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Abstract—Repeatable system-level test methods for vehicleto-everything communication (V2X) are crucial in improving
road safety and supporting connected autonomous driving. They
rely on geometrical channel models that provide realistic signal
propagation delays, Doppler shifts and path loss. In this work we
focus on the validation of an OpenStreetMap (OSM) geometry
based stochastic channel model (GSCM) that has a high degree
of automation and low computational complexity. In an urban
intersection scenario we compare the time-variant power delay
proﬁle (PDP) and Doppler spectral density (DSD) obtained from
a measurement campaign to the ones obtained by the OSMGSCM. Furthermore, we measure packet error rates (PER) of
commercial modem hardware by connecting a transmitter and
a receiver to the AIT channel emulator, i.e. using a hardwarein-the-loop (HiL) setup. We compare the PER obtained when
the channel emulator uses the OSM-GSCM as input and when
it uses the measured impulse responses. The OSM-GSCM path
loss shows minor differences to the measurements due to the
2D structure of the OSM-GSCM, while the PER, PDP and
DSD exhibit a good match between OSM-GSCM and empirical
measurement data.
Index Terms—GSCM, PER, channel model validation, V2X
communication, 5G, OSM

I. I NTRODUCTION
Vehicle-to-everything communication (V2X) will play an
important role in improving road safety, supporting autonomous driving and allowing low latency communications [1], [2]. However, developing and testing these applications requires signiﬁcant resources, time and organizational
efforts. Furthermore, such tests have to be repeatable and reliable. Realistic physical channel models are a key component in
system-level simulations as they provide the simulation with
realistic signal propagation delays, Doppler shifts and path
loss, enabling testing of prototypes or hardware-in-the-loop
(HiL) PER measurements.
The authors of [3] present a GSCM for urban intersections
and compare it with measurement data. Their model aims
on covering a variety of urban intersections but it sacriﬁces
precision in the Doppler-delay domain for it’s robustness.
Furthermore, we notice that comparing the performance of
the measured and the modeled channel on a link level would
provide an additional degree of veriﬁcation. The authors come
to conclusion that further extending the model to support threedimensional components is needed in order to achieve higher
accuracy.

A more complex approach to model the channel, such
as ray-tracing, would overcome the discrepancies of a twodimensional GSCM as demonstrated in [4]. However, developing and running such a complex model requires signiﬁcantly
more effort and time. Namely, the ray-tracing model in [4]
takes days to ﬁnish the simulation of the same scenario which
the model presented in this paper is able to run in real-time.
A theoretical approach to assess the PER for different
communication technologies (e.g., 5G NR-V2X, LTE-V2X,
IEEE 802.11bd, and IEEE 802.11p) is presented in [5]. While
providing insights on the theoretical performance of the PER,
a comparison to measurements with modems implementing
those communication technologies is missing. In [6] and [7]
the combination of a large-scale vehicular network simulation
and commercial IEEE 802.11p capable hardware is presented
and evaluated. However, the used physical channel models are
very simple due to the high number of considered vehicles and
the size of the selected urban area. In [8] a vehicle-in-the-loop
test using a GSCM and a real-time capable channel emulator
for obtaining realistic PERs is presented. The GSCM used is
simpliﬁed in order to meet the real-time constraints.
In this paper we model the wireless channel in an urban
intersection scenario using a GSCM which is bootstrapped
by OSM [9] geometry, automatically placed scatterers, and
imported, interpolated vehicle trajectories from recorded GPS
data. We compare the time-variant statistical properties of the
simulated GSCM channel with previously obtained measurement data. We then proceed to recreate the measured and the
modeled wireless propagation channel in lab conditions using
our custom built channel emulator [8]. Through a HiL test
with IEEE 802.11p Cohda Wireless modems we obtain and
compare the PERs of the two links. The goal of this paper
is to validate our approach on providing realistic PERs in
urban scenarios using an OSM-derived GSCM (requiring little
modeling effort) and a channel emulator. To the best of our
knowledge, the proposed model outperforms similarly complex state-of-the-art GSCMs in terms of accuracy, ﬂexibility
and effort needed. Furthermore we propose a repeatable and
reliable method for testing channel models and performance of
different V2X modems on link-level for previously gathered
measurement data.
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We model the wireless channel for V2X communication
in an urban intersection scenario with a GSCM utilizing
OSM data.
We compare the time-variant power delay proﬁle (PDP)
and Doppler spectral density (DSD) obtained from a measurement campaign to the ones obtained by the derived
OSM-GSCM.
We obtain time-variant PER from previously recorded
channel impulse responses (CIR), using our channel
emulator.
We compare the PER obtained from using the OSMGSCM with the PER obtained from the measurement
data, in order to validate our OSM-GSCM.

II. G EOMETRY- BASED CHANNEL MODEL
In order to model urban areas in vehicular communication
scenarios, the correct representation of buildings, vehicles, and
infrastructure is required. We use OSM data to automatically
import and instantiate our GSCM which is based on the model
described in [10] and implemented using MATLAB, as in
[11]. Our OSM-GSCM signiﬁcantly speeds up and automates
the tedious task of reconstructing the area of interest and
placing diffuse, static, and mobile discrete scatterers (MDs)
as well as deﬁning their trajectories. Besides buildings, roads,
rail tracks, trafﬁc lights/signs and vegetation, we also provide
the possibility of importing GPS trajectories for deﬁning the
mobility of MDs (e.g., cars, pedestrians, etc.), receivers and
transmitters. If the GPS sampling rate is lower than the
assumed stationarity region duration [12] we interpolate the
trajectories using splines and the given stationarity duration as
supporting points, leading to a smoother time- and frequencyvariant channel response. Metallic objects like trafﬁc signs
and lights are represented as static discrete scatterers and
vegetation is modeled by diffuse scatterers. We uniformly
distribute diffuse scattering points along the walls of each
building. The distribution is parameterized by wD denoting
the maximum distance of diffuse scatterers to the nearest
wall of the building, accounting for irregularities (windows,
wall elements, etc.). We further introduce χD which denotes
the density of diffuse scattering points on a single wall. Let
s := (x1 , y1 , x2 , y2 ) ∈ R4 be a line segment of a building’s
polygon. Then the exact number of diffuse scatterers along
this line segment is given by

lights and garage doors, which are not included in the extracted
OSM geometry, are added manually after inspecting video
recordings of the measurement environment.
III. M EASUREMENT C AMPAIGN
A. Data Collection
To collect measurement data we use the custom-built
software-deﬁned radio (SDR) AIT channel sounding system described in [16]. The system consists of two vehiclemounted nodes that use previously synchronized Rubidium
clocks for triggering and frequency reference signals. Each
link is sounded at an interval of Tsys = 500 µs. The receiver
records raw data and estimates the discrete channel transfer
function g[m, q]. In order to omit the effects of radio frequency
(RF) chain components, a calibration measurement between
antenna ports using cables is performed and later used in postprocessing.
The sounding sequence consists of N = 601 orthogonal frequency-division multiplexed (OFDM) subcarriers with
∆f = 250 kHz spacing. The total signal bandwidth is therefore B = 150 MHz which provides high resolution in the
delay domain of τs = 1/B = 6.67 ns. The sounding sequence
lasts 12.8 µs.
B. Measurement Scenario
The measurements are conducted at the intersection of
Sinagasse and Bellegardegasse in Vienna, Austria. The intersection is enclosed by residential buildings, with parked
cars on the sides. As depicted in Fig. 1, the transmitter (Tx)
and receiver (Rx) are driving towards each other when the
Tx makes a right turn at the intersection and the LoS with
the Rx being blocked by the building on the corner. Another
car (Volkswagen van) equipped with a GPS receiver acts as a
mobile discrete scatterer, with it’s trajectory marked in Fig. 1
as MD. The Rx waits for the MD car to make a left turn before
turning left itself into the same street as Tx, reestablishing a
LoS with the Tx.
TX

MD

Scientiﬁc contributions of the Paper:

nD = ⌈||(x1 , y1 ) − (x2 , y2 )||2 · χD ⌉ .
The nD diffuse scattering points are then uniformly distributed
in the rectangle given by s and χD . For each diffuse scattering
point we draw a uniformly distributed initial phase at the
beginning of a simulation. Selecting an appropriate set of
diffuse scatterers is done according to [11]. In order to model
diffraction we implement diffraction over rooftops as given
in [13] and corner edge diffraction according to [14]. If
vegetation blocks the LoS between receiver and transmitter
we calculate its attenuation according to (2) in [15]. Static
discrete scatterers such as parked cars, trafﬁc signs, street
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Fig. 1: Satelite image of the measurement environment
(source: Google Maps). The trajectory of the additional car
is marked as MD.

Fig. 2: The rebuilt simulation scenario bootstrapped from
OpenStreetMap with nodes placed on their starting positions.
C. Equipment Setup
Omni-directional vertically polarized dipole antennas with
4 dBi gain are mounted on the right front corner of each vehicle roof. Every node is equipped with a dash-cam and a highprecision GPS receiver. We measure at a carrier frequency of
5.9 GHz. The maximum speed of the vehicles is ≈ 8.5 m/s.
A summary of measurement parameters is given in Table I.
We use a stationarity region size of Tstat = 120 ms in time
and the full bandwidth B in frequency [12] to estimate the
local scattering function (LSF) [17]. The stationarity region
length in time is chosen such that a high resolution of νs =
1/Tstat = 8.33 Hz in the Doppler domain is obtained. This
enables different Doppler components to be easily identiﬁed
and allows a more detailed comparison with the channel
model.
TABLE I: Channel sounding parameters
Parameter
Link conﬁguration
Carrier frequency
Measurement bandwidth
Snapshot interval
Maximum node speed

Value
single-input single-output
5.9 GHz
150 MHz
500 µs
≈8.5 m/s

IV. P HYSICAL C HANNEL C OMPARISON
Fig. 2 depicts an example of the model geometry, generated
for our scenario from OSM data.
The time-variant PDP and DSD are calculated from the
estimated LSF as shown in [16]. They are used to characterize
the wireless channel and to allow a qualitative comparison of
the measured and simulated data. A side-by-side comparison
of the measured and OSM-GSCM simulated time-variant
PDPs and DSDs is presented in Fig. 3 and we see that the
model shows a good qualitative match with the measurement

data. The LoS component of the simulation closely follows the
behavior of the measured component. After the Tx turns right
at the intersection at time t1 = 16.48 s the link exhibits NLoS
conditions. Here we observe the LoS component decreasing
due to edge diffraction and we see the reﬂection coming from
the MD, which makes a left turn crossing the path of Rx.
Finally, the Rx makes a left turn into the same street as Tx at
t2 = 21.64 s, restoring the LoS. Throughout the measurement
we see strong diffuse and reﬂective components from parked
cars (marked in Fig. 3 as SD reﬂection), buildings, and other
metallic structures.
Fig. 4 compares the measured and simulated time-variant
path loss, root mean square (RMS) delay spread and RMS
Doppler spread, which are obtained as in [16]. Since the inherent nature of the GSCM is two-dimensional, the path loss and
the RMS delay spread are underestimated at certain moments
in time due to the absence of three-dimensional components
from the simulation environment such as reﬂections from
balconies and additional diffuse scattering from buildings.
V. L INK -L EVEL P ERFORMANCE E VALUATION
In an attempt to validate the proposed OSM-GSCM we
evaluate the error rate performance of an emulated wireless
link between commercially available V2X modems. We then
compare it with the error rate of the recreated measured channel and observe the behavior for different parameters. Fig. 5
depicts the measurement setup for the HiL PER performance
evaluation.
The channel CIRs are recreated using the AIT real-time
wireless channel emulator [8]. The emulator consists of a
GSCM as a propagation module implemented in MATLAB
running on a conventional PC, and a convolution module
implemented on an SDR equipped with a ﬁeld programmable
gate array (FPGA). The propagation module generates the
time-variant CIR in compressed form (Υ in Fig. 5) and streams
it to the convolution module where it is reconstructed. The
convolution module convolves the input signal with the timevariant CIR to obtain the output signal.
For the test we use off-the-shelf Cohda Wireless MK5
modems as Tx and Rx with a center frequency of 5.9 GHz
(channel 180). The emulated channels have a bandwidth of
10 MHz. At the Tx side we choose a transmit power of
−5 dBm in order to induce high level PERs that are easy
to compare. We use a convolutional coding rate of 1/2 and
QPSK symbol alphabet. We perform PER measurements for
packet size of 100 bytes, chosen as typical for the 802.11p
standard, at a rate of 1000 packets/s, achieving throughput of
800 kbit/s.
For the emulation of the measured channel, we consider the
middle 10 MHz of the total measurement bandwidth B. The
basis coefﬁcients Υ in Fig. 5 are obtained by interpolation
and projection of the measured CIRs using discrete prolate
spheroidal sequences [18]. This enables us to use the previously measured data in an easily repeatable link-level test
and see how the recorded channel impacts the performance of
different modems, with easily reconﬁgurable link parameters.
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Fig. 3: a) measured and b) simulated time-variant PDPs and DSDs.
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Fig. 6: Comparison of the measured PER and the average PER
of the emulated GSCM channel for packet size of 100 bytes,
and r = 1/2 rate QPSK. The area between the maxima and
minima of the 20 simulations is represented in gray color.
Fig. 4: Comparison of measured and simulated path loss, RMS
delay spread and RMS Doppler spread.

Fig. 5: HiL PER measurement setup using the AIT channel
emulator and GSCM.
For the OSM-GSCM simulated channel we generate 20
realizations, where the placement of the diffuse scatterers is
different for each realization. The achieved PER, averaged
over the GSCM realizations is compared with the PER obtained from the recreated measurement channel.
The obtained PER comparison is shown in Fig. 6 together

with the minimum and maximum boundaries of the OSMGSCM simulations. The boundaries are plotted to show the
impact of the random diffuse scatterer placement in different
simulation runs. The PER obtained from the OSM-GSCM
shows a sharp increase in the NLoS region, between t1 and
t2 . We see that PERs obtained from measured and simulated
channel follow the same behavior, thus providing a realistic
PER performance. The PER of the emulated measured channel
shows a more gradual increase and drop around the NLoS
interval and stronger ﬂuctuations during this period (both
circled in red in Fig. 6), owing to the absence of three
dimensional components from the channel model. By introducing the third dimension to the model geometry, we expect
to see the reﬂections from the balconies and the additional
diffuse components coming from the building walls, therefore
inﬂuencing the path loss and PER subsequently. However,
in this work we focus on providing a simple model while
extending it to the third dimension would signiﬁcantly increase
the model complexity.
A lot of use-cases in vehicular communications rely on
ultra-reliable low-latency communications (URLLC), which
require signiﬁcantly smaller PER levels. However, in this paper

we focus on validating the developed channel model and the
model veriﬁcation method. In the case of URLLC the tests
would take signiﬁcantly longer and it would be difﬁcult to
clearly see and quantify the differences between the measured
channel and the simulated channel.
VI. C ONCLUSIONS
Our novel OSM-GSCM gives a good qualitative match
when compared with the measured channel in a time-variant
vehicular scenario. To the best of the authors knowledge, the
proposed OSM-GSCM provides a higher level of accuracy,
ﬂexibility and automation than state-of the art GSCMs of
similar complexity level, thus lowering the required modeling
effort combined with real-time simulation capabilities. As
already pointed out in the case of [3], we conclude that the
discrepancies in the simulated RMS delay and Doppler spread
are mainly caused by the absence of the third dimension from
the model. Therefore, future efforts will be focused towards
extending the model to support three-dimensional scattering
in order to achieve a higher degree of accuracy in modeling
complex scenarios. Additionally, the model will be improved
by further automating the path loss calibration and static
discrete scatterer placement.
By reusing the measurement data for channel emulation
we manage to subsequently extract the PER performance
of conventional modems through HiL measurement using a
channel emulator, providing additional insight into the properties of the measured link for conventional modem hardware.
Furthermore, our method provides a reliable and convenient
way for evaluating channel model performance and modem
testing. Although the model validation method presented in
this paper is used for a vehicular communications scenario, the
approach can easily be extended to a variety of applications
such as communications between trains, unmanned aerial
vehicles (UAVs), and industrial robots.
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