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Abstract—Vehicle-to-vehicle (VTV) wireless communications
have many envisioned applications in traffic safety and congestion
avoidance, but the development of suitable communications
systems and standards requires accurate models for the VTV
propagation channel. In this paper, we present a new wideband
multiple-input-multiple-output (MIMO) model for VTV channels
based on extensive MIMO channel measurements performed at
5.2 GHz in highway and rural environments in Lund, Sweden.
The measured channel characteristics, in particular the non-
stationarity of the channel statistics, motivate the use of a
geometry-based stochastic channel model (GSCM) instead of the
classical tapped-delay line model. We introduce generalizations of
the generic GSCM approach and techniques for parameterizing
it from measurements and find it suitable to distinguish between
diffuse and discrete scattering contributions. The time-variant
contribution from discrete scatterers is tracked over time and
delay using a high resolution algorithm, and our observations
motivate their power being modeled as a combination of a
(deterministic) distance decay and a slowly varying stochastic
process. The paper gives a full parameterization of the channel
model and supplies an implementation recipe for simulations. The
model is verified by comparison of MIMO antenna correlations
derived from the channel model to those obtained directly from
the measurements.

Index Terms—Channel measurements, MIMO, vehicular, non-
stationary, Doppler, geometrical model, statistical model.
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I. INTRODUCTION

IN recent years, vehicle-to-vehicle (VTV) wireless com-
munications have received a lot of attention, because of

its numerous applications. For example, sensor-equipped cars
that communicate via wireless links and thus build up ad-
hoc networks can be used to reduce traffic accidents and
facilitate traffic flow [1]. The growing interest in this area is
also reflected in the allocation of 75 MHz in the 5.9 GHz band
dedicated for short-range communications (DSRC) by the US
frequency regulator FCC. Another important step was the
development of the IEEE standard 802.11p, Wireless Access in
Vehicular Environments (WAVE) [2]. Future developments in
the area are expected to include, inter alia, the use of multiple
antennas (MIMO), which enhance reliability and capacity of
the VTV link [3], [4].

It is well-known that the design of a wireless system re-
quires knowledge about the characteristics of the propagation
channel in which the envisioned system will operate. However,
up to this point, only few investigations have dealt with the
single-antenna VTV channel, and even fewer have considered
MIMO VTV channels. Most importantly, there exists, to the
author’s best knowledge, no current MIMO model fully able to
describe the time-varying nature of the VTV channel reported
in measurements [5].

In general, there are three fundamental approaches to chan-
nel modeling: deterministic, stochastic, and geometry-based
stochastic [6], [7]. In a deterministic approach, Maxwell’s
equations (or an approximation thereof) are solved under
the boundary conditions imposed by a specific environment.
Such a model requires the definition of the location, shape,
and electromagnetic properties of objects. Deterministic VTV
modeling has been explored extensively by Wiesbeck and co-
workers [8], [9], [10], and shown to agree well with (single-
antenna) measurements. However, deterministic modeling by
its very nature requires intensive computations and makes it
difficult to vary parameters; it thus cannot be easily used
for extensive system-level simulations of communications
systems.

Stochastic channel models provide the statistics of the
power received with a certain delay, Doppler shift, angle-of-
arrival etc. In particular, the tapped-delay-line model, which
is based on the wide-sense stationary uncorrelated scattering
(WSSUS) assumption [11], is in widespread use for cellular
system simulations [12], [13], [14]. For the VTV channel,
a tapped delay-Doppler profile model was developed by
Ingram and coworkers [15], [16] and also adopted by the
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IEEE 802.11p standards group for its system development
[2]. However, as also recognized by Ingram [17] and others,
assuming a fixed Doppler spectrum for every delay, does
not represent the non-stationary channel responses reported
in measurements [5], in other words, the WSSUS assumption
is usually violated in VTV channels [18].

Geometry-based stochastic channel models (GSCMs) [19],
[20] have previously been found well suited for non-stationary
environments [21], [22] and this is the type of model we
aim for in this paper. GSCMs build on placing (diffuse or
discrete) scatterers at random, according to certain statistical
distributions, and assigning them (scattering) properties. Then
the signal contributions of the scatterers are determined from
a greatly-simplified ray tracing, and finally the total signal
is summed up at the receiver. This modeling approach has
a number of important benefits: (i) it can easily handle non-
WSSUS channels, (ii) it provides not only delay and Doppler
spectra, but inherently models the MIMO properties of the
channel, (iii) it is possible to easily change the antenna
influence, by simply including a different antenna pattern, (iv)
the environment can be easily changed, and (v) it is much
faster than deterministic ray tracing, since only single (or
double) scattering needs to be simulated. A few GSCMs where
scatterers are placed on regular shapes around TX and RX
have been developed for VTV communication, e.g., two-ring
models [23] and two-cylinder models [24]. Such approaches
are useful for analytical studies of the joint space-time cor-
relation function since they enable the derivation of closed-
form expressions. However, their underlying assumption of
all scatterers being static does not agree with results reported
in measurements [18]. A more realistic placement of scatterers
[22], rather reproducing the physical reality, can remedy this.
The drawback compared to regular-shaped models is that
closed-form expressions generally cannot be derived, but there
is a major advantage in terms of easily reproducing realistic
temporal channel variations. In this paper, we present such a
model for the VTV channel and parameterize it based on the
results from an extensive measurement campaign on highways
and rural roads near Lund, Sweden.

The main contributions of this paper are the following:
� We develop a generic modeling approach for VTV

channels based on GSCM. In this context, we extend
existing GSCM structures by prescribing fading statistics
for specific scatterers.

� We develop a high resolution method that allows extract-
ing scatterers from the non-stationary impulse responses,
and track the contributions over large distances.

� Based on the extracted scatterer contributions, we param-
eterize the generic channel model.

� We present a detailed implementation recipe, and verify
our parameterized model by comparing MIMO correla-
tion matrices as obtained from our model to those derived
from measurements.

The remainder of the paper is organized as follows: Sec. II
briefly describes a measurement campaign for vehicle-to-
vehicle MIMO channels that serves as the motivation for our
modeling approach, Sec. III points out the most important
channel characteristics to be included in the model, as well
as methods for data analysis. The channel model is described
in Sec. IV. First the model is outlined and then its different

components are described in detail and parameterized from the
measurements. Sec. V gives an implementation recipe for the
model, whereas Sec. VI compares simulations of the model to
the measurement results it is built upon. Finally, a summary
and conclusions in Sec. VII wraps up the paper.

II. A VEHICLE-TO-VEHICLE MEASUREMENT CAMPAIGN

In this section, we describe a recent measurement campaign
for MIMO VTV channels that serves as the basis for the
development of the channel model, i.e., from which the model
structure is motivated and the model parameters are extracted.
For space reasons, we only give a brief summary; a more
detailed description can be found in [5] and [25].

A. Measurement Setup
VTV channel measurements were performed with the

RUSK LUND channel sounder that performs MIMO mea-
surements based on the “switched array” principle [26]. The
equipment uses an OFDM-like, multi-tone signal to sound the
channel and records the time-variant complex channel transfer
function H(t, f). Due to regulatory restrictions as well as
limitations in the measurement equipment, a center frequency
of 5.2 GHz was selected for the measurements. This band
is deemed close enough to the 5.9 GHz band dedicated to
VTV communications such that no significant differences in
the channel propagation properties are to be expected. The
measurement bandwidth, B, was 240 MHz, and a test signal
length of 3.2 µs was used, corresponding to a path resolution
of 1.25 m and a maximum path delay of 959 m, respectively.
The transmitter output power was 0.5 W. Using built-in GPS
receivers with a sampling interval of 1 s, the channel sounder
also recorded positioning data of transmitter (TX) and receiver
(RX) during the measurements.

The time-variant channel was sampled every 0.3072 ms,
corresponding to a sampling frequency of 3255 Hz during a
time window of roughly 10 s (a total of 32500 channel sam-
ples); the time window was constrained by the storage capacity
of the receiver. The sampling frequency implies a maximum
resolvable Doppler shift of 1.6 kHz, which corresponds to a
relative speed of 338 km/h at 5.2 GHz.

TX and RX were mounted on the platforms of separate
pickup trucks, both deploying circular antenna arrays at a
height of approximately 2.4 m above the street level. Each
array consisted of 4 vertically polarized microstrip antenna
elements,1 mounted such that their broadside directions were
directed at 45, 135, 225 and 315 degrees, respectively, where
0 degrees denotes the direction of travel (the 3 dB beamwidth
was approximately 85 degrees). Thus, a 4 × 4 MIMO system
was measured.

B. Measured Traffic Environments
We performed measurements in two different environments:

a rural motorway (Ru) and a highway section (Hi), both
located near Lund, Sweden. The rural surroundings, a one-lane
motorway located just north of Lund, are mainly characterized
by fields on either side of the road, with some residential

1More precisely, on each array a subset of 4 elements out of a total of 32
was selected evenly spaced along the perimeter.
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Step 1: Find the row mm and column lm of the strongest
remaining component in �A by

{mm, lm} = arg max
m,l

��� �A(m, l)
��� .

The corresponding delay estimate of this component is
�T(mm, lm).

Step 2: Look in the adjacent rows (time samples) of �T,
mm � 1 and mm + 1, and find the column indices of the
“closest” components in these rows, i.e.,

lm�1 = argmin
l

����T(mm � 1, :) � �T(mm, lm)
��� ,

lm+1 = argmin
l

����T(mm + 1, :) � �T(mm, lm)
��� ,

where �T (mm – 1, :) defines the (mm – 1):th row of �T, and
determine

�m�1 =
����T(mm � 1, lm�1) � �T(mm, lm)

��� ,

�m+1 =
����T(mm + 1, lm+1) � �T(mm, lm)

��� .

If neither �m�1 nor �m+1 are � 1/2B, discard the component
in {mm, lm} by setting �T(mm, lm) = �A(mm, lm) = 0 and
return to step 1.4 Otherwise, store �T(mm � 1, lm�1) and/or
�T(mm + 1, lm+1) and proceed.

Step 3: Estimate the direction of the samples found so far
by fitting a regression line

�� (m) = a + bm (7)

to �T(mm � 1 . . . mm + 1, lm�1 . . . lm+1) (given that both
samples were stored in the previous step). Then, find �T(mm�
2, lm�2) and �(mm + 2, lm+2) where

lm–2 = arg min
l

����T(mm – 2, :) � �� (mm – 2)
���

and determine

�m–2 =
����T(mm – 2, lm–2) � ��(mm – 2)

��� .

If �m�2, �m+2 are � 1/2B, store �T(mm � 2, lm�2) and/or
�T(mm + 2, lm+2) and repeat this step until neither �m�2 nor
�m+2 are � 1/2B. Since the curvature of the tracked path
may change over time, use at most the Nd last (or Nd first,
depending on direction) stored components when determining
�� from (7) in the iterative process.

Step 4: To cope with small temporal “gaps,” i.e., situations
where the components of a path are missing in one or a few
consecutive time bins, search along �� at both ends for an
additional Ngap time bins; return to step 3 if a sample is
found. Proceed to step 5 when there are “gaps” larger than
Ngap at both ends.

Step 5: Store the amplitudes in �A that correspond to the
tracked components in �T, then remove the tracked components
from �A and �T by setting the appropriate entries to 0. Measure
the length, in terms of time bins, of the tracked path. Save
only paths larger than NL time bins; paths shorter than that

4Note that we are making the implicit assumption that the delay of a
component does not change more than 1/B, where B is the measurement
bandwidth, between any two consecutive time bins. This is an eminently
reasonable assumption since the channel was sampled every 0.3072 ms and
the maximum speed of any involved vehicle is approximately 150 km/h.

Fig. 4. High resolution impulse response of the measurement in Fig. 1.

are deemed not part of a discrete reflection and discarded. If
a stopping criterion, either in terms of residual power in �A,
or in a maximum number of tracked paths, is met, proceed to
step 6, otherwise return to step 1.

Step 6: To cope with larger temporal “gaps” (due to a longer
time period of path invisibility), estimate ��p,e and ��p,b as the
start and end extrapolation, respectively, of each path p from
(7). Let the row and column indices where p begin and end be
{mp,b, lp,b} and {mp,e, lp,e}, respectively, and find the path q
that minimizes

J =
����T(mp,b, lp,b) � ��q,e(mp,b)

���

+
����T(mq,e, lq,e) � ��p,b(mq,e)

���

= J1(q, p) + J2(p, q).

Step 7: If both J1(q, p) � 1/B and J2(p, q) � 1/B,
combine paths p and q into one and return to step 6. If not,
terminate.

The choices for Nd, Ngap and NL have to be done on a
rather arbitrary basis; in this analysis, we selected Nd = 40
wavelengths, Ngap = 5 wavelengths and NL = 40 wave-
lengths.

Fig. 4 shows the outcome of the search-and-subtract algo-
rithm, executed on the measurement in Fig. 1. A drawback of
the search-and-subtract approach is visible; any inaccuracy of
the underlying model can lead to error propagation. For ex-
ample, our evaluation assumes an antenna frequency response
that is completely flat over the measurement bandwidth; the
actual frequency response varies on the order of a few dB.
The subtraction thus induces an error seen as “ringing” com-
ponents, especially around the LOS. However, we also find
that the “ringing” or “ghost” components are much weaker
than the true components they are surrounding, and thus can
be neglected for most practical purposes.5

Fig. 5 shows the outcome of the tracking algorithm, where
we especially observe the paths, denoted “19” and “25,” we
saw already in Fig. 1. The power of the tracked signal from the
path denoted “19” is shown in Fig. 6. Our general conclusion

5Attempts to equalize the antenna frequency response could lead to noise
enhancement and thus might not benefit the overall accuracy of the results.
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