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(a) Ideal multi-hop scenario. Top: exact optimal values computed by
JOM. Bottom: FABRIC and LIMERIC+PULSAR
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FABRIC α=1

FABRIC α=2

FABRIC α=6

A α increases,

FABRIC allocation
tends to max� min
fairness

FABRIC makes vehicles in
cluster A use the maximum rate

LIMERIC+PULSAR propagates back the rates allocated
to the most congested cluster

(b) Two clusters of vehicles approaching a traffic jam. Cluster B is in
range of all the vehicles in Cluster A and a fraction of the vehicles in
the traffic jam. A schematic diagram is shown below.

Fig. 3. Beaconing rate versus position in an ideal multi-hop scenario and traffic jam scenario for FABRIC and LIMERIC+PULSAR.

by both one and two-hop neighbors is used as a feedback
signal by LIMERIC. In the particular scenario of Fig. 3a this
behavior can be consistent with achieving max-min fairness.

Fairness. As α increases, the optimal allocation tends
to assign the same rate to all vehicles, trading efficiency
by fairness [7]. Fig. 3a clearly shows how the allocation
becomes flatter as it tends to max-min fairness. It also shows
that the fairness degree of the allocation can be effectively
controlled by FABRIC.

Whether is preferable to set proportional, max-min or
any other α-fairness is a matter of discussion and possibly
application or scenario dependent. For instance, an scenario
like this one may model a traffic jam. Since vehicles at the
edges of the jam may be more exposed to other vehicles
approaching at high speed, it may be desirable to use
proportional fairness since it assigns a higher beaconing
rate at the border vehicles In any case, the key advantage
of FABRIC is that it can be configured with the α parameter
to achieve any of the fairness notions. Moreover, vehicles
can use different fairness goals simultaneously and the
parameters can even be dynamically set.

To emphasize the importance of an adequate selection of
the fairness notion in vehicular networks and its influence
on the safety of users we provide the scenario shown in Fig.
3b as a simple but illustrating example. We have a traffic jam
with a high density of vehicles and two clusters of vehicles
approaching it, separated by a distance of 900 m With a
transmission range of 1000 mW, the three vehicles of cluster
B are in range of both the first 14 vehicles in the jam and
of all the 20 vehicles in cluster A. There are 150 vehicles in
the traffic jam, all in range, resulting in a high congested
channel.

Here the basic approach to fairness of LIMERIC, that
is assigning all vehicles an equal rate, combined with the
PULSAR implementation which uses the maximum CBT
observed within two hops, makes that vehicles in cluster A,
2000 m away and with no congestion in the channel, use the
same beaconing rate of 2.35 beacons/s that vehicles in the
traffic jam. Hence, it unnecessarily reduces the beaconing

rate, which may affect the safety if those vehicles are driving
at high speeds. On the contrary, with FABRIC, vehicles
in cluster A correctly use the maximum beaconing rate of
10 beacons/s, since their channel is not congested at all.
Moreover, the rates used by cluster B vehicles depend on
the choice of α, that is, the fairness notion selected. With
α = 1 the maximum rate is used and as it increases, the rate
is decreased, being equal to the one in the traffic jam (2.608
beacons/s) only when max-min fairness (α = 6) is selected
as expected, and only for the first vehicle in the cluster.

Except for the distances used in the example, it is not
an unlikely scenario which shows the need for mechanisms
that provide well-defined fairness control in vehicular net-
works. FABRIC provides this control as a first step but a
study on the proper applicability of the fairness alternatives
and its dynamical setting is left as future work.

5.3 Realistic scenario with hidden nodes and packet
losses

In this scenario vehicles we use the same positioning as in
Scenario 2 and test the effects of a realistic environment.
The propagation models have been set to free space and
Nakagami-m with path loss exponent equal to 2.5. In both
cases, the transmit power has been set to 251 mW which
results in a transmit range of 531.5 m for free space and
an average of 510.5 m for Nakagami-m [17]. Let us remark
that, with this setting, there are interferences due to hidden
nodes. In fact, in this scenario we can see the effects of MAC
and hidden collisions as well as fading and channel errors
in our model, since it has been simulated with an accurate
802.11p and propagation model, including SINR evaluation
and capture effect.

Beaconing rate. In Fig. 4a we show the allocated beacon-
ing rate for each algorithm. Confidence intervals at 95%
have been computed but, since the maximum radius of
the confidence interval does not exceed 0.05 and 0.3 bea-
cons/s for free space and Nakagami-m respectively, they
are not shown to avoid cluttering the figure. Again, as
α increases the optimal allocation tends to become flat.
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(a) Allocated beaconing rate and CBT versus vehicle position.
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(b) Effective beaconing rate delivered at 250 m, r̂v(250), and average
IRT versus vehicle position.

Fig. 4. Realistic multi-hop scenario at t = 18 s, with Free Space and Nakagami m=3, for FABRIC asynchronous and LIMERIC+PULSAR.

With free space propagation, after 18 s asynchronous FAB-
RIC approximately tracks the optimal allocations (shown
in Fig. 3a, previous section) for α = 1 and α = 2 and
the realistic environment tends to smooth the allocation.
LIMERIC+PULSAR again removes almost all the differences
between node rates. In both cases, FABRIC works properly
in spite of hidden node collisions and interferences.

Fading effects. With fading (Nakagami-m), FAB-
RIC reduces the beaconing rate globally, whereas
LIMERIC+PULSAR increases it. This opposite behav-
ior is due to the different feedback signals used.
LIMERIC+PULSAR uses directly the measured CBT. In this
case, fading results in a decrease of the measured CBT and
hence LIMERIC increases linearly the rate, 5% on average
consistent with an equal lost of packets due to fading
[17]. On the contrary, FABRIC uses the price piggybacked
in received beacons. There is now a chance of receiving
beacons from far away nodes and all received prices are
used to compute the next rate in step 3 of Algorithm 1. In
fact, we have measured an average increase of 10% in the
time-averaged number of neighbors for the fading scenario.
Consequently, the allocated rate is reduced, particularly on
the borders, whereas in the middle nodes, whose number of
neighbors change less, is kept equal.

CBT. The MBL constraint is met for all vehicles and cases
at t=18 s, as shown in Fig. 4a. In fact, we show in next
sections that CBT is below the MBL for most of the vehicles
only after a few seconds. As expected, proportional fairness
(α = 1) provides the more efficient allocation, closer to the
maximum allowable use of the channel, at the cost of less
fairness. LIMERIC+PULSAR is driven by CBT and hence
the reduction due to fading (Nakagami-m) is compensated
by an increase in rates (Fig. 4a), keeping the CBT at the
same level. On the contrary, the effect of fading on FABRIC,
as discussed before, reducing the rates results in a global
reduction of CBT. If necessary, this behavior can be corrected
in the implementation of FABRIC by filtering unreliable
links: using only the reported prices from neighbors whose
beacons are received a certain number of times, for instance.
Testing it has been left as future work.

Performance. To better measure the effectiveness of the
algorithms in a lossy scenario, we define the effective delivery

ratio at distance d, Dv(d) = cv(d)
nS
v
(d) , where cv(d) is the total

number of correctly received copies of a beacon up to a dis-
tance d of the transmitter v and nS

v (d) is the total number of
copies of a beacon whose power is above the sensitivity up
to that distance. That is, Dv(d) indicates how many copies
of a broadcast beacon are correctly received at a distance no
greater than d from the transmitter. We then define effective
beaconing rate at distance d, as r̂v(d) = rvD̄v(d), that is, a
measure of the actually received beaconing rate at a certain
distance of the transmitter. Thus, r̂v is a performance metric
from the point of view of the transmitter. From the point
of view of the receiver we show the average Inter-Beacon
Reception Time (IRT) measured by the vehicles.

From Fig. 4b we see a reduction around 20% to 25% at
250 m, D̄v(250). The losses are mainly caused by collisions
and so the reduction in delivered beacons is more pro-
nounced for the border nodes, whose receivers have more
potential hidden nodes, and is almost equal for all the pro-
posals evaluated. It reflects that the higher rates allocated by
FABRIC at the border nodes are balanced by the lower ones
at the middle nodes in terms of causing hidden-node colli-
sions. For comparison, the same scenario with no beaconing
control, all vehicles transmitting at 10 beacons/s results in a
CBT of 0.9 and 30% of collided packet in the middle section.
The IRT for LIMERIC+PULSAR, since all the vehicles use
practically the same rate, directly shows the losses due to
collisions with Free Space and a mixture of collisions and
fading with Nakagami-m.With FABRIC, it includes all those
effects and adittionally averages the different rates used for
vehicles at different positions. FABRIC actually outperforms
the measured IRT of LIMERIC+PULSAR, except for α = 2
and Nakagami in the midle part of the scenario. The alloca-
tion of FABRIC with high rates at the borders and low ones
in the middle results in fewer collisions and a lower average
IRT.

6 DYNAMIC SCENARIOS

In this section we investigate the FABRIC performance
in dynamic configurations, where vehicles move. We look
mainly at the time evolution of the selected beaconing rate
and CBT. Our goal is to test the ability of FABRIC to perform
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(a) Beaconing rate versus time for a single vehicle approaching the
cluster of vehicles at 32 m/s.
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Fig. 5. Vehicle approaching a cluster of 200 motionless nodes. FABRIC asynchronous and LIMERIC+PULSAR.

smooth transitions from low to high congestion situations
and whether it results in oscillations.

6.1 Single vehicle and traffic jam

The first scenario involves (i) a cluster of statically posi-
tioned vehicles along a 1500 m road segment, using the
same random Poisson positioning of Section 5.3, and (ii) a
single vehicle approaching the cluster, starting 1320 m away
from the last cluster car, and moving at a constant speed
of 32 m/s until it passes the cluster. This configuration can
model different real scenarios such a highway with a traffic
jam in one direction and a single vehicle moving in the
opposite direction. The goal of this configuration is to show
the dynamics of FABRIC in an extreme case where a vehicle
switches from no or very few neighbors to a congested
state, and back again. Let us note that, with the selected
parameters shown in Table 1, a channel can accommodate
approximately 78 vehicles in range at the maximum rate.
The case of a congested cluster approaching another one is
considered in the next configuration. Finally, let us remark
again that MAC collisions, hidden node interference and
propagation errors are present in these scenarios. Since we
are interested in the time evolution of the variables we plot
only the results of one replication (all of them show a similar
evolution).

Beaconing rates. In Fig. 5a we show the time evolution of
the beaconing rate of the moving vehicle for FABRIC and
LIMERIC+PULSAR. Beaconing rates of the cluster vehicles
are not shown since the effect of the single moving vehicle in
their rate is negligible. With both fairness notions FABRIC
can keep the single vehicle at the maximum rate until the
vehicle is in range of at least 78 neighbors, at t = 40.8
s. Afterwards, it reduces its rate according to the state of
the channel in practically the same way as its neighbors
(compare with Fig 4a). This happens both in free-space
and Nakagami-m configurations. In the latter, variations are

smoother in the middle, showing that some earlier pike
effects of packet losses caused by fading are compensated
in the presence of a large number of neighbors (e.g. in
congested areas), and at the same time convergence is faster
since the feedback (number of received prices) is higher. The
effective beaconing rate r̂v(250) shows the same trend that
as in the previous section, with an average drop of 20% at
250 m. In its turn, the moving LIMERIC vehicle reduces
the rate earlier than necessary and recovers it later, even
with free space propagation. Actually it does not recover
the maximum rate until it is completely out of range at
t = 105.8 s. It also shows a characteristic oscillatory be-
havior of LIMERIC+PULSAR [9].

CBT. Finally, Fig. 5b shows the CBT of all the vehicles
for FABRIC with α = 1 . Interestingly, FABRIC quickly
moves rates out of congestion at the beginning. Moreover,
these results which are the time evolution of those in Fig.
4a bottom confirm that it is not necessary to achieve the
optimal allocation to meet the MBL constraint, showing that
after only a few steps at t=4 s, 80% of the vehicles measure a
load below the MBL. In fact, as α increases both beaconing
rate and CBT (not shown in the figure) show a steeper
reaction to congestion, that is, in a congested state vehicles
quickly and abruptly reduce their rates and then increase
them until convergence is achieved.

6.2 Bridge over highway

Finally, we examine a extreme scenario, where a static
cluster of approximately 200 vehicles is set along a 1500
m highway segment oriented north-south (y axis), and it is
crossed at the middle position by another highwaywest-east
oriented (x axis). A bridge is situated at the crossing, so that
the west-east highway passes over the north-south highway.
A moving cluster of 100 vehicles, stretching over 600 m,
moves from west to east at a constant speed of 32 m/s,
starting 1500 m away from the bridge. The moving cluster
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(a) Beaconing rates versus time for the cluster of 100 vehicles crossing
the bridge at 32 m/s. Top: FABRIC. Bottom: LIMERIC+PULSAR
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(b) CBT versus time for the cluster of 100 vehicles crossing the bridge.
Top: FABRIC. Bottom: LIMERIC+PULSAR

Fig. 6. Beaconing rates and CBT versus time for a cluster of 100 nodes crossing a bridge over a highway at 32 m/s. Nakagami m=3 propagation.
FABRIC asynchronous and LIMERIC+PULSAR.

(a) Beaconing rates versus time for the cluster of 200 static vehicles on
the highway. Top: FABRIC. Bottom: LIMERIC+PULSAR

(b) CBT versus time for the cluster of 200 static vehicles on the
highway. Top: FABRIC. Bottom: LIMERIC+PULSAR

Fig. 7. Beaconing rates and CBT versus time for a cluster of 200 static vehicles on the highway. Nakagami m=3 propagation. FABRIC asynchronous
and LIMERIC+PULSAR.

approaches the static cluster, crosses the bridge, and moves
away. For both clusters, the initial position and propagation
configurations have been set as in the previous scenarios:
Poisson and free space and Nakagami-m and again the
transmission range results in hidden nodes. Due to lack of
space, only the Nakagami-m results are shown, yielding to
the same conclusions as the ones for free-space.

In Fig. 6 and 7 we show the time evolution of the
beaconing rates and CBT for all the vehicles in both clusters.
In both cases, FABRIC reduces the rate of the vehicles as the
transmission ranges overlap, but never below 3 beacons/s
in any cluster. Fig. 6a illustrates the evolution of the rate
allocations in the moving cluster. With FABRIC, vehicles at
the rear increase at the beginning their rates, as the front
ones reduce theirs when they are entering the range of the
highway vehicles, and conversely as they move away from
the bridge. The time evolution of the rates of the static
vehicles plotted in Fig. 7a shows how the central vehicles
reduce their rates when the cluster passes and recover them
later. The rate variations are small at the center and higher
at the vehicles on the edges, since the feedback from their
neighbors is weaker. As shown in Fig. 6b and Fig. 7b, FAB-
RIC also succeeds in keeping the channel at an allowable
utilization (approx. 50%). Results for LIMERIC+PULSAR

show again that it tends to assign the same rate to all the
vehicles and exhibits an oscillatory behavior in both rates
and CBT when both clusters are in range of each other.

6.3 Traffic queue

In the previous subsections we have shown worst case
scenarios, where either a large group of vehicles start simul-
taneously from an highly congested state or merge together.
In this last scenario we look at a more likely situation,
where the congestion is building up progressively. Our
goal is to examine the behavior and convergence time of
the algorithms. In Fig. 8 we show the time evolution of
the beaconing rates in an scenario where there is a static
cluster of 76 vehicles all in range of each other. There is
no congestion, since it is below the 78 vehicles transmitting
at maximum rate that allows the MBL. Batches of 3 new
vehicles are added at the origin 700 m away and move at 32
m/s until they reach the end of the queue and then stop. A
new batch is created every 5 s. This scenario may model an
on-ramp where vehicles join a jammed highway.

As can be seen, with FABRIC both vehicles in the jam
and vehicles in the batches keep the maximum rate un-
til they actually contribute to congestion, when they are
in range of each other after 18 s. On the contrary, with
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Fig. 8. Vehicles arrive at a traffic jam in batches, building up a queue.
Beaconing rate time evolution for FABRIC (top) and LIMERIC+PULSAR
(bottom). A schematic drawing is shown below.

LIMERIC+PULSAR vehicles again start reducing the rate
earlier because of the two-hop congested state they are
receiving as feedback from the preceding batch. Regarding
convergence time of the vehicles in the batches, defined
as the time interval elapsed since a vehicle start to re-
duce the rate until it has reached the value of the queue,
FABRIC shows an average of 1.73 s compared to 5.45 s of
LIMERIC+PULSAR.

7 CONCLUSION AND FUTURE WORK

In this paper we model for the first time, to the best of
our knowledge, the problem of beaconing rate control in
vehicular networks as a NUM rate allocation problem. This
modeling opens the door to formally define and apply
fairness notions to beaconing rate allocations in vehicles.
In addition, it provides a mathematical framework to de-
velop decentralized and simple algorithms with proved
convergence guarantees to a fair allocation solution. In this
respect, we have presented a family of algorithms based on
the gradient optimization of the dual of the rate allocation
problem. Within this family, we have proposed the Fair
Adaptive Beaconing Rate for Intervehicular Communica-
tions (FABRIC) algorithm. FABRIC, is a decentralized rate
allocation algorithm with theoretical and empirical conver-
gence properties, which requires limited signaling overhead
between vehicles.

We have validated FABRIC by exhaustive simulations in
both static and dynamic scenarios, for different position dis-
tributions and propagation models. Results show that FAB-
RIC effectively generates fair beaconing rates allocations.
Moreover, only in a few steps, the algorithm is able to move
the rates out of the congestion state and close to the optimal
allocation. Simulations also confirm that the algorithm is
robust against packet losses due to collisions or fading.
Our results have been compared with LIMERIC+PULSAR,
a relevant rate allocation scheme in vehicular networks.

There are still a number of practical considerations and
implementation alternatives that can be evaluated in order
to tune the algorithm. First, the β parameter controls the
convergence speed and the amplitude of fluctuations and

there is a wide range of possible values meeting the conver-
gence condition to test. Second, filtering of unreliable links
may provide a more accurate measurement of congestion
(gradient computation) in fading scenarios. Even the use of
alternative congestion measurements such as the measured
CBT can be tested. We intend to carry out an extensive
evaluation of these matters in a future work.

Additionally, from a more general perspective, we have
shown how different values of the fairness parameter α
result in different allocations, which may be more adequate
depending on the intended application or scenario. As we
discussed with a particular example, a too basic fairness
notion may directly influence the safety of the vehicles.
Therefore, it is necessary to study which is the appropriate
notion of fairness in vehicular networks and whether dif-
ferent scenarios require different notions of fairness. This
is an open question left as future work but a positive
answer implies that it is also necessary a mechanism to
dynamically control fairness. In this sense, one of the key
advantages of FABRIC and our approach is that the fairness
allocations can be controlled with this single parameter.
Moreover, this approach allows to use different values for
each vehicle or even to use totally different utility functions,
which can be both dynamically changed. And vehicles do
not need to know the functions or values used by other
vehicles. Therefore, in addition to the practical utility of
our proposal, in our opinion, one of the main contributions
of this paper is the establishment of the NUM model as
an effective and rich framework for developing beaconing
rate control schemes in vehicular networks. Consequently,
as a future work, we intend to further explore variations of
the discussed problem in the context of vehicular networks.
In particular, a comparative application and evaluation of
alternative fairness notions and the introduction of hetero-
geneous utility functions and constraints in the problem.

Finally, our model also provide support for the quality
of service needs of the applications, which usually require
to control additional variables such as transmit power. In
fact, many recent proposal let the application freely set
minimum values for one or severals variables and then
apply a distributed control for the rest of them over the
remaining capacity, which might results in violations of the
MBL. It is interesting to have a more integrated approach
and so we are working on a reformulation of the problem to
jointly control power and beaconing rate.
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