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Abstract—Vehicle-to-vehicle transmissions have emerged as
a key component of future communication standards, whose
design and testing critically depends upon the understanding
of propagation mechanisms. An important and specific aspect of
vehicular communication channels lies in the fact that these are
essentially non-stationary. Hence, this communication addresses
two recent contributions in the field of non-stationary vehicular
propagation, based on extensive measurements conducted at 5.3
GHz in suburban, urban, and underground parking areas. First,
the estimation of quasi-stationarity regions is addressed by means
of various metrics. It is found that the size of quasi-stationarity
regions ranges from 3 to 80 m and is strongly affected by band-
width and array configurations. A second contribution consists in
proposing a dynamic wideband directional channel model. This
model incorporates both angular and delay domain properties as
well as the dynamic evolution of multipath components, relying
on a birth-survival-death process between successive stationarity
regions.

I. INTRODUCTION

VEHICULAR wireless channel modeling has received
significant attention in the last decade in the context

of Intelligent Transportation Systems (ITS). In addition to
multimedia communications, ITS should further enable all
vehicles to collect traffic data and road state information and
share information for safety improvements thereby preventing
road accidents by periodically monitoring the locations of
surrounding vehicles [1]. Naturally, this should be paired with
a dependable connectivity, as such applications imply strict
packet delay constraints. The system performance is ultimately
fixed by the propagation channel, which must therefore be
modeled accurately.

However, because both transmit and receive terminals are
possibly moving, sometimes at high speeds, vehicular prop-
agation is characterized by non-stationary conditions [2]–[5],
making classical cellular models inadequate on this point of
view [6]. The first issue to be addressed is thus to define
the so-called quasi-stationarity region introduced by [7]–
[9], i.e. the finite region in time or space over which the
channel statistics remain similar enough (note that this is not
a rigorous definition of strict or wide-sense stationarity, hence
the term “quasi-stationarity”). of course, appropriate similarity
measures are required to substantiate what “similar enough”
means [10].

Once stationarity regions have been identified, the second
issue is to model the wireless channel, taking into account the
non-stationarity aspects, in particular the transitions between
successive stationarity regions. Both issues will be addressed

in this communication, based on recent measurement cam-
paigns and modeling efforts.

The paper is organized as follows. Section II reviews recent
results in the literature and points out at the remaining gaps and
open questions. Section III briefly summarizes the measure-
ment campaign upon which our results are based. Section IV
aims at answering the following question: what metric should
be used when estimating the quasi-stationarity region, as a
function of the measurement system available ? Section V
proposes an advanced stochastic vehicular channel model that
can be used in view of simulating system performance.

II. LITERATURE OVERVIEW

A. Quasi-Stationarity Metrics

A number of similarity measures have been proposed to
define the size of quasi-stationarity regions.

∙ The correlation matrix distance (CMD) [11]–[13] enables
to evaluate the changes in the spatial structure of the
channel and has been applied to vehicular channels in
[9], [10], [14]–[16]. It requires multi-antenna data and its
values is strongly related to the size of employed arrays,
as illustrated in Section IV.

∙ The spectral divergence (SD) [17] measures the distance
between strictly positive, non-normalized spectral densi-
ties, e.g. power-delay profiles [18] and local scattering
functions [19] measured at different times [20], [21]. It
naturally requires broadband data.

∙ The shadow fading correlation (SFC) [22] is a more
traditional measure of the changes in channel statistics.
The shadowing autocorrelation function measures how
fast local shadowing evolves as both mobile terminals
move: hence, the decorrelation distance can thus be
considered as an equivalent possible measure of quasi-
stationarity distance when only narrowband channel gains
are available.

∙ Other metrics have also been used over the years. In [9],
an algorithm-specific approach from a system perspective
is proposed and compared with the CMD, and the impact
of polarization configuration of MIMO array is discussed.
In [23], a modified mean square error metric is proposed
and found to behave analogous to the CMD. In [24],
it is suggested to identify the intervals of WSS by
analyzing changes in the wavenumber spectrum estimated
at different locations. In [25], stationarity intervals are
identified by comparing the delay power spectral density
estimated at different time instances.



B. Vehicular Channel Models

Given the time-varying nature of vehicular propagation,
statistical models have been widely adopted [26]–[28]. How-
ever, most models currently lack a detailed characterization
of dynamic channel parameters, in particular the appearance
and disappearance of multipath components (MPCs) and the
variation of their properties during their lifetime. Even though
some recent papers have investigated the time-variant vehicular
channels, these papers either focus on the characterization of
the size of local WSS region and do not present the dynamic
channel modeling [14], [21], or consider the MPC properties
to remain constant within the lifetime and do not analyze the
angular domain variations [29], [30].

Naturally, one way to implicitly address this issue is to resort
to deterministic models, such as ray-tracing [31]. However,
ray-based models remain environment-specific and their accu-
racy depends upon the description of the environment. While
they are clearly a part of the answer, they can hardly embrace
the full stochastic nature of vehicular propagation.

III. EXPERIMENTAL SETUP

The measurement campaign used the Aalto MIMO channel
sounder [32] at 5.3 GHz and a bandwidth of 60 MHz and
a transmit power of 36 dBm. The receive (Rx) terminal was
equipped with a dual-polarized semi-spherical antenna array
comprising 15 dual-polarized patch elements (i.e. 30 feeds).
A uniform linear array with 4 vertically polarized omnidirec-
tional antenna elements was used at the transmit (Tx) side.
Both antenna arrays were mounted on wooden platforms atop
the roof of two cars. These cars wee driven at 5 to 40 km/h
into four environments: Aalto university campus (Otaniemi),
the suburbs and city center of Tapiola and an underground
parking lot. The inter-vehicle distance varied between 10 and
500 m, depending on the traffic conditions, which ranged from
no traffic at all (in the underground parking area) to heavy
(in the urban and the NLOS suburban areas), with frequent
obstructions of the line-of-sight. A detailed overview of the
full setup can be found in [33], [34].

IV. EVALUATION OF QUASI-STATIONARITY REGIONS

When dealing with quasi-stationarity concepts, it is im-
portant to make a distinction between the propagation level
and the system level. The former can be thought of as the
inherent non-stationarity of the physical propagation channel,
as determined by the dynamic multipath components. Natu-
rally, it should be independent of the system configuration.
The latter results from the combination of the channel with
the system resolution in delay and angle. Hence, it depends
on the bandwidth and on the antenna array size and reflects
the characteristics that the system can “see”. For a system
with infinite bandwidth and perfect angular resolution, the
quasi-stationarity on system-level tends to the propagation-
level quasi-stationarity. This implies that the estimated degree
of non-stationarity reduces when the bandwidth and array size
become limited.

Based on the collected experimental results, stationarity
regions were identified using three of the above defined metrics
(CMD, SD and SFC), the ultimate goal being to characterize
the quasi-stationarity on the propagation level. For the CMD,
it is further possible to use the full channel correlation matrix,
or the Tx/Rx correlation matrices, as well as any number of
antenna in the array. This enables to analyze the impact of the
array size on the estimated quasi-stationarity region, as the
transmit array was only made of 4 antennas (versus 32 for the
receive array).

The detailed analysis can be found in [33], but Table I
illustrates the main conclusions (the stationarity distance is
defined as the product of the quasi-stationarity time interval by
the average speed, as it should approximately be independent
from the vehicles’ speed). It confirms that

∙ both SD and shadowing metrics are meaningful to char-
acterize quasi-stationarity and are independent on the
electrical array aperture;

∙ the speed has an impact, not per se, but because of the
differential speed with respect to the surrounding traffic;

∙ the CMD is a meaningful system-level metric (i.e. for
a given antenna configuration); it can be used as a
propagation-level metric as long as a large electrical array
aperture is used in the estimation.

As for answering the question raised in our introduction, it
is suggested, when characterizing the quasi-stationarity, to use
SD and shadowing metrics for a measurement system with a
small electrical array aperture (typically less than 4 antennas
at each side), and to use the CMD metric for arrays with large
electrical apertures.

V. ADVANCED NON-STATIONARY VEHICULAR CHANNEL

MODEL

The proposed non-stationary vehicular channel model [34]
is essentially a stochastic directional tap-delay line model, with
smooth transitions from one stationarity region to another via a
birth-survival-and-death process for the multipath components.

The MPC lifetime is modeled by means of a truncated
Gaussian distribution. Distributions for the number of mul-
tipaths and their relative positions (in delay and angle) are
also fitted by analytical distributions, as detailed in [34]. All
these distributions are used to initialize the properties of each
MPC in the first stationarity region. In addition, a Nakagami
distribution is suggested to describe the small-scale fading
behavior within a given stationarity region. The most important
aspect of the model is the transition from one region to the
next one, which rests essentially on the following iteration.

1) Death or survival: In the next stationarity region, some
MPCs are pruned, depending on their lifetime. The remaining
MPCs are categorized into two groups: MPCs with long and
short lifetimes. MPCs with short lifetimes keep their initial
amplitude, delay, and azimuth from the first to the next region.
By contrast, the amplitude, delay, and azimuth of MPCs with
long lifetimes are updated based on a stochastic model.



TABLE I
AVERAGE QUASI-STATIONARITY REGION SIZE (IN METERS) FOR 5 SCENARIOS

CMD Tx CMD Rx CMD Full SD SFC

suburban LOS (5-15 km/h) 31.14 9.75 5.03 5.87 6.82
suburban NLOS (5-15 km/h) 21.29 7.84 3.70 6.78 -
suburban LOS (30-40 km/h) 68.86 16.71 10.18 16.15 36.15

urban LOS (5-15 km/h) 20.58 6.64 3.64 3.30 3.12
underground parking LOS (5-15 km/h) 17.31 4.53 2.78 4.45 3.80

2) Birth: New MPCs are generated to complement the
surviving set. The initial MPC power (i.e. at birth) depends
on its excess delay, and a linear polynomial function is used
to model the variations within the lifetime.

As an example, Figure 1 compares simulated and measured
power delay- and azimuth-profiles: it can be observed that all
profiles seem to qualitatively match. To assess the matching
in a more quantitative manner, second-order statistics, such as
delay- and azimuth-spreads, provided by measurements and
simulations, are also successfully compared in [34].
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