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Abstract—Decentralized Congestion Control (DCC) is a key
mechanism for guaranteeing scalable and reliable Vehicle-to-
Everything (V2X) communications, especially in dense traffic
scenarios. Despite several analytical and simulation-based studies,
extensive experimental evaluations with real V2X hardware
of complete standard-compliant DCC implementations remain
limited. This paper presents an experimental assessment of DCC
based on a fully standard-compliant, open-source implementation
integrated into the OScar V2X software stack. The proposed
system implements the complete DCC architecture, including
Access-Layer (DCC ACC), Network-Layer (DCC NET), and
Cross-Layer (DCC CROSS) components, and is evaluated using
a controlled laboratory testbed composed of nine On-Board Units
(OBUs), each carrying three instances of the protocol stack,
emulating a realistic vehicular scenario with vehicles traveling
as a platoon. Mobility and perception dynamics are faithfully
reproduced through the replay of traces collected during real-
world highway driving experiments. Experimental results under
varying network load highlight the effectiveness of adaptive and
reactive congestion control algorithms in maintaining channel
stability and reliable message dissemination, while also revealing
practical performance trade-offs in dense vehicular environ-
ments.

Index Terms—V2X, Vehicular networks, Congestion Control,
DCC, Field tests

I. INTRODUCTION

Vehicle-to-Everything (V2X) communications enable co-
operative driving and road safety applications by supporting
periodic and event-driven information sharing among vehicles
and infrastructure. As traffic density increases, the resulting
communication load creates channel congestion, reliability,
and end-to-end latency. European Telecommunications Stan-
dards Institute (ETSI) standardized Decentralized Congestion
Control (DCC) [1] to address these issues by using the
Channel Busy Ratio (CBR) to dynamically adapt transmis-
sion parameters to locally and remotely observed channel
conditions, ensuring scalable and stable channel access in
dense ITS-G5 scenarios. Although widely studied through
simulations and analytical models, experimental evaluations of
complete standard-compliant implementations remain limited,
especially across different parameter sets standardized by ETSI
and profiled by the CAR 2 CAR Communication Consortium
(C2C-CC); most existing work relies on simplified assump-
tions, a single parameter set, or partial implementations.

In this paper, we present an experimental evaluation of the
ETSI DCC framework implemented in Open Stack for car
(OScar) [2], a fully open-source1 and ETSI-compliant V2X
software stack. Our contribution includes the implementation
of the complete DCC architecture, encompassing the Ac-
cess Layer, Network Layer, and Cross-Layer components [1],
[3], [4]. The system is evaluated using a controlled labora-
tory testbed composed of nine customizable On-Board Units
(OBUs), emulating up to 24 vehicles. Realistic mobility and
perception dynamics are reproduced through replay of traces
collected from real-world driving sessions, while configurable
background traffic is injected to emulate varying congestion
levels. Experimental results are obtained with different param-
eter sets and provide insights into the effectiveness and lim-
itations of the congestion control mechanisms under realistic
traffic loads. This contributes to a deeper understanding of the
behavior of DCC in dense vehicular environments.

The main contributions of this paper can be summarized as
follows:

• Implementation of a fully ETSI-compliant DCC architec-
ture integrated into the open-source OScar V2X stack;

• Design of a scalable and reproducible experimental
testbed, capable of emulating dense vehicular scenarios
using real-world mobility and perception traces;

• Comprehensive experimental evaluation of DCC perfor-
mance under controlled congestion conditions, providing
insights into system behavior and practical deployment
considerations.

The remainder of the paper is organized as follows. Sec-
tion II reviews the related work. Section III describes the
implemented DCC architecture. Section IV details the ex-
perimental setup and methodology. Section V presents the
experimental results, and, finally, Section VI concludes the
paper.

II. RELATED WORKS

DCC has been extensively studied as a fundamental mech-
anism to ensure scalable and reliable V2X communications in
dense traffic scenarios.

1https://github.com/DriveX-devs/OScar



Several works overview ETSI DCC and its operation. The
survey [5] provides a taxonomy of DCC methods, contrasting
standardized reactive mechanisms with adaptive and machine-
learning-based approaches for high-density scenarios. Most
studies are simulation-based: [6] reviews the main DCC mech-
anisms and evaluates them in IEEE 802.11p and LTE-V2X,
discussing adaptation of transmission power, transmission fre-
quency, and modulation to maintain scalability and reliability.
Complementing these, [7] shows experimentally that differ-
ent parameter sets lead to markedly different convergence
and stability for the adaptive mechanism, while Lyamin et
al. [8] analyze the reactive state machine and CBR thresholds,
highlighting the impact of system-level application parameters.
Overall, both adaptive and reactive strategies depend strongly
on configuration and context.

Different control strategies have also been explored. In [9], a
comparison between LIMERIC (message-rate) and PDR-DCC
(data-rate) shows that data-rate control achieves higher packet
delivery ratios in high-density scenarios by minimizing chan-
nel occupancy time, and suggests a hybrid approach for
safety-critical communications. Similarly, [10] reports that
PDR-DCC performs better at short ranges, while LIMERIC
is more effective as distance increases, highlighting trade-offs
among awareness range, packet delivery ratio, and channel
occupancy. Sepulcre et al. [11] evaluate packet dropping–based
congestion control in ETSI DCC, showing that while dropping
reduces channel load and improves radio-level communication,
it can degrade application-level performance because dropped
packets are not delivered to nearby vehicles. Thandavarayan
et al. [12] similarly show that Access Layer DCC alone can
increase latency and reduce perception timeliness, whereas
combining access and facilities layer control improves cooper-
ative perception. A practical DCC implementation is presented
in [13] using four Raspberry Pi devices. Two devices transmit
Cooperative Awareness Messages (CAMs) at a fixed 5 ms
period, instead of ETSI CAM generation rules, thus emulating
about 20 vehicles; no standard stacks such as OScar [2] or
Vanetza [14] are used. The other two devices run a patched
iperf with different Access Categories to generate controlled
interference, enabling a low-cost evaluation of DCC but lim-
iting realism and interoperability.

In this work, we extend these studies with a standard-
compliant experimental evaluation of ETSI DCC in a con-
trolled laboratory testbed, providing empirical insights beyond
simulation-based analyses.

III. DECENTRALIZED CONGESTION CONTROL
IMPLEMENTATION

DCC is defined by ETSI to guarantee scalable and reliable
communication in vehicular networks by preventing channel
congestion through dynamic adaptation of transmission param-
eters (e.g., maximum transmission power and minimum inter-
packet time) based on locally observed channel conditions.
DCC is specified as a cross-layer function operating across the

Access and Network layers of the ITS-G5 protocol stack [1].2

Channel congestion is measured through the CBR, i.e., the
fraction of time the channel is busy, due to local transmis-
sion/reception or sensed power above a threshold. In our im-
plementation, CBR is derived from channel utilization statis-
tics exposed by the Linux kernel via the netlink Application
Programming Interface (API). We rely on MAC-layer busy-
time measurements reported by the IEEE 802.11p subsystem,
using the same mechanism as the iw tool to retrieve channel
survey information [15].

By periodically querying netlink, the stack computes CBR
as the ratio between total channel busy time within an obser-
vation interval and the interval itself, as foreseen by ETSI [1].
This provides a lightweight, standards-compliant estimate of
channel occupancy without hardware-specific extensions or
driver modifications.

Three closely integrated components are defined by
the ETSI standard: DCC ACC [1], DCC NET [3], and
DCC CROSS [4]. While DCC ACC and DCC NET imple-
ment the main congestion control mechanisms at the access
and networking layers, DCC CROSS primarily acts as a
coordination interface for sharing parameters across layers.
Therefore, the following sections will focus on DCC ACC
and DCC NET. Together, these components enable control of
channel access behavior and network-layer message handling,
while maintaining consistency across layers. This design fa-
cilitates extensibility and experimentation within open V2X
stacks.

A. DCC ACC: Access Layer Congestion Control

The DCC at the Access Layer serves as a gatekeeper
for the upcoming messages sent by the upper layers. It
implements a combination of prioritization, queuing, and flow
control mechanisms to regulate channel access and reduce
channel load under dense scenarios. Incoming packets are
first classified according to four DCC Profiles (DP0–DP3),
with DP0 having the highest priority. Each profile maps to
a separate queue, which follows a First-In-First-Out (FIFO)
policy. Packets exceeding their lifetime or arriving when the
queue is full are dropped, preventing excessive congestion.
Flow control schedules packet transmissions on the wireless
medium by prioritizing higher-priority queues, which may
cause starvation of lower-priority traffic. To regulate the overall
transmission rate, DCC ACC applies one of two ETSI-defined
approaches, reactive or adaptive:

• The reactive approach uses a state machine where states
correspond to CBR ranges. Each state defines trans-
mission parameters, including the inter-packet interval
Toff and the maximum transmission power. Higher CBR
drives the system toward more restrictive states, reducing
the transmission rate and dropping excess packets; how-
ever, reactive DCC can suffer from stability issues and
coarse adaptation under highly dynamic conditions.

2In the ETSI documents, the DCC architecture includes also facilities-layer
functionalities, which are, however, not specified.



• The adaptive approach applies a linear control process.
It periodically updates an internal transmission fraction
parameter δ based on the expected transmission time Ton,
the CBR, and the desired channel occupancy (CBR Tar-
get); Toff is then updated from δ. This provides smoother
adaptation, better channel stability, and higher throughput
than the reactive approach [16].

Further details on the underlying equations, parameter def-
initions, and configuration guidelines are provided in [1].

B. DCC NET: Network Layer Congestion Control

In the latest standardized versions of GeoNetworking [3],
the sharing of CBR is mandatory through the GeoNetworking
header. Accordingly, ETSI defines the DCC Network compo-
nent, which provides additional congestion control functional-
ities for ITS-G5 by leveraging the CBR sharing mechanism,
whose use is recommended in [1]. DCC NET extends local
congestion sensing by maintaining and exchanging multiple
CBR state variables, including locally measured values as
well as CBR information received from one-hop and two-hop
neighbors. These CBR values are stored in dedicated tables
containing congestion-related information, transmit power, and
received Received Signal Strength Indicator (RSSI).

Based on CBR locally measured and CBR values received
from neighbors, each station periodically computes a global
CBR (i.e., CBRG), combining information from up to two
hops to capture congestion beyond the local transmission
range. Specifically, for each station, the mean and maximum
CBR values from one-hop and two-hop neighbors are cal-
culated. For each hop, if the mean of the received CBRs
exceeds the CBR Target, the maximum observed CBR is
selected as the representative value (e.g., CBRL1 for one-hop,
CBRL2 for two-hop); otherwise, the second-highest values
are chosen. The CBRG is then obtained as the maximum
among the previously measured local CBR, CBRL1, and
CBRL2. By doing so, each station can capture congestion
beyond its local transmission range and adapt its transmission
behavior to ensure timely and reliable delivery even under
high network load. This computation is performed every 100
ms and is intended to mitigate issues such as hidden nodes
and asymmetric sensing. When available, the CBRG can be
used by the DCC ACC adaptive mechanism in place of the
locally sensed CBR. Although ETSI does not explicitly state
whether the reactive approach may use CBRG instead of local
measurements, OScar implements this capability through a
configurable flag, allowing either local or global CBR to be
selected as input to the reactive algorithm logic.

The CBR Target used by DCC NET is aligned with the
value used at the access layer to ensure cross-layer consistency.
While the global CBR mechanism offers a wider view of con-
gestion, it has not yet been widely adopted, with most current
system profiles still depending on local CBR measurements.

IV. EXPERIMENTAL SETUP

For the experiments, a controlled laboratory setup was
realized, consisting of nine OBUs located in the same en-

vironment, as illustrated in Figure 1. This configuration en-
ables repeatable, fully observable, and realistic communication
experiments. Each OBU is based on a modular vehicular
communication platform originally introduced in [17] and later
extended in [18]. While preserving the original system archi-
tecture built around the PC Engines APU2 embedded platform,
the hardware has been upgraded to improve communication
and adopt a more up-to-date Operating System (OS). As a
matter of fact, a MikroTik wireless module was integrated to
improve the communication range and maximum transmission
power with respect to the Unex/Atheros modules used in [17],
[18].

The V2X software stack running on each OBU is OScar [2],
which we extend in this work. OScar is a fully open-source
vehicular connectivity stack compliant with ETSI standards.
The main enhancement with respect to [2] is the implementa-
tion of the full DCC architecture according to the standards.
The adaptive algorithm follows the parameter specification
in [1], with CBR target set to 0.62 as specified in [3], [4]; in
accordance with the standard, its input is CBRG propagated
from DCC NET through DCC CROSS, rather than the locally
sensed CBR. The reactive approach follows [1], where each
state is associated with a distinct Toff value determined by the
Ton estimation, and relies on locally sensed CBR. Besides the
strictly ETSI-compliant configuration, we also evaluate two
CBR variants: the C2C-CC profiling [19] average of the two
most recent CBR measurements, and the average of the last
two CBRG values, consistent with the adaptive algorithm.

Regarding the queue management policy, the DCC mecha-
nism operates on priority queues. In our implementation, two
separate queues are used: one dedicated to CAMs and one
to Collective Perception Messages (CPMs), with the CAM
queue assigned higher priority. Each queue has a capacity
of five packets and enforces a packet lifetime of 600 ms.
This design choice reflects the application requirements, as
retaining information beyond this interval would result in
outdated data that is no longer meaningful for the considered
scenario. Due to the close proximity of OBUs in our setup,
full mutual radio visibility is ensured, allowing each station to
transmit and receive messages to and from all others without
obstruction or hidden-node effects.

A. Realistic Traces Reproduction

To reproduce a realistic vehicular environment in the labo-
ratory setup, we use the TRACEN-X framework [20] to collect
Global Navigation Satellite System (GNSS) and Controller
Area Network (CAN) traces from real field tests and reproduce
them in the testbed. We collected GNSS navigation data and
on-board sensor data via CAN during a driving session on the
A4 highway near Turin, Italy, including high-accuracy Real-
Time Kinematic (RTK)-GNSS and perception information for
detection and tracking of a leading vehicle obtained through
sensor fusion of front camera and front radar. Using the
lightweight replay mode, traces are reproduced on the OBUs
via virtual serial interfaces (GNSS) and virtual CAN bus
interfaces (perceived objects), allowing OScar to operate as



Fig. 1: Laboratory setup with nine OBUs. Each device
hosts three TRACEN-X instances [20] and three OScar in-
stances [2], enabling the replication of a realistic vehicular
environment without requiring the deployment of physical
vehicles in field experiments.

if connected to real positioning hardware and an in-vehicle
network.

B. Traffic Load Configuration

A set of tests was designed to evaluate DCC under dif-
ferent network loads, parameter sets, and channel utilization
conditions. Controlled background traffic was generated on the
shared wireless medium using an enhanced iperf to progres-
sively increase the offered User Datagram Protocol (UDP) load
up to a maximum value. The OBUs were configured with a
nominal bitrate of 3 Mbit/s; the iperf load was increased in
2 kbit/s steps until saturation, reaching about 2.8 Mbit/s, with
measured CBR around 0.95/0.96. By dynamically changing
the injected load, we assess the impact of channel saturation
on DCC and on CAMs/CPMs transmission and reception, and
the resulting key performance metrics (Section V).

To emulate a dense and realistic scenario, each OBU (except
the one running iperf) executes three independent instances
of the OScar stack, emulating multiple nearby vehicles without
requiring additional hardware. These virtual vehicles trans-
mit CAMs and CPMs according to ETSI generation rules,
reproducing typical V2X traffic patterns. The resulting setup
provides a scalable and controllable framework for evaluating
V2X performance under dense conditions and different DCC
strategies.

V. EXPERIMENTAL RESULTS

This section presents the results obtained from the experi-
ments conducted in the laboratory setup described above. The
analysis focuses on the behavior of the DCC mechanism under
increasing channel load conditions, evaluating its impact on
the transmission of CAMs and CPMs through a set of selected
key performance metrics.

Figure 2 shows the channel load over time in terms of CBR,
distinguishing three groups corresponding to the different
DCC strategies. “No DCC” refers to a scenario in which
the OBUs operate without any DCC mechanism; a baseline
congestion level is introduced and maintained by iperf
throughout the experiment. Up to about 600 s, the sensed

CBR is nearly unchanged across strategies, with the reactive
approach showing a slight decrease, likely due to rough state
transitions and sudden variations in transmission rate. In the
second half, all DCC strategies report lower CBR than “No
DCC”, despite the continuous iperf traffic, indicating that
DCC becomes noticeable once channel load reaches roughly
50%. In our setup, this suggests activating DCC mainly beyond
this load level.

Figure 3 presents the evolution of Toff throughout the
experiment, reporting both its mean value (shown as the trend
line) and its standard deviation (represented by the shaded
area). Toff represents the duration for which the DCC gate
remains closed between two consecutive transmitted packets,
effectively imposing a minimum inter-transmission gap en-
forced by the congestion control mechanism.

The DCC mechanisms exhibit distinct behaviors as channel
load increases. The reactive approaches show an unstable
trend in regions where Toff transitions occur (between 300
and 600 s, and before 900 s), with large standard deviations
around the mean, whereas the adaptive algorithm remains
stable with negligible standard deviation. This indicates that
the more mathematical-driven method used by the adaptive
algorithm to compute Toff is more effective in ensuring clear
and stable inter-transmission intervals under high channel load;
across the reactive curves, using CBRG appears ineffective to
mitigate this effect. Moreover, the reactive approach is more
conservative than the adaptive one at lower channel loads
(roughly within the first 750 s) and more aggressive at higher
loads.

To further analyze selection policies, we introduce the
packet drop probability Pdrop, i.e., the likelihood that a sched-
uled packet is prevented from accessing the wireless medium
by the DCC gating mechanism. Drops occur due to queue
saturation (discarded upon arrival when the queue is full) or
queue lifetime expiration (removed after exceeding the max-
imum waiting time). Formally, this metric can be expressed
as:

Pdrop =
N sat

drop +N timeout
drop

Nintended
, (1)

where N sat
drop, N timeout

drop , and Nintended are the number of packets

Fig. 2: Sensed CBR over time for three different DCC strate-
gies: No DCC, Adaptive, Reactive.



Fig. 3: Toff mean and standard deviation evolution, over the
test for the different DCC strategies.

Fig. 4: Packet Drop probability as a function of the CBR
evolution.

dropped due to queue saturation, dropped due to timeout, and
intended for transmission, respectively.

Figure 4 illustrates the packet drop probability as a function
of the CBR. Due to its state machine-based design, the reactive
algorithm exhibits a significantly higher drop rate than the
adaptive approach, particularly in the channel load range
between 30% and 60%. Between 60% and 70% channel load,
the reactive strategy shows a drop probability that is lower than
the adaptive approach. Beyond 70%, however, its drop rate
rises again. At the highest congestion levels, the difference in
packet drop probability for the two strategies is limited, with
the adaptive approach remaining slightly lower. Furthermore,
no substantial differences are observed among the reactive
variants.

Packet collisions in the shared wireless medium lead to
packet losses and reduced reliability. Figure 5 reports the cu-
mulative number of collisions over time. A packet is classified
as collided if it passes the DCC gate at the transmitter but is not
successfully received by any intended receiver. The adaptive
approach shows a pronounced initial rise in collisions, even
exceeding the “No DCC” case.

After 700 seconds, CBR exhibits a corresponding increase,
reaching 0.55, as shown in Figure 2. However, beyond this
point, both the reactive and adaptive approaches reach a
steady state, showing no further rise in the number of collided

Fig. 5: Cumulative number of collisions over time.

packets. On the other hand, the “No DCC” approach shows
a constant growth in packet collisions. The lower number of
collided packets observed with the reactive approach is likely
due to its more aggressive transmission rate control, which
enforces higher Toff values, resulting in fewer transmitted
packets and, consequently, fewer collision events.

Related to the packet collisions, another metric we consider
is the collision probability Pcollided, which assesses the like-
lihood that a packet that passed the gate restriction imposed
by the DCC (i.e., Nsent) will not be received by the receivers.
Considering Nreceived as the number of packets successfully
received by at least one instance, it can be expressed as:

Pcollided = 1− Nreceived

Nsent
. (2)

Figure 6 illustrates the evolution of the collision probability
under varying channel load. For clarity, only one reactive pro-
file is shown, as all three exhibited the same behavior. Overall,
collision probability remains below 2% for all approaches,
except under very high channel load. The adaptive approach
generally outperforms the reactive one, with a slightly higher
probability only in the 0.3–0.5 CBR range (still below 2%),
consistent with the increase in collided packets in Figure 5.
As expected, this can be attributed to the more aggressive
transmission rate control of the reactive scheme, which reduces
the number of collided packets.

Inter-arrival time, measured at the receiver side, captures
the elapsed time between two consecutive receptions from the

Fig. 6: Collision probability over CBR.



Fig. 7: Inter arrival-time over CBR.

same OScar instance. It indicates how frequently a station
updates information about its surroundings and is therefore
a key application-level metric. While Toff captures the delay
introduced at the transmitter by DCC, inter-arrival time reflects
its effect at the receiver, making the two metrics complemen-
tary for assessing the end-to-end impact of congestion control.

Figure 7 underlines again the differences between the adap-
tive and reactive approaches. The first demonstrates better
performance over almost all the CBR values (except for
the situation in which the CBR is around 0.6) compared to
the second, demonstrating that the adaptive algorithm can
guarantee more timely and reliable delivery of information
under high channel congestion, as reflected in lower, more
stable inter-arrival times.

VI. CONCLUSIONS

As traffic density increases, V2X load exacerbates chan-
nel congestion, reduces reliability, and increases end-to-end
latency. DCC, based on CBR, mitigates these effects by
adapting transmission parameters to local and remote channel
conditions; however, most studies remain simulation-based,
and real-world testing is needed to fully characterize its
behavior. This paper experimentally evaluates ETSI DCC as
implemented in the OScar stack. Using nine OBUs, each
running three OScar instances, we emulate up to 24 virtual
vehicles transmitting CAMs and CPMs and analyze different
DCC profiles in terms of CBR, Toff, packet drops, and collision
probability. Future work will consider different iperf step
sizes, more challenging deployments (e.g., hidden nodes), and
parameter optimization to improve stability, responsiveness,
and efficiency.
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