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Abstract—In this paper we present a hardware-in-the-loop
(HiL) framework for testing wireless vehicle-to-everything (V2X)
communication hardware, i.e., modems under realistic channel
conditions. The framework includes a wireless channel emulator,
which is capable of emulating non-stationary wireless channels
in real-time. We validate the Hil. framework by comparing
the frame error rate (FER) obtained via emulation with data
obtained during a V2X measurement campaign using the same
IEEE 802.11p based modems. To do this we aquire measured
time-variant channel transfer function and FER measurements
simultaneously. The results show that our HiL. approach is
feasible and that we can obtain FER measurements in the
laboratory that closely match the measurement results obtained
on the road, giving the maximal distance of 0.099 between their
cumulative distribution functions.
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I. INTRODUCTION

The test and verification of wireless vehicle-to-everything
(V2X) communication is an important step towards enabling
connected and automated vehicle applications. A future ad-
vanced driver assistance system (ADAS) will use data from
other road users and the infrastructure to improve its accuracy
and reliability by extending its own sensor horizon. Therefore,
testing and verifying these future features under various condi-
tions and in different scenarios in a controlled and repeatable
manner is of high importance.

Performing wireless V2X communication tests only on the
road is often not feasible due to cost, time and safety con-
straints. Hence, a digital twin on all relevant levels is needed.
As a reliability performance metric, the frame error rate
(FER) can be used. In order to overcome the computational
complexity of calculating the FER, system-level simulations
usually introduce some level of abstraction, such as received
bit information rate (RBIR) and exponential effective signal-
to-interference-plus-noise ratio (SINR) mapping (EESM) [1].
These techniques are used to map the received SINR of all
data symbols to an effective SINR, since it may differ for
each data symbol. The effective SINR is then used to estimate
the physical layer performance.

The authors in [2] propose several physical layer abstraction
techniques and show packet error rate results of IEEE 802.11p,

IEEE 802.11bd, LTE-V2X and NR-V2X. Nevertheless, a com-
parison with real hardware modems is missing. The hardware-
in-the-loop (HiL) method represents a testing and verification
tool using a practical implementation of a V2X communica-
tion technology. In [3] the authors present a HilL simulation
platform, which includes a traffic simulator combined with
a channel emulator and ITS-G5-based hardware modems.
The packet error rate is calculated by emulating a stationary
tapped-delay line (TDL) channel model for line-of-sight (LOS)
and non-line-of-sight (NLOS) conditions. In [4], [S] and [6]
a TDL channel model is used for HiL emulation. However,
a TDL model does not allow to capture the non-stationary
properties of the fading process in V2X communications [7],
[8].

In this paper, we focus on emulating wireless communi-
cation channels in real-time and providing a HiL. framework
which allows the test and verification of wireless V2X com-
munication in a realistic, controlled and repeatable manner,
taking the non-stationarity fading process into account. Our
HiL framework provides the opportunity to test V2X commu-
nication hardware under realistic propagation. It is not limited
to specific wireless standards or scenarios.

Scientific Contributions of the Paper

o We present a HiL framework for testing wireless com-
munication hardware such as algorithms and software
under diverse radio channel propagation conditions. The
FER can be calculated by emulating a geometry-based
stochastic channel model, as well as replaying any mea-
sured channel. This framework can be applied to different
communication technologies, i.e IEEE 802.11p, LTE-
V2X, NR-V2X, etc.

o We use the FER results to validate our HiLL framework.
First, we measure the FER using the V2X IEEE 802.11p
based modems during a channel measurement campaign
that acquires the time-variant frequency responses simul-
taneously. Then, using the same modems, we obtain the
FER by emulating the measured channel and compare
these results.






