sets its own cost to zero and each node in
the network calculates its own cost by adding one to the cost
of the neighbor with the lowest cost. Hence, after convergence,
the cost of each node is the distance in hops to the destination
node.

In our implementation of the FDMR algorithm, the ba-
sic mechanism remains the same but the calculation of the
costs is different compared to the original protocol. In our
implementation, the destination node sets its cost to 1 and the



source node to 0. All other nodes calculate their own cost as
the average cost of their neighbors (see Equation 2). Hence,
after convergence, the cost of each node corresponds to the
temperature of the destination field which is a value between
0 and 1.

B. Packet Forwarding

The basic forwarding mechanism of the distance vector
routing algorithm consists of decreasing the cost at each hop
a packet is forwarded. This way, packets will eventually arrive
at the destination which has the lowest cost. In the traditional
minimum hop-count approach, each node sends the packet to
the neighbor having the lowest cost. However since in our
approach, the cost definition is inverted, forwarding is along
increasing temperatures. In particular, we always forward
packet along the steepest ascending gradient corresponding to
the neighbor with the highest temperature.

When a link breaks, a certain amount of time is required
for the routing protocol to react to the topology change and
update the routing state in the network. To avoid that all paths
using this particular link are temporarily down during this
time, it is therefore necessary to react to such events at the
forwarding level. Therefore, when a link from a used path is
temporarily unavailable, the intermediate node which detects
the failure (link failures can typically be detected when no
periodic updates have been received from the neighbor within
a certain period of time or in the presence of a missing
link-layer acknowledgment after some amount of link-layer
retransmissions) looks up in its local cache for an alternative
neighbor with a higher temperature. If there is any neighbor
with a larger temperature, the traffic is now forwarded to the
neighbor with the highest temperature among them. Otherwise,
the packets for this destination cannot further proceed towards
the destination and should be temporarily cached until the
protocol has managed to update the topology change, or
dropped if the cache is full before an update has occurred.

IV. EVALUATION

This section examines the performance of the FDMR rout-
ing algorithm.

A. Experimental Methodology

We assess the benefit of link-diversity routing by comparing
the performance of the FDMR algorithm with the traditional
DSDV routing protocol that uses the minimum hop-count
metric. Since our implementation of the FDMR algorithm
relies on the DSDV protocol to establish the temperature fields,
it allows for a fair comparison where the control message
overhead is identical for both protocols.

The only difference between the FDMR-enhanced and the
traditional DSDV protocol lays in the way how the costs are
calculated based on the periodic update information received
from their direct neighbors. In the FDMR approach, each
node uses the arithmetic average of the cost of its neighbors,
whereas in the minimum hop-count approach, each node

calculates its cost as one hop plus the hop-count of the closest
neighbor to the destination.

In a first step, we present results from an idealized sim-
ulation study using random graphs. These simulations are
not meant to provide quantitative measures on system-level
performance metrics but rather more profound understanding
on the behavior of both algorithms. Then, in a more realistic
simulation study using Glomosim [32], a wireless network
simulator incorporating sophisticated models for the physical
and MAC communication layers, we analyze the performance
of both schemes for concrete scenarios with mobility.

B. Simulations with Random Graphs

We now present our simulation results with random graphs.
The considered graphs are random unit disk graphs generated
by assigning the position of vertices randomly over a two-
dimensional square area. There exists an edge between two
vertices in the graphs if the geometric distance of the vertices
is smaller than a fixed threshold value. This model is an
ideal simplification for the network topology that arises from
randomly placed nodes sending at the same transmission
power in a free space environment.

1) Robustness:To capture the benefit of link-diversity
routing in terms of robustness, we look at the ability of both
protocols to redirect traffic around broken links during the
moment directly after a topological change occurs and the
moment until the protocol had time to react to the topological
changes and update its state information. We do this by
measuring the packet delivery ratio in simulations where we
allow both protocols to convergence to their final state but
define random edges in the graphs asfailed, meaning
that no packet can be forwarded over those particular links.
In wireless networks, such link failures could for example
arise from short-term fading effects resulting in temporary
unavailable links. Or in mobile networks, some nodes might
move causing individual links to break when two nodes move
outside communication range before the routing protocol was
able capture the failure and update it. Using this approach,we
are able to see how well each algorithm manages to handle
broken or temporarily unavailable links at intermediate hop
when links along the least cost paths are unavailable.

We plot a representative snapshot of our simulation results
in Figure 8 and 9. These particular simulations were obtained
from random graphs generated with a square side length of
2500 meters and a threshold range of 250 meters. As commu-
nication model, we chose randomly selected vertices acting
as source nodes and sending packets to randomly selected
vertices acting as destination nodes. Figure 8 shows the result
using a graph size of 400 vertices. The x-axis represents the
ratio of edges which we defined asfailed after convergence
of both algorithms. A value of 0.1 means that 10 percent of the
total edges arefailed. As we can see, the FDMR algorithm
achieves a much higher packet delivery probability than the
minimum hop-count based algorithm as the ratio offailed
edges increases. To capture the effect of the network density on
this metric, Figure 9 shows the result for the same simulations
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Fig. 8. Robustness: Packet delivery probability versus thefraction of failed
edges in a graph of 400 vertices.
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Fig. 9. Robustness: Packet delivery probability versus thefraction of failed
edges in a graph of 200 vertices.

but with a graph size of 200 nodes instead of 400 nodes. With
a smaller graph size, both algorithms achieve a lower delivery
probability. However, the difference between the two curves is
smaller than before as the ratio offailed edges increases.
This is due to the fact that a less dense graph has fewer edges
and inherently a smaller link diversity towards the destination.
Therefore, we can expect the most benefits of link-diversity
routing in rather dense networks.

2) Convergence:Another important metric is the conver-
gence time of the algorithms. So far, our simulations did not
account for this metric since we performed them assuming that
the algorithms had totally converged. In a first attempt to quan-
tify the algorithms’ convergence, we define the convergence
time as the number of periodic update intervals required from
scratch to achieve a routing state which no longer changes at
any network nodes as further updates are sent. Since with the
FDMR algorithm, routing is not affected by the absolute node
temperature values but rather the differences (or gradients)
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Fig. 10. Convergence: number of iterations required until the routing state
has converged at every node.
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Fig. 11. Convergence: number of iterations required until a path is established
between a source and a destination versus the distance between the source
and the destination.

between those values, we measure convergence of this protocol
by evaluating the gradient at all the links and determining
when the direction of these gradients no longer changes.

With this definition, the convergence time is given in Figure
10. On the vertical axis, we plot the number of iterations
defined as the number of required periodic update intervals.
The horizontal axis represents the path length between a
source node and a destination node. Note that the results
are from simulations using the same parameters as previously
and a graph size of 400 nodes. At a first glance, this result
appears quite discouraging since the convergence time of the
FDMR algorithm is almost three power orders higher than
the minimum hop-count algorithm. However, recall that this
convergence definition requires that the routing state no longer
changes at any node in the graph. If alternatively, we consider
as convergence metric the number of update intervals required
for a route to be available between a source and a destination
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Fig. 12. Robustness after limited convergence (400 vertices). Link-diversity
routing still achieves a higher packet delivery probability than the minimum
hop-count approach.

node, the picture changes completely as can be seen in Figure
11. In this figure, we show the number of required update
intervals (on the y-axis) versus the source-destination distance
(on the x-axis) until a path is established between the source
and the destination. With this different convergence definition,
both algorithms converge at a time which is directly propor-
tional to the source-destination distance. Therefore, theFDMR
algorithm converges across the direct path to the destination as
quickly as the minimum hop-count algorithm and only requires
longer to converge at the nodes which are away from it.

Since the FDMR algorithm requires a very large amount
of iterations to completely converge but manages to find a
path to the destination in the same linear amount of time as
the minimum-hop count algorithm, the remaining question is
whether the FDMR algorithm still achieves higher delivery
probabilities for a number of iterations in the order of the
source-destination distance. To answer this question, we re-
peated the robustness simulations presented earlier but did
not use a converged routing state. Rather, we limited the
number of iterations for both algorithms to a value which
was identical to the source-destination distance. The result
for a graph size of 400 nodes is plotted in Figure 12. The
delivery probability for the minimum hop-count algorithm
remains almost the same and decreases slightly faster for the
FDMR algorithm than in Figure 8. Still, there is a significant
difference between the FDMR and the minimum hop-count
algorithm. This result shows that even with a small number
of iterations, the FDMR routing algorithm manages to exploit
well the link-diversity and increase the routing robustness. A
slightly simplified explanation for this result is that there are
multiple link-disjoint but not necessarily node disjoint short
paths between the source and the destination and that these
converge equally fast.

3) Path Stretch:Finally, it is also worth considering the
path stretch induced by link-diversity routing. It is for example
not desirable to increase the packet delivery probability if it
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Fig. 13. Path stretch: Traveled path length of data packets versus the distance
of the sending node to the destination.

comes at the cost of extremely long paths and thus also high
delivery delays. In Figure 13, we plot the traveled path length
of data packets (on the vertical axis) versus the shortest source-
destination distance (on the horizontal axis) for the same
scenario as considered in Figure 8 but without anyfailed
links. The minimum hop-count algorithm represents a linear
curve as it always delivers packets over the shortest path. On
the other hand, the paths chosen by the FDMR algorithm are
only marginally longer than the shortest distance. Thus, the
FDMR algorithm significantly increases the packet delivery
probability without significantly increasing the average trav-
eled path length.

C. Simulations of Mobile Networks

In the following, we study the performance of the FDMR
algorithm in a more realistic context using the Glomosim
simulator [32]. We consider the performance in a city-wide
ad hoc network in which the nodes are mobile and com-
municating over WLAN. These types of networks could be
used for many different purposes in the area of urban inter-
vehicle communication or person-to-person communication.
Our simulation setup and assumptions are described next.

1) Simulation Setup:We used a IEEE 802.11b network
with a capacity of11 Mbps and a nominal wireless range of
250 meters. As MAC protocol, we used the 802.11 DFWMAC-
DCF w/RTS/CTS and as propagation model two-ray ground.
Due to the large network sizes we use, we were unable to
simulate the effect of intermediate buildings.

We used two different mobility models: the steady-state
random trip mobility model [15] on a network of streets and
the random waypoint mobility model [17]3. In both models,
the nodes move with constant speeds and without pausing
on a square of side length 10km by 10km. However, in the
random trip mobility model, nodes move on vectorized maps

3The random waypoint mobility model has shown to have non-desired
behavior [4] when not well parameterized. We follow the guidelines as
proposed in [23] to avoid such effects.



Fig. 14. Vectorized street map of a city (10km by 10km).

which we extracted from a geographic information system
(GIS). The vectorized map of a city center for which we
present our results in this paper is shown in Fig. 14. In
the random waypoint mobility model, the nodes move from
randomly chosen waypoint in the square to another waypoint
on a straight line. The random waypoint model is far less
realistic but included as a reference because it is often used
in the literature. We differentiate two concrete scenarios. In
the pedestrian scenario, nodes move with a speed uniformly
distributed in the range[1−4]m/s. In the car scenario, nodes
move with speeds in the range[10 − 20] m/s. These speeds
corresponds to typical pedestrian and car speeds in a typical
city.

As traffic model, we send constant bit rate traffic from
randomly chosen source nodes to randomly chosen destination
nodes. All packets are 1024 bytes long. All simulations havea
duration of at least10000 seconds and are always an average
over at least 20 runs with different random seeds.

2) Results: The performance results for nodes moving
along the streets of a large city are shown in Figure 15. In
the upper figure,10000 nodes are used resulting in an average
node degree of approximately 11. In the lower figure,5000
nodes are used, leading to an average node degree of 5.5.
In both settings, 500 nodes are active traffic sources out of
which approximately two third are sending simultaneously on
average over the simulation time. As a reference, we also plot
the packet delivery ratio when the nodes are not moving (static
scenario). As we can see, the ratio in the static scenario is
close to100% which means that most packet losses occur in
the mobile scenarios because of the mobility of the nodes and
not due to other effects like congestion or interference.

We conclude that the packet delivery ratio is clearly bet-
ter with FDMR compared to minimum hop-count routing.
Another interesting observation is that the performance with
minimum hop-count does not significantly gets better as the
node node density increases. This is different for the FDMR
algorithm. With our algorithm, the performance gets better
as the average node degree increases. This is because the
FDMR algorithm exploits the link-diversity which becomes

Fig. 15. Street mobility model: Performance comparison of DSDV with
traditional minimum hop-count and with link diversity.

larger when the node degree increases.
The simulation results from the random waypoint model are

given in Figure 16. The trends we observe with this model are
the same as with the previous mobility model. Overall, the
packet delivery ratio is slightly better with this model. One of
the main reason is that the node distribution is not uniform.
Nodes tend to concentrate around the center of the square
[4]. As a result, the average path length is smaller than with
the previous mobility model, and on average, paths break less
frequently.

V. RELATED WORK

Traditional routing protocols for mobile ad hoc networks
typically optimize strictly for a metric like the number of hops
[26], [18], [27], [8], [13], the link quality [28], [10], [1], or
the expected throughput [9].

The authors of [5], [19], [16], [7] exploit the link diversity
in multi-hop routing to cope with lossy links and fading
effects. These proposed techniques integrate MAC-layer and
routing techniques by broadcasting (or anycasting) packets
to all nodes in transmission range and letting those decide
whether to further forward the packet or not. These approaches
are complementary to our routing algorithm since they could
profit from routing over paths with a high link diversity and
vice versa.



Fig. 16. Random waypoint mobility model: Performance comparison of
DSDV with traditional minimum hop-count and with link diversity.

Braided multipath routing [12] identifies multiple routes,
using one as a primary and switching if the primary fails.
Opportunistic multipath scheduling [6] splits traffic overmul-
tiple paths, adaptively favoring paths that provide low delays.
Tsirigoris and Haas [30] propose to use erasure coded frag-
ments of each packet over disjoint paths in a mobile ad hoc
network, in order to tolerate loss of some fragments due to
fading or node movement. Link-diversity routing also exploits
multiple paths, but selects them according to the amount of
forwarding opportunities at each hop and must not ensure that
the paths are disjoint.

The steepest gradient search method has been well stud-
ied in the past. This method has been extensively used for
optimization problems and has had applications in diverse
disciplines as routing in ad hoc networks [25], [20], load
balancing in the Internet [2], data collection in sensor networks
[14], [11], sensor node placement [29], guided navigation [21],
or service discovery [31]. The basic forwarding principle of
our approach which consists of forwarding along the steepest
gradient is similar to these works. However, our distributed
method to establish and maintain a potential field which is
based on the finite different method is unique and uses only
local information from the direct neighbors by mimicking
how heat flow dissipates. Furthermore, to the best of our

knowledge, we are the first to exploit the properties of fields
in terms of link diversity.

VI. CONCLUSIONS

This paper presents link-diversity routing, a robust routing
paradigm for mobile ad hoc networks. Link diversity routing
increases the path resilience by choosing a packet’s route so
that the amount of outgoing links at each hop is maximized.
Therefore, the selected hops have often multiple forwarding
opportunities and can better cope with individual link fail-
ures caused by mobility and fading than traditional routing
schemes.

We show that by modelling the destination as a heat source
and routing along the steepest gradient of the temperature
field created by this source, link-diversity routing can be
implemented in a distributed and loop-free manner. We provide
the FDMR algorithm which enable to calculate the temperature
of a node in the network based only on the temperature of its
direct neighbors.

Using simulations with static random graphs and
Glomosim-based network simulations with node mobility,
we show that link-diversity routing increases the end-to-end
packet delivery ratio compared to traditional minimum
hop-count routing by a factor of up to four (when nodes are
moving at car speeds in a city). This improvement is achieved
without significantly increasing the average path length and
with the same control message overhead.
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