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ABSTRACT

In Vehicle Safety Communications (VSC) based on IEEE
802.11p, vehicles establish a mutual awareness of their pres-
ence by periodically broadcasting status messages, aka bea-
cons. If vehicle density is high and beaconing is not regu-
lated, the channel can become congested, impairing recep-
tion performance and safety benefit. As a countermeasure,
a number of congestion control approaches have been sug-
gested, adapting transmit (Tx) power, beacon generation
rate (Tx rate), or both. However, in general these ap-
proaches did not show what the optimal outcome for con-
gestion control would be and how and why their solution
would lead to the desired result. In this work, we analyze
answers to the first question and provide a methodology for
the second. We systematically derive a joint power/rate
control strategy for VSC which optimizes reception perfor-
mance for a targeted sender-receiver distance. We start by
laying out why we consider average (or percentile of) packet
Inter-Reception Time (IRT) at the targeted awareness dis-
tance to be a suitable metric for our purpose. Then, we
analyze a wide range of Tx parameters to identify which
combinations optimize reception in a homogeneous scenario.
We show that for each sender-receiver distance, there is an
optimal Tx power which, unlike the corresponding Tx rate,
is independent of node density. In addition, we analyze the
Pareto optimal Tx parameter combinations for two groups of
vehicles with different target distances adapting at the same
time. We show that the majority of these combinations use
the same Tx power as identified in the homogeneous case.
We conclude that a simple and efficient strategy to opti-
mize reception performance is to select Tx power w.r.t. the
targeted distance and to adapt Tx rate w.r.t. channel load.

Categories and Subject Descriptors: C.2.1 [Network
Architecture and Design]: Distributed networks, wireless
communication

Terms: Algorithms, Design, Performance
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1. INTRODUCTION
Vehicle Safety Communications (VSC) based on IEEE

802.11p are envisioned to improve traffic safety by creating
a mutual awareness among vehicles, enabling safety appli-
cations to warn drivers of dangerous situations, especially
potential crashes. In order to make others aware of its pres-
ence, each vehicle periodically broadcasts status messages,
denoted here as beacons, containing its position, speed, head-
ing, etc. Typically, it is assumed that beacons are sent out
at medium to high transmit (Tx) power, e.g., 20 dBm, and
a Tx rate of 10 messages per second, i.e., 10 Hz. With in-
creasing vehicle density, however, the channel can become
congested, impacting reception performance and eventually
the functionality of safety applications.
As a countermeasure, a number of congestion control ap-
proaches for VSC have been introduced, typically applying
Transmit Power Control (TPC), e.g., [9][15][16], Transmit
Rate Control (TRC), e.g., [9][13], or a combination of both,
which we summarize here as joint Transmit Power and Rate
Control (TPRC), e.g., [4][6][17]. The variety of approaches
illustrates that so far no clear preference for one control di-
mension over the other has been established in the commu-
nity. On the other hand, VSC is advancing rapidly toward
standardization and deployment, making it necessary to set-
tle down for one control strategy at some point.
From a sender’s point of view, congestion control in VSC
requires a distributed, real-time selection of Tx parameters,
without the help of message acknowledgements. However,
at the end of the day, what matters for the functionality
of safety applications is what has been received by the rele-
vant neighboring vehicles. For this reason, recent works have
pointed out the need for congestion control to not only pre-
vent the channel from becoming oversaturated, but also to
take into account safety applications’ requirements in terms
of message reception, cf. [6][13][16][17]. In this work, we
therefore take on the view of a receiver and address the fol-
lowing research questions:

1. How can different combinations of Tx rate and power be
compared to each other?

2. Which Tx parameter combinations optimize reception
performance at a certain distance?



3. Which basic control strategy is able to find these optimal
points?

At the core of these questions lies the definition of what “op-
timal”means in this context. For the functionality of safety
applications, a vehicle needs to have a sufficient degree of
“awareness” of its neighbors in order to determine if they
could potentially pose a threat. However, while awareness
is a receiver concept, it can only be controlled by the sender.
When and how often beacons need to be received by which
neighbors depends on the application(s) run by the vehicles
as well as the current driving situation. While the precise
requirements are still an ongoing field of research, it is com-
monly agreed that awareness has both a temporal aspect,
i.e., a maximum tolerable time window between beacon re-
ceptions, as well as a spatial aspect, i.e., a distance within
which beacons should be received, e.g., [3][6][12][15].
In this work, we focus on analyzing and understanding the
fundamental implications of adapting Tx power and rate
on the reception performance at a certain distance rather
than on analyzing the impact on specific safety applications.
For this reason, we use the average packet Inter-Reception
Time (IRT) [5], i.e., the average time interval between the se-
quential reception of beacons for a particular sender-receiver
pair, as a metric for reception performance and evaluate it
with respect to sender-receiver distance. By means of exten-
sive simulations, we evaluate the reception performance for
a wide space of Tx parameters. Furthermore, since the high
variability in vehicle density is a major challenge when con-
trolling Tx parameters, we include different vehicle densities
in our evaluation. Our main contributions are:

1. We provide a detailed analysis of the distribution of IRT
(in a homogeneous environment) and lay out different
ways for optimization. We present the results for average
IRT but also discuss other optimization options.

2. We show that for each target distance from the sender,
there is an optimal Tx power which, unlike the corre-
sponding Tx rate, is independent of node density. We
lay out how these observations can be explained using
the principle of communication density [7].

3. In contrast to previous work which typically focused on
uniform settings for all vehicles, we additionally analyze
the Pareto optimal configurations for two groups of vehi-
cles adapting simultaneously. We show that the Pareto
frontier can be approximated by applying the optimal
Tx power values of the homogeneous scenario.

4. We show that a simple and straightforward control strat-
egy to find the optimal Tx parameters is to choose Tx
power based on the desired target distance and to adapt
Tx rate w.r.t. channel load.

The paper is organized as follows. After discussing the re-
lated work in Section 2, we define the optimization criterion
in Section 3. In Section 4, we present the resulting optimal
parameter combinations with and without channel load re-
striction for homogeneous settings as well as for two groups
optimizing simultaneously. In Section 5, we study the poten-
tial of TPC and TRC to reach the observed optimal points
and introduce our TPRC strategy to overcome the identified
limitations. In Section 6, we discuss an alternative optimiza-
tion criterion, i.e., to maximize T-window reliability [2], as
well as the implications of recent measurement campaign
results. Finally, Section 7 concludes the paper.

2. RELATEDWORK
To date, a significant number of congestion control ap-

proaches for VSC have been introduced, whose comparison
is difficult due to a variety of control strategies and per-
formance metrics. In this section, we limit the review to
approaches which address both optimization objectives, i.e.,
controlling channel load as well as meeting awareness re-
quirements. In particular, we focus on the underlying op-
timization objectives and resulting control strategies. We
kindly refer the reader to [16] for a survey of additional con-
gestion control approaches.
In [6], the authors introduce a beaconing scheme which gen-
erates messages based on the movement of the ego vehicle
and scales Tx range w.r.t. to channel load. The idea is to
ensure a sufficient tracking accuracy for close neighbors and
to extend tracking range if channel load permits.
A similar approach is presented in [13], where the authors in-
troduce situation-adaptive beaconing, a rate control scheme
which generates beacons based on the movement of the ego
vehicle as well as on the current driving context, i.e., the
movement of the vehicle’s neighbors. To control channel
load, the authors suggest to limit Tx power for vehicles with
temporarily high Tx rate.
Another rate-adaptation based approach is presented in [17],
where the authors select Tx power based on the intended
awareness distance in the current driving situation and adapt
Tx rate based on channel load within a maximum and mini-
mum rate, which are also dependent on the driving context.
The host vehicle’s driving context is also the focus of [15],
where the authors analyze the communication requirements
of a sample safety application on a microscopic level and de-
rive a formula to calculate a critical distance before which
at least one beacon has to be received within a certain time
window and with a certain probability. They lay out that
a variety of combinations of Tx power and rate are able to
meet this requirement and suggest choosing the combination
which yields the lowest channel load. In their simulation,
they use a fixed Tx rate and adapt Tx power in order to
achieve the required reliability at the critical distance.
Another study which analyzes the potential of different Tx
parameter setups to meet a sample application’s require-
ments is presented in [18], where the authors conclude that
a joint optimization of Tx rate and power would likely yield
the best results, but do not specify a control strategy.
In [10], the authors suggest to use a randomized Tx power in
order to ensure a frequent beacon reception for close neigh-
bors with a graceful degradation of average reception fre-
quency with distance. Tx rate, on the other hand, is set to
a fixed level. While channel load is not used directly as a
feedback metric, the authors observe a reduction in channel
load as well as an improvement in reception performance at
close distances when comparing the result to a scenario with
maximum Tx power.
The variety of approaches illustrates that, so far, there is
neither a consensus on which metric is appropriate to evalu-
ate awareness nor on how Tx rate and power should be con-
trolled. The objective of this paper is to establish a common
ground on which different control strategies can be compared
and, by doing so, to identify a simple and computationally
tractable way of controlling Tx power and rate in order to
ensure scalability while optimizing reception performance.



3. OPTIMIZATION CRITERION
In any optimization study, the choice of the optimization

criterion is of fundamental importance. In this work, our ob-
jective is to prevent an oversaturation of the channel chan-
nel on the one hand and to optimize reception performance
for safety applications on the other hand. At a closer look,
the first objective follows from the second one, since in an
oversaturated channel, frequent packet collisions and long
channel access times result in a suboptimal reception per-
formance. For this reason, this section focuses on an analysis
of the spatio-temporal requirements of safety applications in
terms of packet reception.

3.1 Spatial aspect
In order to react to a potential collision, a driver needs

to be informed at a sufficient distance from the expected
impact to initiate a maneuver. In other words, the driver
needs to reduce speed to the level of the conflicting vehicle
and if necessary come to a full stop. From a sending vehicle’s
point of view, this means that it has to make sure that its
beacon messages are received within a certain distance which
we denote as target distance dt.
The following formula demonstrates a simplified way how dt
could be calculated, given a vehicle’s speed v and maximum
deceleration a, the speed differential ∆v to its neighbors, a
system latency ts and the driver’s reaction time tr:

dt = max

{

v2

2a
+ (tr + ts)v

∆v2

2a
+ (tr + ts)∆v

(1)

The first part of the formula reflects that the ego vehicle
would like to communicate with all neighbors within its stop-
ping distance in order to alert them of its presence. The
second part of the formula applies for example if the ego ve-
hicle itself is going slow but has neighbors moving at higher
speed. A typical example for such a scenario is a car pool
lane on a U.S. freeway.
The above formula is only meant as an example to demon-
strate that the target distance concept follows from basic
kinematic equations. More sophisticated ways of calculating
target distances for different safety applications can be found
for example in [1] and [15]. For our purpose in this work, the
exact value of dt is not important. What is important is the
existence of such a distance within which reception perfor-
mance should be optimized and that this distance depends
on the driving context. In other words, neighboring vehicles
can have different target distances. Note here that if in the
following we discuss optimizing reception performance at dt,
we thereby assume that reception performance within dt will
be equally good or better, which should be the case given a
reasonably smooth degradation of reception probability over
distance.

3.2 Temporal aspect
To determine the likelihood of a potential crash with a

particular neighbor, a vehicle needs to receive beacon in-
formation from this neighbor on a regular basis. Thus, a
commonly accepted metric to assess the temporal aspect of
awareness is packet Inter-Reception Time (IRT), i.e., the
time between two sequential packet receptions for a particu-
lar sender-receiver pair [5]. Many state-of-the-art awareness
metrics, e.g., T-window reliability [3], application reliability
[15], blackout probability [12], tracking error [6][13], or up-

date delay [10], are directly or indirectly based on IRT.
Since wireless communication is inherently unreliable, the
IRT observed by the receiver depends on the number of suc-
cessively lost packets N . If the probability of packet re-
ception p is assumed to be constant, N follows a geometric
distribution:

P (N = n) = p(1− p)n, n ∈ N (2)

If we additionally assume a constant Tx interval t (and Tx
rate r), it follows that the observed IRT is i = (n + 1)t.
Under these assumptions, the IRT I follows a geometric dis-
tribution with the following PMF and CDF:

P (I = i) = p(1− p)
i

t
−1, i = (n+ 1)t, n ∈ N (3)

P (I ≤ i) = 1− (1− p)⌊
i

t
⌋ = 1− (1− p)⌊ir⌋ (4)

It should be noted here that, while derived differently, the
T-window reliability introduced in [3] corresponds to above
CDF. T-window reliability is defined as the probability of
receiving at least one packet from a particular sender within
a time window T. While not stated explicitly in [3], the floor
function in Equation 4 is required to account for the atom-
icity of packets if i

t
/∈ N. To select the Tx parameter setup

with the highest safety benefit for a particular target dis-
tance, one way could be to choose the one with the highest
CDF value for a particular i. However, this approach de-
pends heavily on the choice of i and assigns no (additional)
benefit to all Tx rates which are not based on multiples of
i. We argue that this approach leads to a black-and-white
view of safety (cf. Section 6.1).
A second potential optimization strategy could be to mini-
mize the inverse function of the CDF, i.e., the kth percentile:

Qk = t

⌈

log(1− k)

log(1− p)

⌉

(5)

The kth percentile, specifying the IRT value below which
k% of the values can be expected, seems like a suitable met-
ric for our purpose. However, the metric is very sensitive
to small changes in p. For example, k=99% and p=0.86467
would result in Q99=t, while for p=0.86466 we would get
Q99=0. Such a sharp cutoff can result in noisy behavior,
which makes a comparison of setups more difficult.
A third option to compare different Tx parameter setups
w.r.t. reception performance could be to use average IRT
which is given by µ = t

p
. While this optimization crite-

rion has the advantage that it does not involve comparing
step functions and thus produces less noisy results, it has
two drawbacks. First, due to the skewness of the geometric
distribution, its mean corresponds to different percentiles.
From a safety point of view, it is therefore difficult to give
a “guarantee”when looking at averages. Second, in contrast
to using CDF and percentile, a comparison based on aver-
ages does not take into account variance.
In summary, there appears to be no ideal metric for our
purpose. Thus, we conducted the optimization study for
all three variants, i.e., maximizing CDF values, minimizing
percentiles and minimizing averages. Except for a difference
in the absolute values of the Tx parameters and more noise
in the results for percentiles, the latter two metrics led us to
the same conclusions w.r.t. control strategy, which we are
going to present in the following. Maximizing the CDF value
for a particular IRT, however, leads to different conclusions,
which we will discuss in Section 6.1.



Table 1: Simulation parameters

Transmit power 0, 2, ..., 30 dBm
Transmit rate 0.5, 1, ..., 4, 5, ..., 20Hz
Vehicle density 50, 100, 200 nodes/km
Total packet size 400Bytes
Data rate 6Mbps
Noise floor -99 dBm
CCA threshold -95 dBm
CWmin 15
Path loss exponent γ 1.85
Propagation model Power-law
Reference loss P0 59.7 dBm
Fading Lognormal (σ=3.2)
Preamble/header capture SINR 5dB
Simulation runs/ RNG seeds 10

4. OPTIMAL TX PARAMETERS
In this section, we analyze a wide range of combinations of

Tx rate and power in order to identify the setup optimizing
reception at a certain distance. For the simulations through-
out this paper, we use the network simulator ns-2.34. Ac-
cording to recent measurement campaigns [8][11], we model
RF propagation as power-law with log-normal fading:

P (d) = P0 − 10γlog10(d/d0) +Xσ (6)

Above, P (d) is the received signal strength at distance d, P0

is the reference loss, γ is the path loss exponent, d0 is the
reference distance, and Xσ is a Gaussian random variable
with standard deviation σ. Table 1 summarizes important
simulation parameters.
In order to analyze and understand the impact of adapt-

ing either control dimension on IRT, we focus on a simple
scenario consisting of a linear road with static even-spaced
vehicles. To exclude border effects, we use a pseudo-circular
configuration, i.e., the last vehicle of the road considers the
first one to be its neighbor and RF propagation is calculated
accordingly. Road length is chosen as the minimum of 10 km
and 3 times carrier sense range, i.e., up to 25 km, in order
to prevent interference caused by the circular setup. We ac-
count for the impact of vehicle movement on channel load
by analyzing three different node densities. The idea is to
identify commonalities in the optimal Tx parameter combi-
nations in order to eventually find a control strategy which
works independently of vehicle density.

4.1 Homogeneous node configuration
In the first step of our search for the“best”communication

configurations, we use a uniform Tx power and rate for all
vehicles. While this setup does not reflect the dependency
of safety applications’ requirements on the driving context,
it helps us to understand the underlying principles.

4.1.1 Observations

Figure 1 illustrates the resulting average IRT for the eval-
uated parameter space of 0 dBm to 30 dBm and 1Hz to 20Hz
for two different vehicle densities ρ (rows of subfigures) and
two different sender-receiver distances d (columns of sub-
figures). The arrows drawn at the zero plane point to the
minimum average IRT observed for this distance and vehicle
density. We can see that for each ρ and d, a different Tx
parameter combination optimizes average IRT.
In Figures 2a and 2b, we have repeated this selection process
for all values of ρ and d and plotted the resulting optimal Tx
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Figure 1: Examples for determining the minimum avg. IRT

rate and Tx power in separate diagrams. It is important to
note here that both figures are meant to be interpreted to-
gether. For example, the setup minimizing average IRT for
50 nodes/km and 100m distance is 18 dBm and 20Hz (cf.
Figure 1a). This result is reflected by an entry of 18 dBm
for 50 nodes/km at 100m distance in Figure 2a and a cor-
responding entry of 20Hz in Figure 2b.
In Figure 2a, we observe that the identified optimal Tx power
for each distance is nearly the same for all vehicle densities.
In contrast, Figure 2b shows a dependence of the optimal Tx
rate on vehicle density. The outliers of the Tx power curve at
close distances for 50 nodes/km and at far distances for 200
nodes/km result from limitations of the parameter space. In
the former case, average IRT is optimized for higher Tx rates
than 20Hz. In the latter case, optimization would require a
higher Tx rate granularity.
Figures 2d and 2e illustrate the resulting optimal Tx power
and Tx rate, respectively, if the 99th percentile of IRT is
used as the optimization criterion. We observe the same
trends, but a higher absolute Tx power and more outliers
due to the comparison of step functions (cf. Section 3.2). In
the following, we focus on average IRT, since it illustrates
the underlying trends more clearly.
The actual minimized average IRT is presented in Figure 2c,
where we observe a significant dependence on vehicle den-
sity. Figure 2f illustrates the corresponding channel load at
which the minimum average IRT was observed, expressed
as Channel Busy Ratio (CBR), i.e., the fraction of time the
channel was perceived as busy by the radio. Except for the
outliers mentioned above, we can see that the optimal Tx
parameter setups share a similar CBR of about 0.9 across
vehicle densities and sender-receiver distances.

4.1.2 Explanation using Communication Density

Communication Density (CD) is a metric to quantify the
input to the channel and is defined as the product of Tx rate,
vehicle density and (deterministic) Tx range [7]. The prin-
ciple of CD states that if Tx power (and RF propagation)
is constant, a scenario with Tx rate r and vehicle density ρ
experiences “the same (or very similar) communication per-
formance” as a scenario with Tx rate k · r and density ρ

k
.
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Figure 2: Identified optimal Tx parameter setups for different metrics (homogeneous setup)

For example, a scenario with 100 nodes/km and a Tx rate
of 4Hz experiences nearly the same per-message probability
of reception p as a scenario with 200 nodes/km and 2Hz, cf.
[7]. While the CD of a scenario is non-trivial to assess, it
can be indirectly quantified by using CBR. Figure 3 illus-
trates the relationship between CD, CBR and goodput, i.e.,
the number of successfully received packets per second and
node (from any sender). The figure was created by calculat-
ing the CD for all combinations in our setup and plotting the
observed quantities accordingly. We can see that goodput
is maximized near 950msg/s, a CD which corresponds to a
CBR of about 0.91. That is, we observe a globally optimal
CD (and CBR) value. Up to this point, we also observe an
unambiguous relationship between CD and CBR. In other
words, CBR can be used to assess the current CD in a sce-
nario without counting vehicles.
Calculating the CD for our identified optimal Tx parameter
combinations yields that they share a CD near the identified
optimum, which is reflected by a CBR of approximately 0.91
(cf. Figure 2f). Given CD and Tx power, the correspond-
ing Tx rate can be calculated from vehicle density. It thus
follows that the identified optimal Tx rate values at a parti-
cular distance have a ratio of about 1:2:4, the ratio of vehicle
densities being 4:2:1 (cf. Figures 2b and 2e). Similarly, a
constant CD and Tx power results in a constant value of p
for a particular distance. Given the ratio of 1:2:4 of the Tx
rates, it thus follows that the minimized average IRT values
have a ratio of 4:2:1 (cf. Figure 2c).

4.1.3 Channel load restriction

While so far, we only observed the resulting CD and chan-
nel load at the optimal points, it may be desirable to restrict
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Figure 3: Communication density vs. channel metrics

channel input further for different reasons. For example, a
certain amount of the available bandwidth could be reserved
for event-driven messages.
In order to find out which implications such a measure would
have on the resulting optimal Tx parameters, we repeated
the analysis for three exemplary channel loads, i.e., 0.3, 0.5
and 0.7 CBR. To do so, we first determined which Tx rates
result in exactly the desired CBR value for each combination
of our 16 Tx power steps and three vehicle densities. Then,
we evaluated which Tx parameter combination minimizes
average IRT for each distance, vehicle density and channel



 0
 2
 4
 6
 8

 10
 12
 14
 16
 18
 20
 22
 24
 26
 28
 30

 0  100  200  300  400  500  600  700  800

T
x
 p

o
w

e
r 

[d
B

m
] 

/ 
T

x
 r

a
te

 [
H

z
]

Sender-receiver distance [m]

Tx power CBR 0.7
Tx power CBR 0.5
Tx power CBR 0.3

Tx rate CBR 0.7
Tx rate CBR 0.5
Tx rate CBR 0.3

Figure 4: Identified optimal Tx parameter setups w.r.t.
channel load (homogeneous setup with 100 nodes/km)

load target. Figure 4 illustrates the optimal Tx parameter
combinations for a fixed vehicle density of 100 nodes/km and
different CBR values. We do not show the results for dif-
ferent vehicle densities here, since the independence of the
optimal Tx power from vehicle density still holds. However,
the comparison of the different channel load targets shows
that the optimal Tx power curve has a negative offset for
lower CBR. This makes sense, since in an environment with
lower channel load and thus less interference, less received
signal strength is required to achieve the necessary SINR
for reception. Thus, we conclude here that the optimal Tx
power depends not only on the desired target distance, but
also on the targeted channel load.

4.2 Optimization for two groups
Up to this point, we assigned a uniform Tx parameter

setup to all vehicles. By doing so, we implicitly assumed
that all of them shared the same target distance dt at which
reception performance should be optimized. However, as
discussed in Section 3.1, this is not necessarily the case. For
example, consider a highway scenario with a traffic jam on
one side of the road and free flow traffic on the other side.
In this case, we would expect the faster vehicles to have a
higher dt than the slow ones. Still, both groups of vehicles
would want to optimize their respective reception perfor-
mance. The question is: Can the results obtained for one
group of vehicles optimizing reception be transferred to two
groups adapting simultaneously?
To answer this question, we split the linear road scenario
used before into two groups with different dt, every other
vehicle along the road belonging to one group. The group
ratio of 50:50 was chosen to avoid bias. Since a complete
evaluation of the parameter space would have resulted in
over 100,000 combinations of Tx rate and power for each
vehicle density, we used a fixed CBR of 0.7 to reduce com-
plexity. More specifically, in a first step we fixed Tx rate
and power for group 1 as well as Tx power for group 2 and
adjusted the Tx rate of group 2 up to 0.7 CBR. In a second
step, we determined the resulting average IRT for the pack-
ets sent by each group (and received by any vehicle at dt).
Unlike the scenario with only one group of vehicles, it is
not straightforward to determine one specific set of Tx pa-
rameters optimizing reception for both groups. In fact, it
depends on how fairness is defined. Depending on driving
context, it might make sense to assign a lower IRT to one of
the groups. In the following, we thus focus on analyzing the

Pareto optimal Tx parameter combinations, i.e., the com-
binations whose average IRT for one group can’t be further
decreased by using another one of the evaluated combina-
tions without at the same time increasing average IRT for
the other group.
Figure 5 illustrates the resulting average IRT as well as the
Pareto optimal points for our two groups of vehicles using
exemplary dt values of 100m and 300m. Note that due to
the symmetry in group size, it does not matter which group
uses which dt and the figure thus summarizes both variants.
The three subplots correspond to different vehicle densities.
Each point in the figure represents a quadruple consisting
of the Tx rate and power of group 1 and the Tx rate and
power of group 2. For example, in Figure 5c the combina-
tion of 2Hz/ 12 dBm for group 1 and 4.24Hz/ 20 dBm for
group 2 results in an average IRT of 0.938 s for group 1 and
0.381 s for group 2 at a vehicle density of 200 nodes/km. The
Pareto optimal points are indicated by medium sized dark
blue filled circles along the lower border of the cloud of dots.
Figure 6 presents a parallel coordinate plot of the Tx para-
meter quadruples resulting in a Pareto optimal allocation
in our example. The figure consists of four axes and con-
nects each quadruple with a very thin line. Vehicle densities
are indicated by color. We observe that while the figure
contains the entire spectrum of Tx rates, there are concen-
trations of Tx power near 12 and 14 dBm for the group with
dt=100m and 20 dBm for the group with dt=300m. In fact,
approximately 80% of the Pareto optimal configurations use
a combination of these Tx power values. If we take a look
back at Figure 4, we can see that for a CBR of 0.7, we had
identified a Tx power of 12 dBm and 20 dBm to be optimal
for dt=100m and dt=300m, respectively.
In Figure 5, the data points using a combination of 12 dBm
and 20 dBm are highlighted with large green circles. We can
see that by interpolating these points, we can approximate
the Pareto frontier, i.e., the border between feasible and un-
feasible allocations. Scaling Tx rate accordingly, we could
theoretically reach all points along this line. To illustrate
this concept, three exemplary data points are explicitly la-
beled in Figure 5c. It is interesting to note here that the
combination using 6Hz/2.78Hz is the one which is closest
to the optimal Tx rates identified for the homogeneous case
(and scaled using the principle of CD, cf. Section 4.1).
In Figure 5c, we also observe that some points were clas-
sified as Pareto optimal, even though they are not directly
located at the Pareto frontier. This discrepancy results from
the limited granularity of our setup and is one of the main
reasons why 20% of the identified Pareto optimal points use
other Tx power values. Another reason can be observed in
Figure 5a, where the maximum Tx rate of 20Hz prevents
the combinations using 12 dBm/20 dBm from extending to
the upper part of the figure.
While so far we focused on two exemplary values for dt for
clarity of presentation, Figure 7 illustrates the ratio of the
Pareto optimal points using a combination of the preiden-
tified optimal Tx power values for different combinations
of dt. We thereby allowed a tolerance of ±2 dB, which is
the granularity of our setup. We can see that the majority
of Pareto optimal points, up to 100% in some cases, uses a
similar Tx power as optimal in the homogeneous setup. The
discrepancies can largely be atributed to the limited number
of evaluated configurations as laid out above.



 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1

A
v
g

. 
IR

T
 [

s
] 

fo
r 

g
ro

u
p

 2
 (

d
t 
=

 3
0

0
m

)

Avg. IRT [s] for group 1 (dt = 100m)

All combinations
Pareto optimal combinations

Group1: 12dBm/ Group2: 20dBm

(a) 50 nodes/km

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1

A
v
g

. 
IR

T
 [

s
] 

fo
r 

g
ro

u
p

 2
 (

d
t 
=

 3
0

0
m

)

Avg. IRT [s] for group 1 (dt = 100m)

All combinations
Pareto optimal combinations

Group1: 12dBm/ Group2: 20dBm

(b) 100 nodes/km

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1

A
v
g

. 
IR

T
 [

s
] 

fo
r 

g
ro

u
p

 2
 (

d
t 
=

 3
0

0
m

)

Avg. IRT [s] for group 1 (dt = 100m)

2Hz/12dBm,
4.24Hz/20dBm

4Hz/12dBm,
3.53Hz/20dBm

6Hz/12dBm,
2.78Hz/20dBm

All combinations
Pareto optimal combinations

Group1: 12dBm/ Group2: 20dBm

(c) 200 nodes/km

Figure 5: Joint optimization for two intermixed groups of vehicles with different target distances (example)
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5. CONTROL STRATEGIES
In this section, we discuss the potential of different control

strategies to approximate the optimal Tx parameter combi-
nations identified earlier. First, we give an example why the
simplest form of control, i.e., assigning a fixed parameter set
to all vehicles, is not sufficient. Even though we expect sub-
optimal results from such an approach, we give the example
to quantify the impact on reception performance and to in-
troduce the evaluation methodology. Next, we lay out why
neither TPC nor TRC alone supports optimizing reception
performance individually for each vehicle based on its target
distance dt. We conclude by introducing a joint power/rate
control strategy which is able to overcome this limitation.
It should be noted here that the results presented in the fol-
lowing correspond to the optimal outcome for each strategy
based on global knowledge. The results for a decentralized
protocol may vary.

5.1 Without adaptation
In the simplest case, we could assign a fixed set of Tx pa-

rameters to all vehicles, i.e., without applying any control at
all. To give an example, Figure 8 illustrates the difference
in average IRT between a fixed setup of 5Hz and 24 dBm
and the global minimum identified in Section 4.1. Thereby,
Figure 8a shows the actual average IRT, while Figure 8b
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Figure 7: Ratio of Pareto optimal setups using the Tx power
(±2 dB) identified as optimal in the homogeneous case

illustrates the difference to the global minimum. We ob-
serve that while for 100 nodes/km and a distance of 300 to
400m, the resulting average IRT is a good match for the op-
timal outcome, a vehicle with smaller dt would not be able
to optimize its reception performance. We also see subop-
timal performance for both of the other vehicle densities.
The result is worst for 200 nodes/km, where the minimum
difference to the optimal value is 122ms. At the resulting
CD of 1848msg/s, the channel is significantly overutilized.
That is, to use the channel efficiently, an adaptation of Tx
parameters is necessary to keep CD at its optimal level when
vehicle density changes.

5.2 Transmit Power Control (TPC)
In TPC, Tx rate is typically set to a fixed value for all

vehicles, e.g., 10Hz, while Tx power is adapted w.r.t. chan-
nel load. Previously, we saw that each Tx power optimizes
reception at a certain distance from the sender. Thus, by
applying TPC, we implicitly base the distance at which re-
ception is optimized on vehicle density. This distance may
or may not be in line with a vehicle’s dt.
Figure 9 illustrates the difference in average IRT between the
global optimum for a particular distance and the minimum
average IRT among the configurations using one of four ex-
emplary fixed Tx rates. The two subfigures correspond to
different vehicle densities. In both figures, we observe that
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Figure 9: Tx Power Control: Difference to optimal result

there is no fixed Tx rate which is able to approximate the
globally optimal values for all distances. A low Tx rate re-
sults in a significantly higher average IRT at close distances,
while a high Tx rate does not allow extending Tx power to
optimize for further distances. By comparing the two fig-
ures, we can see that with increasing vehicle density, the re-
gion providing near-optimal reception performance becomes
smaller and is moved closer to the sender. In other words,
the reception performance at a vehicle’s dt depends heavily
on how many others are in its neighborhood.

5.3 Transmit Rate Control (TRC)
Analogously to Figure 9, Figure 10 illustrates the differ-

ence in average IRT if Tx rate is optimized for a fixed Tx
power, i.e., if TRC is applied. By selecting a particular Tx
power, TRC determines a priori at which distance reception
performance will be optimized. In terms of safety, this im-
plicitly assumes that all vehicles share the same dt.
In the figure, we can see that the distance at which recep-
tion performance is optimized does not change with vehicle
density, which makes the outcome at dt more predictable
than with TPC. However, there is no fixed Tx power which
covers the globally optimal points for every distance. To im-
plement TRC, we would have to choose a maximum tar-
get distance dt,max and select Tx power accordingly, e.g.,
24 dBm for dt,max =300m. Consequently, vehicles with a
shorter dt would then experience suboptimal reception per-
formance at close distances, which are typically considered
to be particularly safety critical. The degree of suboptimal-
ity would depend on vehicle density.

5.4 Suggested joint Power/Rate Control
Between TPC and TRC, the latter seems like the better

choice if we want to optimize reception performance at a
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Figure 10: Tx Rate Control: Difference to optimal result
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Figure 11: Suggested strategy: Difference to optimal result

particular target distance. However, as we have seen there
is room for improvement if dt differs between vehicles. In
fact, the channel could be used more efficiently if vehicles
set their Tx power to the value which is optimal for their
current dt. We thus suggest the following control strategy:
Select Tx power based on dt and adapt Tx rate w.r.t. chan-
nel load. Basically, the suggested strategy is an extended
version of TRC which on the one hand reduces unnecessary
interference caused by excessive Tx power and on the other
hand ensures that each vehicle is able to reach its respective
dt. When dt changes, TPC is applied to adjust Tx power
accordingly.
For TRC, we assume the existence of a maximum and a
minimum Tx rate. On the one hand, the additional safety
benefit from receiving beacons is likely to decrease with up-
date frequency, e.g., in terms of additional tracking accuracy.
While the maximum Tx rate is typically set to 10Hz, it may
also be an option to select it dynamically based on traffic
situation. On the other hand, a vehicle’s driving context
may result in a maximum tolerable IRT imax [1][15]. If such
a value is given, it does not make sense to apply a Tx rate
lower than (imax)

−1. If no such value is given, a minimum
Tx rate may still be set to notify newly arriving neighbors.
The existence of a minimum Tx rate requires our joint con-
trol strategy to have a fallback mechanism when a vehicle
can’t reduce its Tx rate any further and channel load is still
too high. In such cases, we suggest to reduce Tx power to
ensure communication with close neighbors. When chan-
nel congestion has been resolved, we first increase Tx power
back to its optimal value before adapting Tx rate.
The basic functionality of the suggested control strategy is
summarized in Algorithm 1, where r, rmin and rmax denote
the current, min. and max. Tx rate, respectively, l and lmax

are the current and max. channel load, Pt is the current Tx



Data: min. Tx rate rmin, max. Tx rate rmax, target
distance dt, max. channel load lmax

r = rmin; Pt = f(dt, lmax);
while congestion control active do

get l;
if l < lmax then

if Pt < f(dt, lmax) then
Increase Pt;

else

if r < rmax then

Increase r;
end

end

else

if r > rmin then

Decrease r;
else

Decrease Pt;
end

end

end

Algorithm 1: Basic functionality of the suggested joint
power/rate control strategy

power and f is a function or lookup table to determine Pt

for a particular distance and channel load limit. It should be
noted here that the pseudocode is intended as a rough out-
line rather than a concrete protocol. In particular, the way
Tx rate is increased and decreased could be realized in dif-
ferent ways, with the option of addressing different fairness
notions (cf. the Pareto optimal points in Section 4.2). A
concrete protocol implementing the suggested control strat-
egy can be found in [17].
Figure 11 illustrates the difference between the globally op-
timal average IRT and the result using the suggested joint
TPRC strategy. The two subfigures correspond to different
minimum Tx rates. To create a lookup table for Tx power,
we averaged the optimal Tx power values identified for our
three vehicle densities (cf. Figure 2a). For rmin =1Hz, we
can see that the suggested approach efficiently approximates
the optimal performance for all three evaluated vehicle den-
sities. The outliers near 600m result from the limited gran-
ularity of our setup, which caused the optimal Tx power
identified for 200 nodes/km to deviate from the average op-
timal Tx power. For rmin =3Hz, we can see that the strat-
egy optimizes reception performance up to the distance the
channel permits.

6. DISCUSSION
In this section, we address two potential limitations of the

presented optimization study. First, we discuss which con-
clusions we would draw based on an alternative optimization
criterion, i.e., maximizing T-window reliability. Second, we
address the impact of different channel models, especially
w.r.t. non-line of sight (NLOS) conditions.

6.1 Optimization of T-window reliability
A frequently applied way to assess the safety benefit asso-

ciated with a particular Tx parameter setup is to evaluate
the resulting T-window reliability, i.e., the probability of re-
ceiving at least one packet from a particular neighbor within
a time window T, e.g.,[1][3][10][12][15]. As discussed in Sec-

tion 3.2, T-window reliability corresponds to the CDF of
IRT for i=T. For the purpose of our study, we thus consid-
ered the maximization of the CDF for a particular IRT i at
dt as an optimization criterion.
However, such an optimization criterion would assume a bi-
nary transition between “safe” (a packet is received within
i) and “unsafe” (no packet is received within i). If taken lit-
erally, this sharp cutoff implies that any IRT of i+ ǫ, ǫ → 0,
does not provide any safety benefit at all. On the other
hand, it implies that an IRT smaller than i does not provide
any additional benefit. From a safety point of view, we ar-
gue that it makes sense to use i as a minimum performance
requirement, but a further reduction of IRT could have addi-
tional safety benefit, e.g., improving tracking accuracy. We
thus consider a graceful degradation of safety benefit from
a minimum IRT to a maximum IRT to be more realistic. In
addition, the required IRT i depends on the traffic situation
and can thus be expected to change frequently over time.
From an optimization point of view, the CDF of IRT as
presented in Equation 4 can be increased by either using a
higher multiple of the required IRT i for the Tx interval t or
by increasing the probability of packet reception p. When
applying this criterion to our study, the resulting optimal
Tx rate values are based on multiples of i. However, neither
Tx power nor Tx rate show a consistency of the optimal
choices across vehicle densities. A control strategy to find
these optimal points would thus require a perception of the
current vehicle density and the trade-off in terms of channel
load between increasing Tx rate by xHz and increasing Tx
power by y dB. However, this trade-off would require both
an accurate model to predict channel load as well as the
potential to tune Tx power in a fine granular way.

6.2 Channel models and measurements
For the simulation study in this work, we took special care

to make use of a realistic propagation model based on the
results of state-of-the-art measurement campaigns [8][11].
We also validated that the independence of the optimal Tx
power of node density is true for other types of fading as
well, e.g., Nakagami with different m-parameters. Still, sim-
ulations have their limitations when it comes to modeling
all possible influencing factors encountered in a real-world
environment. One of such aspects could be the change be-
tween LOS/NLOS conditions encountered not only due to
buildings but also due to trucks and other mobile objects.
In other words, the probability of reception p might not
be constant. In [12], the authors conducted a measurement
campaign in different environments and found the geometric
distribution to be a poor match for the obtained IRT results.
However, it is not clear whether the authors evaluated if a
geometric distribution matched their results for either LOS
or NLOS. In [14], the authors found the measured IRT in
both urban and highway scenarios with LOS obstructions
to be sufficiently well approximated by a geometric distri-
bution to apply the T-window reliability concept.
As for the TPRC strategy introduced in this paper, an un-
predictable change in LOS/NLOS conditions and thus p
could be countered by choosing Tx power based on NLOS
when in doubt. In LOS conditions, reception performance
would then be better. The change in LOS conditions can
also be seen as a further indicator why it could be beneficial
to use a higher Tx rate than absolutely necessary, since it
would increase the chances for LOS transmissions.



7. SUMMARY AND CONCLUSIONS
A major challenge in the process of bringing VSC from

theory to practice is to ensure scalability while not sacrific-
ing the functionality of safety applications. While a number
of congestion control approaches for VSC have been intro-
duced, they are difficult to compare due to varying opti-
mization objectives and evaluation methods. In this work,
we have taken one step back and studied the underlying fun-
damental optimization problem, i.e., how Tx power and Tx
rate of periodic beacon messages can be adapted in order to
prevent channel oversaturation on the one hand and to op-
timize reception performance for safety applications on the
other hand.
We started off by analyzing the spatio-temporal characteris-
tics of awareness and laid out why we consider the average or
kth percentile of IRT at a target distance dt to be a suitable
choice to assess the safety benefit associated with a parti-
cular Tx parameter setup. In the next step, we analyzed a
wide parameter space of Tx rate and power in different ve-
hicle densities to identify the combinations which minimize
average IRT at each sender-receiver distance. We observed
that for each distance and channel load target, there is a
particular Tx power which optimizes reception performance
independently of vehicle density. Furthermore, we showed
that the same Tx power values can be used to approximate
the Pareto optimal points for two (groups of) vehicles opti-
mizing average IRT simultaneously for different dt. In the
last step, we evaluated the potential of TPC and TRC to
approximate the identified optimal Tx parameter combina-
tions. We showed that with both control strategies, signif-
icant compromises have to be made in terms of reception
performance if different vehicles want to optimize for differ-
ent dt. To overcome this limitation, we suggested a joint Tx
power/ rate control strategy which follows directly from the
identified characteristics of the optimal Tx parameter com-
binations. Basically, the suggested strategy is an extended
version of TRC which sets Tx power to the value which is
optimal for the current dt of the individual vehicle. TPC is
applied to adjust Tx power when dt changes and as a last
resort if the minimum Tx rate is already reached and chan-
nel load has to be further reduced.
The main advantage of the suggested joint optimization strat-
egy is that it efficiently approximates the identified optimal
Tx parameter configurations for a given channel load target
and dt while reducing complexity due to its independence of
vehicle density. It should be noted here that if the safety
applications run by a vehicle require the optimization of
reception performance at more than one dt, the approach
could be extended accordingly, e.g., by running multiple in-
stances with different dt simultaneously. Another advantage
of the suggested TPRC strategy is that by applying TPC as
a secondary mechanism, it is less dependent on a fine granu-
lar tuning of Tx power than pure TPC approaches. Since a
precise control of the realized output power is challenging in
an actual implementation, it may be an option to use rather
coarse settings such as “low”, “medium” and “high”.
While we believe that the suggested control methodology
provides a simple, efficient and practical approach to realize
congestion control in VSC, more research w.r.t. the precise
spatio-temporal requirements of safety applications as well
as the distribution of IRT in different real-world environ-
ments is required to make a final judgment. In any case, the
analysis and insights presented in this paper contribute to

the understanding and the theory of congestion control for
VSC and may be useful as a common ground to classify and
evaluate different approaches. A concrete protocol named
PULSAR which implements the suggested control strategy
can be found in [17].
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