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Marc Heissenbüttel, Torsten Braun
Institute of Computer Science and Applied Mathematics
University of Bern, Switzerland
Email: {heissen, braun}@iam.unibe.ch

Abstract— In position-based routing protocols, each
node periodically transmits a short hello message (called
beacon) to announce its presence and position. Receiving
nodes list all known neighbor nodes with their position
in the neighbor table and remove entries after they have
failed to receive a beacon for a certain time from the corresponding node. Especially in highly dynamic networks, the
information stored in the neighbor table is often out-dated
and does not reflect the actual topology of the network anymore such that retransmissions and rerouting are required
which consume bandwidth and increase latency. Despite a
considerable number of proposed position-based protocols,
almost no analysis has been performed on the impact of
beacons and the out-dated and inaccurate neighbor tables.
We show by analytical and simulation results that performance suffers especially in highly mobile ad-hoc networks
and propose several mechanisms to improve the accuracy
of neighborhood information. Extensive simulations show
the effectiveness of the proposed schemes to improve the
network performance.
Index Terms— Simulations

I. I NTRODUCTION

R

OUTING in wireless mobile ad hoc networks
(MANET) is a challenge due to the mobility
which causes frequent changes in the network topology.
Existing links disappear and new links are established
when nodes move in and out of the transmission range.
Routing protocols must be able to cope efficiently with
this mobility. A lot of topology-based routing protocols have been proposed that either establish a route
on-demand (e.g. AODV [1], DSR [2]) or proactively
maintain hop-by-hop information at each node (e.g.
OLSR [3], TBPRF [4]). In case of link incidents, new
routes need to be discovered and updated routing information needs to be distributed by (partially) flooding the
network, which may cause long latencies and interrupt
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communication between source and destination nodes.
Furthermore, flooding of packets degrades the overall
network performance and is costly in terms of consumed
battery power.
Position information available at each node is the key
enabler for a new class of protocols, called positionbased routing protocols, that exploits location information to enhance routing. Position-based routing protocols
do no longer route packets based on node IDs. Forwarding decisions are solely based on absolute or relative
position of the current node (e.g. provided by GPS), the
positions of neighboring nodes (by nodes periodically
transmitting a hello message, called beacon) and the
destination (e.g. obtained via a location service [5]).
Each packet is routed independently at each node and
forwarded to a neighboring node which reduces the distance to the destination. These protocols are inherently
more robust to changes in the network topology as they
allow (almost) stateless routing and only require local
rerouting in case of topology changes. Furthermore they
naturally support geocasting. All these properties make
them e.g. especially suited for sensor and vehicular adhoc networks. An overview of position-based routing
algorithms and location services can be found e.g. in [6]
and [7].
In position-based routing protocols, nodes periodically
broadcast beacons to announce their presence and location to their neighbors. Each node stores all neighbors
and their current positions in a neighbor table, i.e. all
nodes within transmission range from whose it receives
a beacon. If a node does not receive any beacon from
one of its neighbors within a certain time interval, called
neighbor time-out interval, the corresponding node is
considered to have left the transmission range or is
unreachable by any other reason and is deleted from
the neighbor table. Routing of packets is done based
on the positions of nodes in the neighbor table. One
node is chosen as a next hop according to the applied
routing strategy, e.g. the node closest to the destination.
Even though changes in the network topology do not
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induce overhead by transmitting routing packets and
only require local modification of the neighbor table,
inaccurate or out-dated neighborhood information may
severely affect position-based routing protocols.
In this paper, we analyze the impact of inaccurate
and out-dated neighbor information on the performance
of the network for position-based routing protocols. We
propose several approaches to improve the reliability of
neighbor tables by optimizing the time between the transmissions of beacons in order to mitigate the observed
drawbacks such as packet loss and high latency. The
remainder of this paper is organized as follows. Section II gives a survey on related work. In section III and
IV, we briefly discuss the drawbacks of beaconing and
analytically estimate the impact on routing, respectively.
Several approaches to mitigate the drawbacks of beaconing are proposed in section V. The protocols used in
the simulations are described and the simulation results
are given in section VI and VII. Finally, section VIII
concludes the paper.
II. R ELATED W ORK
The related work can be broadly divided into three
groups. One group includes approaches to deal with link
incidents and ways to predict them in topology-based
protocols. The second group of related work comprises
various approaches that deal with updating strategies of
a central database in wireless networks. Protocols that
avoid beaconing completely fall into the third group.
Several approaches are described in the literature to
mitigate the drawbacks of link incidents for topologybased protocols. AODV [1] implements a local route
repair mechanism which aims to replace a particular
broken link with an alternate path between the two
nodes and to minimize the latency and induced routing
overhead of link incidents. To avoid complete disruption
of communication, [8] investigated the expected lifetime
of routes in order to schedule the route discovery before
actual link break. Unlike these protocols using hopcount as the routing metric, several other protocols were
proposed, which take the stability of links and paths into
account to minimize the number of link incidents in the
first place. In ABR [9] the lifetime of a link is taken
into account, whereas SSA [10] also considers feedback
from the link layer about signal strength as primary
routing metric. In [11] and [12] results from analytical
derivations and observations made by simulations are
used to design new routing metrics which favor more
stable paths. Based on link availability estimations, a
metric for path selection in terms of reliability and
resilience is introduced in [13]. If nodes are equipped

with GPS receivers or any other technology that provides absolute or relative positions of nodes, information
about the velocity and direction are also often known
and can be utilized to estimate the expiration time of
a link and to reconfigure routes timely as proposed
in [14]. Unlike [14], where GPS-information is only
applied to maintain routes, [15] additionally makes use
of location information in the routing decision itself
to establish paths in a depth-first search way. In [16],
factors that influence the utility of hello messages were
studied for determining link connectivity in topologybased protocols. Out-dated and inaccurate neighbor tables in position-based routing protocols may be considered as the analogue of link incidents in topology-based
protocols. Unlike for topology-based protocols, almost
no research has been performed on link incidents and
inaccurate neighbor tables in position-based routing protocols. To the best of our knowledge, the only exception
is GPSR [17], where the authors compared the packet
delivery ratio and routing overhead for different time
intervals between beacons.
Even though beaconing was not explicitly studied,
the determination of the ”best” time when to update
information stored at other nodes was studied in various
contexts. Many location management schemes were proposed for cellular networks in the literature (see e.g. [18]
for an overview). Location management schemes deal
with when to update the Home Location Register to
keep track of a node’s position if it has moved to
a new cell. Dissemination and replication of data in
repositories for mobile ad-hoc networks was studied e.g.
in [19]. The authors propose different strategies when
to trigger updates. These approaches differ from our
investigation in many points, mainly that information is
transmitted infrequently to some few central nodes over
long paths whereas we consider the case of updating only
neighboring nodes but rather frequently. Furthermore,
entries do not need to be periodically refreshed to remain
valid.
Lately, several protocols have been proposed which
adopt a new paradigm for position-based routing [20],
[21], [22], and [23]. The next hop is not determined at the
sender, but in a distributed way at the receivers. Nodes
do not rely on information about neighbors anymore and
allow disposing beaconing completely. These beaconless routing protocols exploit the broadcast property
of the wireless medium to determine in a completely
distributed way the next node after the packet has been
transmitted. Data packets are just broadcasted and all
receiving nodes compete to forward the packets. The
first node, which succeeds to transmit, suppresses the
others. To minimize the probability of more than one
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node transmitting simultaneously, each node introduces
a small additional ”random” delay. These protocols eliminate some of the drawbacks of beaconing as discussed in
the next section, but also cause new problems. To assure
mutual reception of relayed packets, only nodes within
a certain area are potential forwarders. This number is
only a fraction of all nodes closer to the destination
such that greedy routing fails more often and a time and
resource consuming recovery strategy has to be applied.
Furthermore, packet duplications may happen frequently
if nodes, which received a packet for forwarding, do
not overhear the forwarding of other neighbors due to
obstacles or interferences and thus transmit another copy
of the same packet.
III. D RAWBACKS OF B EACONING
The periodical broadcasting of hello messages has
several drawbacks such as unnecessary utilization of network resources, interferences with regular data packet,
and consumption of scarce battery power. As beaconing
is a proactive component of position-based routing, it is
performed independently of actual data traffic. Even in
cases where no data is transmitted, nodes constantly exchange beacons. In this paper, we do not further consider
these direct consequences of beaconing, but focus on the
impact of beaconing on routing as discussed in the next
paragraph. This impact is perhaps less obvious but has
even more severe drawbacks such as an increased delay
and wasted bandwidth and battery power.
Each node routes the packets based on the perceived
topology, which may not correspond to the actual topology, because nodes have moved since their last beacon
transmission. This movement of nodes may result basically in three scenarios. First, nodes are listed in the
neighbor table with an inaccurate position, but are still
reachable. This is basically always the case expect for a
static network. Secondly, a node moved into the transmission range of another node, but it is not visible since
no beacon was received yet. In these both scenarios,
the routing protocol may take suboptimal decisions and
not route packets via the best located neighbor. More
serious is the third scenario, where nodes are wrongly
listed in the neighbor table even though they moved out
of transmission range. If such an unreachable node is
chosen by the routing protocol, the MAC layer is not
able to deliver the packet. After several retransmission
attempts, the MAC layer either just drops the packet or
notifies the routing protocol of the failed transmission
and passes the packet back. The routing protocol in turn
selects a different next hop and hands the packet again
down to the MAC layer. This process is repeated until the
packet can be delivered eventually to the next hop. This
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rerouting has basically three consequences. The delay is
increased, the effective available bandwidth is reduced,
and energy is consumed for the retransmission.
We estimate the induced delay if a routing protocol
selects and unreachable next hop in case IEEE 802.11b
is used on the MAC layer. Packets are retransmitted up
to seven times before the MAC layer assumes the next
hop to be unreachable. For each failed transmission the
contention window is doubled, starting at a size of 31
up to a maximum of 1023 times the slot time of 20 µs.
A node uniformly chooses from this contention window
a backoff time for the next transmission. If all seven
retransmission fail because the next hop is out of transmission range, the expected delay is 31+63+...+1023+1023
·
2
20 µs ≈ 30 ms. Furthermore, the effective available
bandwidth for data is consequently only a seventh of the
total bandwidth. If we talk about neighbor table accuracy
in the following, we refer primarily to the correct set of
neighbors and less to their actual positions.
Three factors contribute further to inaccurate neighbor
tables. First, beacons are broadcasted and most MAC
layer protocols do neither require nor provide acknowledgments for broadcast transmissions. The delivery is
not guaranteed even for nodes within the transmission
range, since beacons may for example interfere with
other beacons or data packets. Secondly, to avoid that
nodes are constantly inserted and removed from the
neighbor table if one beacon is not received, the time-out
interval is often set to a multiple of the beacon interval.
This longer interval increases the probability that a
neighbor has meanwhile left the transmission range. And
thirdly, most position-based routing algorithms apply a
forwarding strategy which forwards packets to nodes
close to the destination, e.g. [24], [17]. As a consequence, the selected neighbor is close to the border
of the transmission range and thus has an even higher
probability to have left the transmission range. All these
factors contribute to out-dated neighbor tables, especially
in scenarios with high mobility and/or small transmission
ranges, causing the routing protocol to select unreachable
nodes for several times before the packet is eventually
delivered to the next hop.
We only mentioned mobility as a possible source of
inaccuracy of the neighbor tables. But basically any
kind of topology changes have the same effect either
caused by nodes that toggle into and out of sleep
states, obstacles moving between nodes, etc. Especially
in some application like sensor networks were energy
conservation is a major issue, putting nodes into sleep
mode is often the only way to considerably save energy.
Thus, we consider speed as a proxy for any kind of
topology changes in this paper.
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IV. A NALYTICAL E STIMATION
After having discussed reasons for out-dated and inaccurate neighbor tables and possible implications, we
analytically estimate the likelihood of the occurrence of
these events. We assume an isotropic transmission radius
of r and an unbounded simulation area where nodes are
distributed according to a Poisson point process of constant spatial intensity and move according to the random
waypoint model with zero pause time, i.e. nodes choose
randomly some destination and move there with a constant speed chosen uniformly in the interval [vmin , vmax ].
The reason for an unbounded area is to simplify our
analysis by having a uniform moving direction in the
interval [0, 2π] of the nodes, a uniform distribution of
the nodes, and travel distances independent of nodes’
locations, which are all not the case in the standard
random waypoint model. Furthermore, we assume that
nodes do not change their direction or speed within the
time-out interval under consideration, which is only few
seconds long. Note that these assumptions only help to
simplify the analysis but do not fundamentally change
the results. We consider two nodes A and B within
transmission range and calculate the probability that they
leave each others’ transmission range within a certain
time interval t. The crucial point in the derivation is
to notice that instead of having both nodes moving, we
assume node B being static and just node A moving
with their relative speed vector. This assumption is valid
as nodes move independently of each other and have
symmetric transmission ranges. The probability density
function fS of the nodal speed s is derived e.g. already
in [25] and is given by
1
³
´
fS (s) =
s ln vvmax
min

fXi . Thus, we obtain the expected value of the speed
difference ES (vmin , vmax ) between ~a, ~b as
ES (vmin , vmax ) =

Z vmaxZ vmaxZ 2πZ 2π q
vmin

vmin

Eϕ (X) =

−∞

..

sa 2 + sb 2 − 2sa sb cos(α − β) ·

By numerical integration, we obtain for ES the values
given in Table I for different vmin , vmax . For example,
TABLE I
E XPECTED SPEED DIFFERENCE OF TWO NODES
vmin [m/s]
1
1
1
10
10

vmax [m/s]
10
20
40
20
40

ES [m/s]
5.69
9.64
16.68
18.83
29.55

we can see that that for a speed interval [1, 20] m/s, two
arbitrary nodes move relative to each other with almost
10 m/s.
Suppose now node A moves a distance d to A’. The
size of the area A(r, d), which was initially covered by
node A’s transmission range and is now not longer within
transmission range after it has moved to A’, is depicted
in Fig. 1. It is easy to see that the expected direction
of movement of ~a − ~b is again uniformly distributed in
[0, 2π]. As node B is static and uniformly distributed,
the probability that B is out of transmission range after
node A has moved to A’ is equal to the ratio of A(r, d)
to the size of the whole transmission range r2 π .

d
A

A’

r
"Uncovered" Area

q

s2a + s2b − 2sa sb cos(α − β)

It is well-known that for a random vector X =
(X1 , . . . , Xn ) with the joint density function fX and a
function ϕ : Rn → R , the expected value is given by
Z ∞

0

fS (sa ) fS (sb ) fA (α) fB (β) dα dβ dsa dsb

We first derive the expected value of the relative speed
vector, i.e. the difference of two arbitrary speed vectors,
in the unbounded random waypoint model. Let the speed
vectors ~a, ~b of node A and B be given in polar coordinates as (sa , α) and (sb , β) with sa , sb ∈ [vmin , vmax ]
and α, β ∈ [0, 2π]. The norm of ~a − ~b is the velocity of
the relative speed vector.
|~a − ~b| =

0

Z ∞

−∞

ϕ(x1 , .., xn )fX (x1 , .., xn ) dx1 ..dxn

If the random variables are independent, the joint density
function fX is the product of the density functions

Fig. 1.

Area uncovered if node moves from A to A’

The size of A(r,d) is given by
2·

ÃZ
r p
− d2

r2

−

x2 dx

−

!

Z −d+r q
− d2

µ

dp 2
d
=
4r − d2 + 2r2 arcsin
2
2r

r2

¶

− (x +

d)2 dx
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V. I MPROVING N EIGHBOR TABLES
Given a certain speed interval [vmin , vmax ], a fixed
transmission range r, and a time-out interval t, after
which an entry is deleted in the neighbor table, the
probability that node B is no longer within transmission
range of node A after t can now be calculated as follows.
The speed interval immediately yields the expected relative speed ES (vmin , vmax ). We obtain the distance d by
multiplying ES with t, i.e. the distance d is the expected
distance which a node with speed ES moves relative to
any arbitrary other node within t. The distance d and the
transmission range r are used to obtain the area A(r, d)
which is uncovered within the neighbor time-out interval
t. Thus the probability p that an entry in the neighbor
table is out-dated is given by A(r, d) divided by r2 π .
Or in other words, p percent of all nodes stored in the
neighbor table are out-dated and the nodes are not within
transmission range anymore. In Table II the respective
values are given for transmission radii of r = 250 m
and r = 100 m. The rows and columns indicate time-out
intervals t in seconds and speed intervals [vmin , vmax ] in
meters per second, respectively.
TABLE II
E XPECTED PERCENTAGE OF OUT- DATED NEIGHBORS FOR
r = 250 m/r = 100 m

1
3
5
10

[1/10] m/s
1.45/3.62
4.35/10.85
7.24/18.05
14.46/35.73

[1, 20] m/s
2.45/6.13
7.36/18.35
12.25/30.39
24.40/58.90

[1, 40] m/s
4.25/10.61
12.72/31.52
21.14/51.51
41.67/92.09

Even for a large r = 250 m and for slow vmax =
10 m/s, the percentage of out-dated entries is in the
order of 10% for time-out intervals of 5 s or more. For
very high-speed scenarios with vmax = 40 m/s and long
time-out intervals of 10 s, we may expect more than
40% of the nodes listed in the neighbor table to be
actually unreachable. We can observe that the numbers
out-dated neighbors are almost inverse proportional to
the transmission radius. A 2.5 times smaller transmission
radius thus causes about a 2.5 times higher inaccuracy.
The same proportionality applies also for the relative
speed ES and the number of out-dated neighbors.
The probability of Table II may not be directly mapped
to the probability that the next hop selected by the
routing protocol is unreachable because most of the
protocols select neighbors closest to the destination as
a next hop. The probability to choose an unreachable
neighbor may be even higher since most of the uncovered
area is at the border of the transmission range.

We propose three approaches to minimize the risk to
choose an unreachable next hop from the neighbor table.
For reason of simplicity, each approach is considered
separately, even though it is possible to use them in
combination.
A. Beaconing Strategies
This first proposal directly tries to improve the accuracy of the nodes’ positions in the neighbor table
to better match the actual positions by adapting the
interval between beacons and as well the neighbor timeout interval.
1) Time: For sake of completeness, we mention the
time-based strategy which is applied basically by all
other position-based routing protocols proposed in the
literature. Beacons are transmitted periodically by each
node independent of the movement and the speed of
the nodes which makes this approach susceptible to
very suboptimal chosen beacon intervals. On one hand
side, intervals may be too short and induce unnecessary
transmissions if nodes are almost immobile. On the
other hand, the interval may be too long for highly
dynamic networks with fast moving nodes causing nodes
to forward packet frequently to neighbors out of range,
e.g. two nodes on the highway heading in different
directions may only be within transmission range for a
few seconds.
2) Distance: Each node transmits a beacon if it has
traveled a certain distance from the position where a beacon was broadcasted for the last time. When a node has
moved a certain distance, it is likely that the neighbors
have changed and are not yet aware of this new node. To
prevent from the possibility that a rather immobile node
remains undetected, a time threshold is set after which
a beacon is transmitted in any case independent of the
distance traveled so far. Problems may arise in the case
where nodes move as a group. Only few changes may
happen to the network topology as nodes only marginally
change their locations relative to other nodes and hence
would not need to broadcast beacons frequently.
3) Speed: In the speed-based approach the frequency
of broadcasting beacons is set according to the speed
of nodes. Fast moving nodes transmit beacons more frequently than slow moving nodes. Drawbacks may occur
in the situation if nodes move fast within a bounded area
and thus do not really change their locations. As with the
distance-based strategy, beaconing may be suboptimal
in case of group mobility. We also have to set again
an upper bound for the time interval in order to assure
that stationary nodes also occasionally transmit beacons.
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Problems may arise in both approaches, the speed- and
distance-based, if a fast moving node crosses an area
with rather static neighbors which transmit beacons very
infrequently. The neighbor table of the fast moving nodes
may be very inaccurate and hence it may be difficult to
find a reachable neighbor.
4) Neighbor Time-Out Interval: The neighbor timeout interval is of particular importance as it directly
maps to the accuracy of the neighbor table. It is normally
set to a multiple of the beacon interval to avoid a too
high fluctuation of the nodes in the neighbor table. We
also ran simulations with smaller time-out intervals such
that basically a node is deleted from the neighbor table
after having not received one beacon. In the speed-based
beaconing strategy, we set the time-out depending on the
nodes’ speeds.
B. Estimation of Link Availability
In the second approach, the velocity and direction
of nodes are used to predict the time when two nodes
are not within transmission range anymore. Unlike for
conventional position-based routing algorithms, we do
not only transmit information about a node’s position
in beacons, but also its speed vector, i.e. its velocity
and direction. Thus, a node lists in its neighbor table
all neighbors with their respective positions and speed
vectors. Each entry is labeled with the time when the
beacon was received. When a node at position A has
to transmit a data packet, it calculates the distance to a
neighbor which was located at position B and moving
with speed vector ~b t seconds ago. This node is predicted
to be at position B 0 = B + ~bt. Assuming a circular
transmission range r, the neighbor is no longer reachable
if the distance AB 0 > r, i.e.
|B + ~bt − A| > r

In this case, the neighbor is not selected as a next
hop. This estimation helps to reduce the probability
of selecting an unreachable neighbor. The underlying
assumption is that nodes keep approximately the same
velocity and direction for some seconds which seems to
be reasonable for realistic node movement patterns.
C. Rx Threshold
A possible way to reduce the number or unreachable
nodes in the neighbor table is to restrain the too greedy
selection of next hops. In reality transmission ranges may
be strongly irregular due to obstacles and interferences.
If information from the physical layer is available such
as the power of the received signal, this information may
be used to cope with non-isotropic transmission ranges.

We introduce a safety margin and do not consider nodes
for routing from which a beacon was received with a
power just above the minimal required receiving power.
Only nodes from which beacons are received sufficiently
strong are considered as neighbors. Unlike for beacons,
data packets received at any power level are processed.
VI. P ROTOCOLS
As a representative of a position-based routing protocol, we use GPSR [17]. GPSR also serves as basis for
all proposed enhancements, i.e. only the enhancement
under consideration is modified in the original GPSR.
We consider also a reactive GPSR were nodes only
transmit beacons on demand. Finally, we also discuss
two theoretical versions of GPSR which retrieve perfect
neighborhood information from the global data of the
simulator. The aim is to determine the performance limits
of any position-based routing protocol.
A. GPSR
As the underlying routing protocol, we use GPSR [17]
which is basically an extension of GFG [24] with MAClayer enhancements. A packet is routed in a greedy
manner towards the position of the destination. Each
node selects the node from its neighbor table which
is geographically closest to the packet’s destination.
This process is repeated until the packet reaches the
destination. If a node does not have any neighbor closer
to the destination, it enters perimeter mode and the
packet is routed according to the right-hand rule on the
faces of a locally extracted planar subgraph to avoid
loops and to recover from this local minimum (see [17]
for more details). As soon as the packet arrives at a node
closer to the destination than where it entered perimeter
mode, the packet switches back to greedy routing. It was
shown that this protocol guarantees delivery for static
and connected networks. In Fig. 2, the packet is first
routed in greedy mode to node X, which has no closer
neighbor within transmission range to destination D, and
enters perimeter mode. At node Z, the packet is again
routed in greedy mode.
In accordance with the parameter values chosen
in [17], beacons are sent in 1.5 s intervals and the timeout is set to 6.75 s after which a node is removed from
the neighbor table. Furthermore, the following changes
are implemented in the MAC-layer to optimize and
make IEEE 802.11 more robust in mobile scenarios.
Two operations are triggered, if a packet can not be
delivered on the MAC-layer within the maximum number of retransmission to the next hop (normally seven
retransmission with 802.11), which is an indication that
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the intended recipient has left transmission range. The
unreachable node is removed from the neighbor table
even before the actual neighbor time-out interval and all
further packets with the same next hop already in the
queue for the MAC-interface are removed and passed
back to the routing protocol. Finally, nodes operate in
promiscuous listening mode to receive all packets which
allows to piggy-back beacons on data packets.
B. Reactive GPSR
As already proposed in [17], we make the beacon
mechanism of GPSR fully reactive. Only when a node
has to transmit data packets, it solicits beacons by
transmitting a ”beacon request packet”. Each node overhearing this request transmits a beacon after introducing
a short random delay to avoid that all nodes respond
simultaneously and interfere at the receiver. Only then
the node forwards the data packet to the ”best” neighbor
from which it received a beacon. We implemented this
reactive version to check the performance if a node operates on most accurate neighbor information. On one hand
side the number of out-dated neighbor is minimized, on
the other hand side the latency is increased.
C. Theoretical Optimum of Position-based Routing
We derive two slightly modified versions, called
GPSR bnu (beacons not used) and GPSR bl (beaconless), which use perfect neighborhood information provided by global data of the simulator, i.e. impossible to
realize in reality. To our knowledge, no such ”best-case”
bound analysis for position-based routing has been done
in any previous work. These protocols are introduced
to determine the theoretical limits of any position-based
routing protocol which only uses local information. At
the time a node has to send a packet, the simulator
provides the actual node closest to the destination which

is within transmission range. This information is retrieved from the global data of the simulator where the
current positions of all nodes in the network are stored.
Thus, GPSR bnu transmits beacons but does not use the
information provided through beacons and maintained
in the neighbor table. As neighborhood information is
always correct and all selected hops are within transmission range, GPSR bnu allows quantifying the influence
of inaccurate and out-dated neighbor tables. As stated
before, the periodical broadcasting of beacons has a nonnegligible impact on the performance of the network,
e.g. through collisions with data packets. We further
introduce GPSR bl to identify the impact of the transmissions of beacons. Additional to GPSR bnu, nodes do not
transmit beacons at all in GPSR bl. Perfect positions of
neighbors are again retrieved from global data of the simulator. The performance difference between GPSR bnu
and GPSR bl is an indicator for the performance loss
solely due to the additional traffic caused by beacons.
VII. S IMULATIONS
A. Simulation Setup
Implementation and simulation were conducted using
the Qualnet network simulator. Radio propagation is
modeled with the isotropic two-ray ground reflection
model. The transmission power and receiver sensitivity
are set corresponding to a nominal transmission range of
250m. We use IEEE 802.11b with RTS/CTS operating at
a rate of 2 Mbps on the physical and MAC-layer. Nodes
are placed in a rectangular area of 600m x 3000m. The
nodes move according to the random waypoint mobility
model. We implemented the stationary distribution of the
random waypoint model as described in [25]. Thereby
the simulations do not need an initial warm-up phase,
whose duration is difficult to predict, to reach a stable
state. The simulations last for 900s and data transmission
starts at 180s and ends 880s such that emitted packets
arrive at the destination before the end of the simulation.
The beacons are randomly jittered by 50% of the beacon
interval, in order to avoid possible synchronization of
beacons between neighboring nodes [26]. We have one
CBR traffic flow with 64 Byte packets at a rate of 2
packets per second between a randomly selected source
and destination. We choose this low traffic scenario to
prevent congestion and interference in order to isolate the
effects of the routing protocols. The results are averaged
over six simulation runs. Unless given otherwise, the
pause time is 0 s and the speed interval ranges from 1 to
40 m/s, the number of nodes is 400, and the beacon
interval and the time-out interval is set to 1.5 s and
6.75 s respectively. The minimum speed is set unequal

IEEE INFOCOM 2005

entries in the routing table and are proportional to the
delay in Fig. 4. Therefore, we choose to run all following
comparative simulations for the enhancements to GPSR
with 400 nodes and a pause time of 0 s, unless indicated
otherwise.
1

0.95

Delivery Ratio

0 m/s as otherwise the stationary distribution would be
static [27]. The following subsection VII-B provides
further explanation for the chosen values. The possible
combinations and variations for all the parameters of the
beaconing strategies, the prediction, and Rx threshold
approach, yield a large set of possible simulations. To
limit the number of simulations, each approach was
tested independently of the others because it was not
our intention to identify exactly optimal values for the
parameters, but to find indications for the usability of the
proposed approaches. We ran the simulations for many
more parameter values than given in the next subsections.
Only the most significant results are presented.

8

0.85

B. Identification of an Appropriate Scenario
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Fig. 3.
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0.25
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400 Nodes

0.2

Delay [s]

We first conducted several simulations with the standard GPSR protocol, i.e. with a beacon interval and
neighbor time-out interval of 1.5 s and 6.75 s respectively, to identify scenarios with poor performance such
that the impact of the proposed enhancements can be
observed more easily. In Fig. 3 and Fig. 4, the delivery
ratio and the end-to-end delay are depicted for a speed
interval of [1, 40] m/s. There are three reasons why we
decided to use this high speed interval. First, even though
the speed interval may seem high, the average speed of
the nodes is only about 10 m/s. Second, we wanted
to have a highly challenging scenario for the routing
protocol to observe more definitely the differences in the
results. And finally we consider speed as a proxy for any
kind of topology changes as mentioned in section III.
We ran the simulation also with a speed interval of
[1, 20] m/s. The results are similar, except that the delay
and the packet loss rate are about 30% and 50% lower
respectively.
As expected the performance suffers in case of low
pause times for all different kind of node densities.
The optimum is for 200 nodes what is approximately
111 nodes per square kilometer and the value used
in [17]. In case of 100 nodes the density is too low
and GPSR is not able to achieve a high packet delivery
ratio because packets are often routed in perimeter mode.
More surprisingly is the fact that a higher node density
also causes the performance to suffer. The reason is that
the selected next hop is generally farther away and thus
has a higher probability to have left the transmission
range as explained in section III. Fig. 5 shows the
number of RTS Retransmission caused by a CTS timeout and the number of packets handed from the MAC
layer back to the routing protocol for the scenario with
400 nodes and a speed interval of [1, 40] m/s. These
numbers are directly related to the number of out-dated

0.9

0.15

0.1

0.05

0
0

50

300

900

Pause Time [s]

Fig. 4.

Delay of GPSR

C. Time-based Beaconing Strategy
We tested several beacon intervals from 0.5 s to 5 s
with a neighbor time-out interval which was set to 2
and 4.5 times the beacon interval. The values in Fig. 6
indicate that a neighbor time-out interval of 4.5 times the
beacon interval as proposed in [17] is too long. It always
performs much worse than an only twice as long timeout interval. The performance increases constantly for
shorter beacon intervals such that if battery power and
bandwidth are not an issue, the beacon interval and the
neighbor time-out interval should be chosen very short.
D. Distance-based Beaconing Strategy
In these simulations, a node transmits a beacon after
it has moved 5, 10, 20, and 50 m. Due to the results
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Distance-based Beaconing Strategy
TABLE III
B EACON I NTERVAL AT D IFFERENT S PEEDS

0.6

0.5

0.4

0.8

0.3

Delay [s]

Delivery Ratio

0.9

0.2

Speed [m/s]
1-5
5-10
10-20
20-40

Beacon Interval [s]
2.5
1.5
1
0.5

0.7
0.1

in Fig. 6, which showed that a long beacon and timeout interval decreases performance drastically, we set a
maximal time of 5 s after which a beacon transmitted
even if the node has not yet moved the required distance.
Accordingly also a maximal time-out interval is set to
10 s. The results in Fig. 7 show that the delivery ratio and
the delay remain almost constant for different distance
values with only a slight decrease for distances of 50 m.
Compared to the pure time-based approach with beacon
and time-out interval of 5 s and 10 s respectively, the
packet delivery ratio is increased by 10% whereas the
delay is only slightly reduced.

out interval of the node which sent the beacon and the
node which received the beacons. The rationale behind
this can be most easily understood with an example.
Suppose a fast moving node passing by a static node
and both received a beacon from the other node. The fast
node would have a long time-out interval but the static
node is out of transmission range very quickly and has
to be removed quickly, i.e. within the time-out interval
of the fast node. The same also applies for the static
node which also has to delete the fast node quickly from
the neighbor table. Configuration 3 and 4 are analogous
to 1 and 2 with a twice as long beacon interval, i.e.
with 5, 3, 2 and 1 s. In Fig. 8 the results for these four
configurations are depicted. Especially configuration 2
and 4 which use the minimum of both time-out intervals
show very good results. The delay is reduced to about
100 ms and also the packet delivery ratio is increased to
94% and more.

E. Speed-based Beaconing Strategy

F. Rx Threshold for Beacons

We used the mapping in Table III to assign beacon
intervals to node speeds. We tested four different configurations with two different policies to determine the
neighbor time-out interval. In configuration 1, the timeout interval is set to twice the beacon interval of the
sending node. This value is transmitted with the beacons
such that each receiving node marks the corresponding
entry in the neighbor table with a time when to delete it.
The second configuration uses the minimum of the time-

The minimum required energy for a successful decoding of an incoming signal is set to −81 dBm in
the simulator which equals a transmission range of
250 m with a transmission power of 15 dBm. The Rx
threshold for the beacons was set to −79, −77, −75, and
−75 dBm. In the case of the isotropic two ray radio
propagation model, where the signal attenuates with d14 ,
we can map this power levels to distances of 223, 199,
177, and 158 m. Thus, only beacons from nodes closer

0.6
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Fig. 6.

0.5 /
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2.5 /
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2.0Beacon
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5
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0
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Time-based Beaconing Strategy
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approach in Fig. 6. The increase of the packet delivery
ratio, again compared to Fig. 6, is higher for longer
time-out intervals. Unlike in the time-based approach,
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Speed-based Beaconing Strategy
0.8
0.5 /
1.0

than these distances are processed. This reduces the
probability to select an neighbor out of transmission
range but at the same time also reduces the number of
neighbors. Fig. 9 shows that the values for −79 dBm
are less good than for the other Rx thresholds. Thus,
the RX threshold should not be chosen too close to
the minimal power because the performance benefit is
limited. As -77, - 75, and −73 dBm yield similar results
and the number of neighbors is decreasing for higher
Rx thresholds, which may become a problem in less
dense networks, −77 dBm is the preferred value for our
simulations. Compared to the standard GPSR without
Rx threshold and pause time 0 s of Fig. 3, all of them
improve the delivery ratio by 5% and more. At the same
time the delay is also reduced by approximately 40%.
0.96
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Fig. 9.
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Prediction of Link Availability

the delivery ratio is almost independent whether the
neighbor time-out interval is 2 or 4.5 times the beacon
interval. This implies that prediction allows to reliably
and timely remove nodes from the neighbor table. The
prediction only improves the delivery ratio substantially
for long beacon and neighbor time-out intervals. But in
all cases, the delay is decreased by a factor of at least
four compared to the pure time-based results in Fig. 6.
This is again to the reduced number or required RTS
retransmission, which is in the same order of magnitude
lower.
H. Reactive GPSR

0.2

0.1

Fig. 10.

0.5 /
2.25

0
-73

Rx Threshold for Beacons

G. Estimation of Link Availability
We simulated the GPSR enhanced with the prediction if a neighbor is still within transmission range for
different beacon and neighbor time-out intervals. As we
can see in Fig. 10, the delay is between 20 and 50 ms
compared to 100 and 500 ms of the pure time-based

We implemented the reactive GPSR in the following
way. The node which broadcasts the ”beacon request
packet” waits 4 ms for incoming beacons. Afterwards it
selects, among all nodes from which it received a beacon,
the node closest to the destination. Nodes receiving a
”beacon request packet” jitter the transmission of their
beacons by 2 ms to avoid that all neighbors respond
simultaneously. This reactive GPSR achieved an average
delivery ratio of 96% and an average delay of 138 ms
at a pause time of 0 s. The time saved through the
more accurate neighbor table outweighs the additional
introduced delay of 4 ms at each hop. These results
are promising, especially if we consider that this is a
very basic reactive version where no optimizations are
implemented, e.g. no caching of positions or overhead
packets.
I. Theoretical Optimum of Position-based Routing
In a last step, we would like to compare the performance of all the simulations so far with the theoretical
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optimum what a position based routing algorithm may
achieve. The delay of GPSR bnu and GPSR bl is depicted in Fig. 11 and is an order of magnitude lower
than the delay of the all other simulated protocols, except
for the version with prediction. These results show again
that the by far most severe reason for the increased delay
are the out-dated neighbor tables because GPSR bnu
and GPSR bl always have up-to-date neighbor table and
never select an unreachable next hop. Consequently, no
RTS retransmission were observed for GPSR bl and only
very few for GPSR bnu due to collisions of RTS packets
with beacons. These few RTS retransmissions are also
the reason for the 10% higher delay of GPSR bnu.
GPSR bnu and GPSR bl always achieved 100 percent
delivery ratio (not shown). Thus, inaccurate neighbor
tables are also a main source of packet loss if the network
is not congested. These both protocols are hardly affected
by mobility. The delivery ratio and delay are almost
constant for all pause times.
0.012

Delay [s]

0.009

0.006

GPSR-bnu
GPSR-bl

0.003
0

50

300

900

Pause Time [s]

Fig. 11.

Delay of GPSR bnu and GPSR bl

J. Verification of Theoretical Results
In this section, we briefly verify the consideration
and theoretical results from section III and IV with the
results of the simulations. We focus on one specific
simulation of the standard GPSR with a pause time
of 0 s and 400 nodes. From Fig. 5 we know that
approximately 11000 packets are handed from the MAC
layer back to the routing protocol. Each of these causing
an additional delay of 30 ms on average as explained in
section III. As 1400 data packets are transmitted during
the simulation, the end-to-end delay of each packet is
increased by 11000
1400 · 30 ms ≈ 235 ms. From the results
shown in Fig. 11, we know that actual delay without
RTS retransmission is only 10 ms. The 235 ms + 10 ms
delay correspond to the measured delay of approximately
250 ms in Fig. 4.

From the theoretical results in Table II of section IV,
we would expect for this speed interval and a time-out
interval of 6.75 s that approximately 30% of the next
hops are unreachable. In all the simulations, the average
path length was approximately six hops. As 1400 packets
11000
were transmitted, we have for each hop that 6·1400
≈ 1.3
unreachable nodes are chosen before the packet can be
delivered to the next hop what equals a 55% probability
to choose an unreachable next hop compared to the
predicted 30%. We explain this difference mainly with
the assumption made for the theoretical analysis and the
argument already given in IV that greedy routing more
often selects nodes close to the transmission range which
have a higher probability to leave the transmission range
within the neighbor time-out interval. The possible degree of influence of these factors is difficult to estimate.
VIII. C ONCLUSIONS
In this paper, we first discussed the reasons for and the
possible impact of inaccurate neighbor tables in positionbased routing. The probability that the routing protocol
selects an unreachable node was estimated analytically
which showed that this may happen often, especially for
small transmission ranges, long time-out intervals, and
high node speeds. The simulations support the analytical
result and show that the delay can increase by a factor
of more than 10 due to inaccurate neighbor tables. We
further observed that if a node had perfect accurate
information about its neighbors, no packet loss would
occur in uncongested networks. The different proposed
enhancements to improve the accuracy of the neighbor
tables show very different results. Even though, all
of them improved the performance in terms of delay
and delivery ratio compared to the standard GPSR, the
reactive GPSR, the GPSR enhanced with prediction, and
the speed-based approach show the best results. For low
traffic scenarios where only few packets are sent, the
reactive GPSR seems to be the appropriate choice because it eliminates the proactive broadcasting of beacon
which exists in all the other GPSR versions. This may
be especially important for sensor networks where traffic
is transmitted very infrequently and which have high
requirements on energy consumption. For delay critical
applications in highly mobile network, the predictionbased and speed-based GPSR may be preferred due
to the much shorter delays, up to 5 times compared
to the reactive GPSR. Furthermore, we state that the
neighbor time-out interval should be very short in order
to reduce the risk of out-dated neighbor entries because
false routing decision are a major source of delay and
packet loss. The results of GPSR bl and GPSR bnu
show that the proposed enhancements are a step in the

IEEE INFOCOM 2005

12

right direction but also that they are still far from the
theoretical optimum such that there remains a lot of room
for further improvement. Even if we did not simulate
these approaches under other network conditions like
lower node density and higher traffic load, the main
conclusions should also be valid for other scenarios. To
the best of our knowledge, all position-based routing
protocols proposed in the literature use a simple timebased beaconing strategy. Thus, if this beaconing was
optimized as proposed in this paper, the performance
could be easily improved significantly. We would like to
mention again that it was not the aim of this work to
obtain optimal parameter settings for the different protocols, but only to determine the potential of the proposed
enhancements and mainly to point out by simulations and
theoretical results that inaccurate neighbor tables may
deteriorate severely network performance.
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