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In this paper, an extension of spatial channel model (SCM) for vehicle-to-vehicle (V2V) communication channel in roadside
scattering environment is investigated for the first time theoretically and by simulations. Subsequently, to efficiently describe the
roadside scattering environment and reflect the nonstationary properties of V2V channels, the proposed SCM V2Vmodel divides
the scattering objects into three categories of clusters according to the location of effective scatterers by introducing critical distance.
We derive general expressions for the most important statistical properties of V2V channels, such as channel impulse response,
power spectral density, angular power density, autocorrelation function, and Doppler spread of the proposed model.The impact of
vehicle speed, traffic density, and angle of departure, angle of arrival, and other statistical performances on theV2V channelmodel is
thoroughly discussed. Numerical simulation results are presented to validate the accuracy and effectiveness of the proposedmodel.

1. Introduction

Vehicle-to-vehicle (V2V) communication has recently
received phenomenal attention over the past few years in
both automakers and academia domains as it plays a vital
role in intelligent highways, collision avoidance, vehicles
safety, and better traffic efficiency [1, 2]. As a new emerging
communication system, V2V communication is regarded
as one basic type of communications in vehicular ad hoc
networks (VANET), also particularly useful in autonomous
driving system. More importantly, VANET can accurately
be represented by different forms of topologies: V2V and
vehicle-to-roadside (V2R) [3]. VANET technology has also
been hailed as a full wireless communication solution in
advancing driving comfort and increasing traffic safety and
ecological efficiency.

The design and deployment of the IEEE 802.11p stan-
dard, as well as alternative V2V wireless communication
systems, require a deep understanding of the underlying

V2V radio propagation channel behavior to facilitate the
information delivery in VANET. Due to the mobility of both
transmitter (Tx) and receiver (Rx), a big challenge in V2V
communications is that it is difficult for the wireless channel
between vehicles to achieve accurate and effective modeling
of the V2V communication channel. It is well known that
the mathematical channel characteristics can provide fun-
damental knowledge for all communication system physical
layer waveform design and analysis [4]. Reliable knowledge
of the propagation channel and a corresponding realistic
channel model serve as the enabling foundation for flexible
and practical design and testing of V2V systems. It is worth
pointing out that channel modeling is usually faced with the
dilemma of capturing the maximum of true V2V dynamic
processes while limiting the number of input parameters
and computational cost. This underlines the importance of
developing physically meaningful yet easy-to-use methods to
mimic V2V channels.
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It is natural to ponder the possibility that measurement
campaigns at different sites representing the crossing, sub-
urban, highway, and rural environments are the most direct
strategy [5]. However, VANET research relies heavily on
simulations, due to the prohibitive costs of deploying real-
world testbeds. There is therefore actual motivation and
interest to investigate the fact that mathematical channel
characterization results provide fundamental knowledge for
V2V channels. Many investigations focus on geometry-based
stochastic channel model (GSCM) for its well suiting for
nonstationary environments. In particular, regular shape
geometry-based stochastic models (RS-GBSM) can be found
in [6] (e.g., circular scattering model [7], elliptical scattering
model [8], and ringmodel [9]). To preserve themathematical
tractability, RS-GBSMs assume that all the effective scatterers
are located on a regular shape, which may not represent the
practical V2V scattering environments due to the randomly
distributed scatterers. In order to assess the performance of
real-world V2V communication systems, it is imperative to
develop a physical understanding of the V2V propagation
environment in terms of the angle of departure (AoD), angle
of arrival (AoA), and time of arrival (ToA) information of
multipath components of the wireless propagation channel.

Due to the obvious advantages such as directly modeling
the statistical characteristics of MIMO channel in the time,
space, and frequency domains and being flexible in changing
the various environments and simple to implement, the
feasibility study of using MIMO technology and a modified
spatial channel model (SCM) in V2V communication is also
discussed [3]. Taking advantage of the ray tracing, SCM
models the scattering environment based on the stochastic
channel models, which can specify the parameters for SCM
and develop a procedure for channel modeling [10, 11]. In the
context of roadside scattering, SCM modeling offers a good
compromise since it allows adapting location-specific and
reducing computationally expensive models compared with
general statistical models [4]. Motivated by these facts, this
paper investigates the theoretical characteristics of SCMV2V
channel model with roadside scattering scenarios to gain a
better understanding of the V2V wireless channel.

Proposed Approach. SCM is a wireless propagation chan-
nel based on stochastic modeling, especially for outdoor
antennas in moving conditions. In contrast to previous V2V
modeling works, we recently proposed a simple geometrical
SCM V2V model to encapsulate the effect of activity of
clusters by introducing relatively different locations and
critical distance of scatterers. In this work, we describe the
SCM V2V model in detail and discuss its channel impulse
response (CIR), power spectral density (PSD), angular power
density, autocorrelation function (ACF), andDoppler spread.

The contributions and novelties of this paper are summa-
rized as follows:

(i) The SCM V2V channel model is first proposed. All
scatterers are distributed along the roadside, which is
a better description of the assumption that scatterers
uniformly distributed around the vehicles in other
geometrical models.

(ii) Considering the relative position between scatterers
and vehicles and the similarities of scatterers in a
cluster, we divide the scattering objects along the
roadside into three categories: “Ahead,” “Between,”
and “Behind,” which takes the advantages of GSCMs
and cluster-based models.

(iii) The CIR, PSD, angular power density, ACF, and
Doppler spread are derived from the proposed new
model.

(iv) The accuracy and effectiveness of the proposed SCM
V2V channel model are validated by extensive simu-
lations.

The rest of this paper is organized as follows. After a
reviewof priorwork (Section 2), we propose the cluster-based
SCM V2V channel model and derive the expression of CIR,
PSD, and angular power density in Section 3. Section 4 ana-
lyzes the channel characterization of the proposed channel
model. Numerical analysis and simulations are presented in
Section 5, followed by the summary and concluding remarks
in Section 6.

2. Related Work

In recent years, research into V2V communications has
recently gained strong momentum. In particular, with the
advent of VANET, efficient and accurate channel modeling is
essential to evaluate and validate networking protocols under
realistic propagation conditions. We briefly review related
works which are closely relevant to our study.

Dedicated short range communication (DSRC) is the
wireless communication protocol for the VANET, and
75MHz of spectrum in 5.85–5.925GHz band to be allocated
for DSRC intended to provide V2V communication coverage
within 300m range has been mandated by the Federal
Communications Commission (FCC) [12]. In general, there
are three fundamental approaches to channel modeling:
deterministic, geometry-based stochastic, and the tapped
delay line (TDL) based stochastic models [8]. The author
in [13] used ray-tracing software to model the deterministic
environment, but its computational cost is exponentially
increased with accuracy requirement. The existing GBSM
can be easily adapted to diverse scenarios by predefining
stochastic distribution of scatterers but yields results that are
in very good agreement with the real V2V channels due to
not representing the non-wide sense stationary uncorrelated
scattering (non-WSSUS) properties conveniently [14]. The
TDLmodels based measurement data may be used widely by
their low complexity and extensibility [15], but time-varying
tap locations and statistics need to be provided and modified
to represent the non-WSSUS properties. Each of the channel
modeling methods mentioned above has specific advantages
and drawbacks.

In a real-world scenario, vehicle speed has a strong
negative correlation with traffic density when the density
exceeds a critical value, while traffic density could also be an
indication of the multipath effect from signal reflection and
scattering. With low elevations for both Rx and Tx antennas,
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obstruction of line-of-sight (LOS) paths will be more fre-
quent. The higher the traffic density, the more likely that the
case would be non-line-of-sight (NLOS) [16]. Apart fromRS-
GBSMs, MIMO V2V geometry-based street channel model
[17], T-junction models [18], and merging lanes on highway
model [19] are proposed to study V2V communications.
All the aforementioned V2V models just consider the static
scatterers on both roadsides, and there are still pressing needs
to model the V2V channels considering both the effect of
randomly distributed scatterers and non-WSSUS property.
Due to a dynamic change of speed and angle of motion
for vehicles and moving scatterers the radio propagation
conditions change rapidly, leading to nonstationary channel
properties. For an accurate description of V2V elevation
plane, 3D channelmodels have been proposed in [6, 8, 20, 21],
for a more precise spatial and temporal description of the
V2V communication links relative to that provided by 2D
channel models.

The focus of our work is to model the spatiotempo-
ral propagation characteristics of information under V2V
communications. To the best of our knowledge, SCM V2V
channel is not well surveyed in existing work. We will
therefore give more attention to the statistical characteristics
of SCM scattering channel model under the scenarios of
V2V communications. The multipath components usually
distribute in terms of clusters because of similar latency,
AoD, AoA, and ToA, which is more close to practical V2V
propagation environments [21]. Also, the cluster model is
more flexible. With proper parameters setting, the cluster
model can be regarded as regular-shaped models. In contrast
to previous V2V models that assume that scatterers are uni-
formly located on either a ring or the first ellipse surrounding
the vehicles, we propose a new SCM V2V model based on
clusters that all the scattering objects are distributed along the
roadside, which is more close to practical V2V environment.
Compared with previous V2V models, the proposed SCM
V2V model can offer a better tradeoff between tracking
accuracy and model complexity. Even though the proposed
V2V channel model is yet to be validated empirically, it
gives theoretical insights into some statistical characteristics
of nonstationary V2V channels.

3. SCM Model for V2V Channels

3.1. A Short Introduction to the SCM. The SCM [22, 23] can
be considered as a “statistical ray-tracing method,” which is
close to practical V2V environment because both of the near
and far scatterers such as buildings and trees are distributed
at the roadside randomly.

A simplified overview of SCM V2V scattering channel
model is depicted in Figure 1. For the sake of simplicity, only
two paths (LOS and NLOS) are shown in the figure. For
NLOS path, themodel derives the 𝜃𝑡 (AoD, the angle between
Tx and scatterers) and the 𝜃𝑟 (AoA, the angle between
scatterers and Rx), and, for LOS path, the 𝜙𝑡 and 𝜙𝑟 are the
AoD and AoA without any obstruction between Tx and Rx,
respectively.

3.2. The Proposed SCM V2V Channel Model. The main
objective of this section is to model the novel V2V channel
model using the SCM model. Roadside buildings and on-
road obstacles create a lot of reflection making this propaga-
tion model not suitable for Rayleigh/AWNG channel model
[3]. The proposed V2V channel model is an extension of
SCM in roadside scattering environment. Our approach is
described as follows. We first consider scatterers distributed
along the roadside at different distances, and the geometrical
roadside scattering V2V model encompassing fixed and
moving scatterers is illustrated in Figure 2. All scatterers
belonging to a given cluster have similar AoD and AoA. For
one cluster, all the effective scatterers are located on regular
geometric region 𝐷𝑐, and the dimension of 𝐷𝑐 is far less
than the distance between Tx and Rx. The AoA and the AoD
are closely related due to the fact that the single-bounced
scattering is assumed.

The V2V channel will be short range (1 km coverage
distance), employing similar low-height antennas and road
units and high mobility of user terminals [24]. In agreement
with the typical V2V environment in Figure 2, we divide the
impulse response into two parts: LOS component and NLOS
cluster (including at least two subpaths per cluster) produced
from effective scatterers along the roadside. For a cluster, the
AoD is referred to as 𝜃𝑡, whereas the AoA is denoted by 𝜃𝑟.
The symbols 𝑑𝑡,𝑖 and 𝑑𝑟,𝑖 stand for the 𝑖th subpath from Tx
to scatterers before impinging on the Rx.The transmitter and
receiver are moving with the velocities V𝑡 and V𝑟, equipped
with 𝑁𝑇 and 𝑁𝑅 antenna elements. The antenna element
spacing at Tx and Rx is denoted by 𝛿𝑡 and 𝛿𝑟, respectively.The
traffic density of a given cluster is referred to as 𝜌 in meters.
The distance between Tx and Rx is denoted by 𝐿 (LOS).

3.3. Channel Impulse Response of SCM V2V Channel Model.
In practical propagation environments, scatterers are inten-
sively distributed in terms of clusters along the roadside, and
subpaths have similar AoD, AoA, and latency in a cluster. In
order to assess the performance of real-world V2V channels,
we define three categories of clusters according to the specific
location of clusters with respect to vehicles. The SCM V2V
channel can be described by the superposition of the sum of
scattered components ℎ𝑎(𝑡), ℎ𝑏(𝑡), and ℎ𝑐(𝑡), which represent
the CIR of V2V channels caused by different clusters in
“Ahead,” “Between,” and “Behind” position as depicted in
Figures 3(a), 3(b), and 3(c), respectively.

In this case, the mathematical CIR ℎ(𝑡) can be expressed
by the following:ℎ (𝑡) = ℎ𝑎 (𝑡) + ℎ𝑏 (𝑡) + ℎ𝑐 (𝑡)

= √ 𝑃𝑛𝑀
𝑀∑
𝑚=1

{[√𝐴 𝑡 (𝜃𝑚,𝑛,𝑡)
⋅ exp (𝑗 (𝑘𝑑𝑡 sin 𝜃𝑚,𝑛,𝑡 + 𝜙𝑛,𝑚))] × [√𝐴𝑟 (𝜃𝑚,𝑛,𝑟)
⋅ exp (𝑗 (𝑘𝑑𝑟 sin 𝜃𝑚,𝑛,𝑟))]
× exp (𝑗𝑘 ‖V‖ cos (𝜃𝑚,𝑛,𝑟 − 𝜃V) 𝑡)} .

(1)
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Figure 1: Simplified overview of SCM V2V scattering channel model.
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Figure 2: Geometrical model for V2V channel in roadside scattering environment.

The key parameters of (1) are summarized in list of model
parameters in SCM-V2V model. Figure 4 shows the CIR
performance of the proposed model for various transmitter
speeds with respect to the receiver. Here, we assume that two
vehicles are on a collision course, which are in the absence of
LOS component owing to roadside infrastructures, buildings,
and foliage. The phase 𝜙𝑛,𝑚 is assumed to be an independent
random variable which is uniformly distributed between 0
and 2𝜋. Parameter values used in the calculation are as
follows: 𝑀 = 20, 𝑑𝑡 = 20m, 𝑑𝑟 = 30m, 𝜃𝑚,𝑛,𝑡 =𝜋/3, 𝜃𝑚,𝑛,𝑟 = 𝜋/4, 𝜃V = 𝜋/6, and 𝐴𝑟 = 𝐴 𝑡 = 1. All subpaths𝑃𝑛 in a cluster follow a Poisson distribution. It is interesting

to note that the velocity of cluster has a significant effect on
the CIR of SCM V2V channel model, and angles and phase
changes in (1) have no apparent peak in the calculation of
CIR.

3.4. Power Spectral Density. To practically analyze the V2V
channel model, it is necessary to derive the accurate expres-
sion of PSD from ray-based models and the predefined
stochastic distributions of effective scatterers by applying the
fundamental laws of wave propagation. The phase offset of
subpaths per cluster is omitted here owing to the similar dis-
tance of multipath components of V2V propagation channel.
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Figure 3: Different locations of a cluster along the roadside relative to Tx and Rx.

In agreement with the typical V2V environment in Figure 2,
we assume that the amount of power 𝑃𝑟 returning to the Rx
antenna from a cluster can be described by the following
radar equation:

𝑃𝑟 = 𝑛∑
𝑖=1

𝑃𝑡𝐺𝑡𝐺𝑟𝜆2𝜎(4𝜋)3 ( 1𝑑𝑡,𝑖2 exp (𝑗 (𝑘𝑑𝑡,𝑖 sin 𝜃𝑡,𝑖 + 𝜙𝑖)))
⋅ ( 1𝑑𝑟,𝑖2 exp (𝑗 (𝑘𝑑𝑟,𝑖 sin 𝜃𝑟,𝑖))) ,

(2)

where 𝑃𝑡 and 𝑃𝑟 are the transmitted and received power,
respectively. 𝐺𝑡 and 𝐺𝑟 are the Tx and Rx antenna gain,
respectively.𝜎 is the radar cross section of the object in square
meters (assumed to be isotropic). 𝑛 is the number of subpaths
per path (cluster). 𝜆 is the wavelength of the electromagnetic
wave at 5.9GHz. 𝑑𝑡 and 𝑑𝑟 are the distance from scatterers

to Tx and Rx, respectively. 𝜃𝑡,𝑖 and 𝜃𝑟,𝑖 are the AoD and AoA
of the 𝑖th subpath, respectively. 𝜙𝑖 is the initial phase of 𝑖th
subpath.

Consider scatterers within the different 𝜃𝑡 and 𝜃𝑟 with
respect to the Tx-Rx route (Figure 2). For the sake of
simplicity, the number of subpaths is two (𝑑𝑡,1 → 𝑑𝑟,1, 𝑑𝑡,2 →𝑑𝑟,2), 𝜌 is the density of scatterers in a cluster along the
roadside, and 𝑎 and 𝑏 are the average distance from Tx-Rx
route to the left and right roadside, respectively. We denote𝐿 to be the projected distance along the road from angle 𝜃𝑡,
and 𝑑𝐿 is the projected subpath length change along the road
from angle 𝑑𝜃𝑡.

From the geometry in Figure 2 we have

𝐿 = 𝑎
tan 𝜃𝑡 . (3)
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Figure 4: Comparison of CIR performance of different vehicle speeds for the SCMV2V channel model (CIR for vehicles speed from 20 km/h
to 80 km/h, omnidirectional transmitting antenna).

Taking the derivative on (3) we have

𝑑𝐿 = −𝑎 csc2𝜃𝑡𝑑𝜃𝑡. (4)

For a cluster with the angular range 𝑑𝜃𝑡, the number of
scatterers can therefore be given by

𝜌𝑑𝐿 = −𝜌𝑎 csc2𝜃𝑡𝑑𝜃𝑡. (5)

The total power arriving within the range of angles 𝑑𝜃𝑡 is
given by the power from one cluster (see (2)) multiplied by
the number of subpaths in the length −𝑑𝐿 from (5). Then we
can get the following expressions:

𝑃 = 𝑃𝑟
= 𝑛∑
𝑖=1

𝑃𝑡𝐺𝑡𝐺𝑟𝜆2𝜎(4𝜋)3 ( 1𝑑𝑡,𝑖2 exp (𝑗 (𝑘𝑑𝑡,𝑖 sin 𝜃𝑡,𝑖 + 𝜙𝑖)))
⋅ ( 1𝑑𝑟,𝑖2 exp (𝑗 (𝑘𝑑𝑟,𝑖 sin 𝜃𝑟,𝑖)))
= 𝑛∑
𝑖=1

𝑃𝑡𝐺𝑡𝐺𝑟𝜆2𝜎(4𝜋)3 1𝑑𝑡,𝑖2
1𝑑𝑟,𝑖2 ,

𝑑𝑃 = 𝑛∑
𝑖=1

𝑃𝑡𝐺𝑡𝐺𝑟𝜆2𝜎(4𝜋)3 ( 1𝑑𝑡,𝑖2)(
1𝑑𝑟,𝑖2)𝜌𝑎 csc2𝜃𝑡𝑑𝜃𝑡.

(6)

Thus, the PSD can be expressed as

𝑆 (𝑓) = 𝑑𝑃𝑑𝜃𝑡 𝑑𝜃𝑡𝑑𝑓 . (7)

The wave is then bounced to Tx. from the view of the
scattering object, the relative speed of Tx and Rx is V𝑡 cos 𝜃𝑡
and V𝑟 cos 𝜃𝑟, respectively. The total Doppler shift is therefore

𝑓 = (V𝑡 cos 𝜃𝑡 + V𝑟 cos 𝜃𝑟)𝜆 . (8)

From (8), we obtain

𝑑𝑓𝑑𝜃𝑡 = −(V𝑡 sin 𝜃𝑡 + V𝑟 sin 𝜃𝑟 (𝑑𝜃𝑟/𝑑𝜃𝑡))𝜆 . (9)

The magnitude of the PSD can be expressed as

𝑆 (𝑓) = 𝑛∑
𝑖=1

𝑃𝑡𝐺𝑡𝐺𝑟𝜆2𝜎(4𝜋)3 ( 1𝑑𝑡,𝑖2)(
1𝑑𝑟,𝑖2)

𝜌𝑎 csc2𝜃𝑡𝑑𝑓/𝑑𝜃𝑡
= 𝑛∑
𝑖=1

𝑃𝑡𝐺𝑡𝐺𝑟𝜆3𝜎(4𝜋)3 ( 1𝑑𝑡,𝑖2𝑑𝑟,𝑖2)
⋅ 𝜌𝑎 csc2𝜃𝑡(V𝑡 sin 𝜃𝑡 + V𝑟 sin 𝜃𝑟 𝑑𝜃𝑟/𝑑𝜃𝑡) .

(10)

However, in practice, the dual slope model is a finer
granularity fading vehicular channel, which can accurately
represent the measurements of V2V modeling [25]. Within
a critical distance 𝑑𝑐, the power is an inversely proportional
function of distance 𝑑 squared. Beyond this critical distance,
the signal strength varies with inverse fourth power of
distance for large 𝑑. To intelligently cater for the quantitative
relationship, a dimensionless distance function 𝐷(�̂�, �̂�𝑐) can
be given by

𝐷(�̂�, �̂�𝑐) =
{{{{{{{{{

1̂
𝑑2 if �̂� ≤ �̂�𝑐
1̂
𝑑𝑐2 (

�̂�𝑐�̂� )
4

if �̂� > �̂�𝑐, (11)

where �̂�𝑐 ≡ 𝑑𝑐/𝑑𝑡𝑟 and �̂� ≡ 𝑑/𝑑𝑡𝑟 are normalized distances to
the separation distance between Tx and Rx in a single cluster
(𝑑𝑡𝑟 = 𝑑𝑡,𝑖+𝑑𝑟,𝑖). Here, 𝑑𝑐 can be calculated as the first Fresnel
distance 𝑑𝑐 = 4ℎ𝑡ℎ𝑟/𝜆,where ℎ𝑡 and ℎ𝑟 are antenna heights of
Tx and Rx, respectively [5, 25]. For simplicity, we assume that
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Figure 5: Real-world propagation scenario with one cluster between Tx and Rx.

the heights of antennas on vehicles are ℎ𝑡 = ℎ𝑟 = 1.8m, giving
a Fresnel distance of 255m.

Thus, the modified PSD can be expressed as the following
equation:

𝑆 (𝑓)
= 𝑛∑
𝑖=1

𝑄𝐺𝑡 (𝜃𝑡) 𝐺𝑟 (𝜃𝑟)𝐷 (�̂�𝑡, �̂�𝑐)𝐷 (�̂�𝑟, �̂�𝑐) csc2𝜃𝑡𝑑𝑓/𝑑𝜃𝑡 ,
(12)

where 𝑄 = 𝑃𝑡𝜆2𝜎�̂�𝑎/(4𝜋𝑑𝑡𝑟)3, and �̂� ≡ 𝜌/𝑑𝑡𝑟 is the
normalized perpendicular distance to the cluster. In addition,
we can derive the angular power density from (7) as follows:

𝑑𝑃𝑑𝜃 = 𝑆 (𝑓)  𝑑𝑓𝑑𝜃𝑡


= 𝑛∑
𝑖=1

𝑄𝐺𝑡 (𝜃𝑡) 𝐺𝑟 (𝜃𝑟)𝐷 (�̂�𝑡, �̂�𝑐)𝐷 (�̂�𝑟, �̂�𝑐) csc2𝜃𝑡.
(13)

3.5. Different Relative Locations of Clusters. Owing to the
countless number of propagation environments combined
with similar delays and angles, it is reasonable to describe the
multipath components in terms of clusters. Since the above
parameters to the geometry vary between different scenarios,
it is needed to classify the V2V channels into three classes
based upon the local physical environment.

(i) Ahead. Figure 3(a) shows the casewhen the cluster is ahead
of both Tx and Rx. In this setting 0 < 𝜃𝑡 ≤ 𝜃𝑟 < 𝜋/2; we have

�̂�𝑡 = �̂�
sin 𝜃𝑡 ,

�̂�𝑟 = �̂�
sin 𝜃𝑟 ,

(14)

�̂�𝑟 = √�̂�2 + (�̂�2 cot 𝜃𝑡 − 1)2. (15)

We can derive 𝜃𝑟 from Figure 3(a):

𝜃𝑟 = tan−1 ( �̂��̂� cot 𝜃𝑡 − 1) . (16)

Therefore,

𝑑𝜃𝑡𝑑𝜃𝑟 =
(�̂�2 cot 𝜃𝑡 − 1)2 + �̂�2�̂�2csc2𝜃𝑡 . (17)

(ii) Between. Figure 3(b) depicts the case when the cluster is
located in between Tx and Rx. In this setting 0 < 𝜃𝑡 ≤ 𝜋/2 ≤𝜃𝑟 < 𝜋; 𝜃𝑟 can be derived from the graph as follows:

𝜃𝑟 = 𝜋 − tan−1 ( �̂�1 − �̂� cot 𝜃𝑡) . (18)

As for the expressions of |𝑆(𝑓)|, �̂�𝑡, and �̂�𝑟, they are the same
equation as in the “Ahead” setting.

(iii) Behind. Figure 3(c) represents the case when the cluster
is behind both Tx and Rx. In this setting 𝜋/2 ≤ 𝜃𝑡 < 𝜃𝑟 < 𝜋;
also the expressions of |𝑆(𝑓)|, �̂�𝑡, and �̂�𝑟 have the same form
as in the “Ahead” setting.

4. SCM V2V Channel Characterization

Considering the geometrical model in Figure 5, scatterers are
lying on the right or left side of the street. In the following
part, we derive the corresponding autocorrelation function
(ACF) of a cluster under the scenario of suburban roadside.
Moving scatterers such as walking pedestrians and passing
vehicles are unavoidable in V2V communications. In light of
the real-world radio propagation environments, the complex
channel gain 𝜇(𝑡) of SCM V2V channels can be represented
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by the sum of stationary scatterers and moving scatterers
located on the same clusters in the following form:

𝜇 (𝑡) = 𝐴∑
𝑖=1

𝑎𝑖 exp [𝑗 (2𝜋𝑓𝑖𝑡 + 𝜃𝑖)]
+ 𝐵∑
𝑛=1

𝑏𝑛 exp [𝑗 (2𝜋𝑓𝑛𝑡 + 𝜃𝑛)]
= 𝑁∑
𝑛=1

𝑐𝑛 exp [𝑗 (2𝜋𝑓𝑛𝑡 + 𝜃𝑛)] ,
(19)

where 𝐴 and 𝐵 are the number of stationary scatterers and
moving scatterers in a cluster, respectively (𝑁 = 𝐴 +𝐵). 𝑎𝑖, 𝑏𝑛, and 𝑐𝑛 designate the attenuation factors caused
by the scattering objects. 𝑓𝑖 and 𝑓𝑛 represent the Doppler
shift caused by stationary scatterers and moving scatterers,
respectively. 𝜃𝑖 and 𝜃𝑛 denote the phase shift of the subpath,
which is usually assumed to be uniformly distributed between
0 and 2𝜋 considering both left and right roadside. For the
sake of brevity, this research only focuses on one direction
only, ignoring the scenarios of opposite direction of moving
vehicles. In [26], the frequency shift 𝑓𝑛 can be written in the
following compact form:

𝑓𝑛 = 1𝜆 [V𝑡 cos 𝜃𝑡 − V𝑠 (cos 𝜃𝑡 + cos 𝜃𝑟) + V𝑟 cos 𝜃𝑟] . (20)

Hence, the Doppler shift 𝑓𝑖 of stationary scatterers can be
obtained from (12) by setting V𝑠 = 0. The ACF 𝑟𝜇𝜇(𝜏) of
V2V channel coefficient can be determined by the following
definition:

𝑟𝜇𝜇 (𝜏) = 𝐸 {𝜇∗ (𝑡) ⋅ 𝜇 (𝑡 + 𝜏)} , (21)

where𝐸{⋅} denotes the expectation operator. Substituting (19)
in (21) gives us

𝑟𝜇𝜇 (𝜏) = 𝑁∑
𝑛=1

𝑀∑
𝑚=1

𝑐𝑛𝑐𝑚
⋅ 𝐸 {exp [𝑗 (2𝜋𝑡 (𝑓𝑚 − 𝑓𝑛) + (𝜃𝑚 − 𝜃𝑛) + 2𝜋𝑓𝑚𝜏)]} .

(22)

It is noteworthy that if the number of paths 𝑁 tends to
infinity, for any given isotropic scattering, hence all path gains𝑐𝑛 have the same fading coefficient. Regarding the fact that
both random phases and Doppler frequencies are uniformly
distributed with respect to Δ𝜃 → 0, (22) can be expressed by
the following:

𝑟𝜇𝜇 (𝜏) = lim
𝑁→∞

𝑁∑
𝑛=1

𝑐2𝑛𝐸 {exp [𝑗2𝜋𝑓𝑛𝜏]} . (23)

Under the idealized assumption of isotropic scattering
andAoA 𝜃𝑛 uniform distribution between 0 and 2𝜋, it follows
that all subpath gains 𝑐𝑛 = 𝜎0√2/𝑁 have the same size [27]. In
the case under consideration, the ACF of V2V channels can
be represented as follows:

𝑟𝜇𝜇 (𝜏) = 2𝜎20 ∫∞
0

∫2𝜋
0

∫2𝜋
0

exp{ 𝑗2𝜋𝜏𝜆 [V𝑡 cos 𝜃𝑡 − 2V𝑠 cos ((𝜃𝑡 + 𝜃𝑟) /2) cos ((𝜃𝑡 − 𝜃𝑟) /2) + V𝑟 cos 𝜃𝑟]} × 𝑝𝜃
𝑡
,𝜃
𝑟

(𝜃𝑡, 𝜃𝑟)
⋅ 𝑝V
𝑠

(V𝑠) 𝑑𝜃𝑡𝑑𝜃𝑟𝑑V𝑠.
(24)

In [27, pp. 64], we derive the closed-form expression
for the average Doppler spread 𝐵(1)𝜇𝜇 and Doppler spread𝐵(2)𝜇𝜇 , which can be derived from the first- and second-time
derivative of ACF 𝑟𝜇𝜇(𝜏) of the complex gain 𝜇(𝑡) as follows:

𝐵(1)𝜇𝜇 = 12𝜋𝑗 ⋅ ̇𝑟𝜇𝜇 (0)𝑟𝜇𝜇 (0) ,
𝐵(2)𝜇𝜇 = 12𝜋√( ̇𝑟𝜇𝜇 (0)𝑟𝜇𝜇 (0))

2 − ̈𝑟𝜇𝜇 (0)𝑟𝜇𝜇 (0) ,
(25)

where the ̇𝑟𝜇𝜇(𝜏) and ̈𝑟𝜇𝜇(𝜏) indicate the first- and second-
time derivative of 𝑟𝜇𝜇(𝜏), respectively.
5. Simulation Results and Discussion

Having derived the basic channel characterization of the
model, in this section, numerical simulation results are

provided to illustrate the validity of the proposed SCM V2V
model.

5.1. PSD of the SCM V2V Channel. Figures 6, 7, and 8 show
the PSD of the SCMV2V channel for different Tx/Rx vehicles
velocity distributions.The results presented therein have been
obtained by referring to (8)–(10). Parameter values used in
Figures 6, 7, and 8 calculations are 𝑃𝑡𝐺𝑡𝐺𝑟 = 1, 𝐿 =20m, 𝑎 = 10m, 𝑑𝑐 = 255m, 𝜌 = 10, 𝜎 = 1, and 𝑓𝑐 =5.9GHz. It is needed to point out that we do not consider the
speed of scatterers due to the fact that it is not a dominant
source of PSD inV2Vcommunications.As shown in Figure 6,
scatterers are assumed to be in between Tx and Rx. The
two vehicles are moving in the same direction. The first
conclusion to this figure is that the cut-off frequency ranges of
the spectrum are given by ±(V𝑡 +V𝑟)/𝜆, which is in agreement
with the typical two-ring model and the existing literature
[5]. By increasing the mean velocity of Tx/Rx vehicles, the
central peak of PSD also increases by gradually approaching
a delta function around the origin and decreases in tails. The
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Figure 6: Behavior of PSD 𝑆(𝑓) presented in (10) and Figure 3(b)
for V2V scenarios with different moving speeds of Tx/Rx vehicles.
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Figure 7: Behavior of PSD 𝑆(𝑓) presented in (10) and Figure 3(a)
for V2V scenarios with different moving speeds of Tx/Rx vehicles.

spectrum is symmetric since both Tx and Rx are moving at
the same speed. Furthermore, it can be observed that the
Tx/Rx vehicles speed distribution has significant effect on
both the magnitude and shape of the PSD in the presence
of same clusters or scatterers. The PSD 𝑆(𝑓) of the proposed
SCMV2V channel model is even and real, which also implies
that the ACF 𝑟𝜇𝜇(𝜏) is also even and real.

Figures 7 and 8 show the PSD of the proposed channel
model under the scenarios of clusters located at “Ahead” and
“Behind” position with respect to the Tx/Rx vehicles; it can
be concluded that all spectrums become one-sided because of
different distributions of AoDs 𝜃𝑡 and AoAs 𝜃𝑟. However, the
level of spectrum limits is close to the condition of “Between.”
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Figure 8: Behavior of PSD 𝑆(𝑓) presented in (10) and Figure 3(c) for
V2V scenarios with different moving speeds of Tx/Rx vehicles.

Note that we have labeled the Tx/Rx physically meaningful
to mimic V2V channels. One common understanding is
that V2V channel is reciprocal [5]; the general shape of
the spectrum between “Ahead” and “Behind” shows on a
coarse symmetry regardless of which vehicle is the Tx or Rx.
Compared with Figure 6, the PSD 𝑆(𝑓) of these two regions is
odd and real, which is fundamentally different characteristic
among Figures 6, 7, and 8. In contrast to our previous PSD,
it is interesting to note that the angular power density is
relatively smooth and has no apparent peak value due to the
function 𝑑𝑓/𝑑𝜃𝑡 in (11).

5.2. ACF of the SCM V2V Channel. To illustrate the effect of
moving scatterers and different positions of clusters on the
ACF of SCMV2V channel model, 20 subpaths in each cluster
are used for the simulation. The propagation environment
containsmoving clusters and fixed clusters, which are located
in the three regions along the roadside. Both the transmitter
and the receiver have the same speed in the same direction.
Here, we consider the case of nonisotropic scattering condi-
tions. The AoDs 𝜃𝑡 and AoAs 𝜃𝑟 are uniformly distributed
over the three regions: “Ahead” (0 < 𝜃𝑡 ≤ 𝜃𝑟 < 𝜋/2),
“Between” (0 < 𝜃𝑡 ≤ 𝜋/2 ≤ 𝜃𝑟 < 𝜋), and “Behind” (𝜋/2 ≤𝜃𝑡 < 𝜃𝑟 < 𝜋), respectively. Consider subpaths in a cluster
within the differential angle (Δ𝜃𝑡 ≤ 1∘, Δ𝜃𝑟 ≤ 1∘) about
the angle 𝜃𝑡 and 𝜃𝑟 with respect to their neighbor subpaths.
Each cluster has a length of 10m and is independent with its
neighbor clusters. The effective distance between scatterers
and Tx/Rx is within 1 km range. For simplicity purposes, the
attenuation factors 𝑐𝑛 are all set to one.

Let us compare the effect of fixed scatterers and moving
scatterers on the ACF 𝑟𝜇𝜇(𝜏) illustrated in Figures 9, 10, and
11. Case 1: V𝑡 = V𝑟 = 30 km/h, V𝑠 = 10 km/h; Case 2:
V𝑡 = V𝑟 = 80 km/h, V𝑠 = 30 km/h. It is noteworthy that as
the speed of V𝑡 and V𝑟 increases, the coherence time of V2V
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Figure 9: Behavior of ACF 𝑟𝜇𝜇(𝜏) presented in Figure 3(a) for V2V
scenarios (“Ahead” central angle: 𝜃𝑡 = 30∘, 𝜃𝑟 = 60∘ uniform
distribution).
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Figure 10: Behavior of ACF 𝑟𝜇𝜇(𝜏) presented in Figure 3(b) for V2V
scenarios (“Between” central angle: 𝜃𝑡 = 30∘, 𝜃𝑟 = 120∘ uniform
distribution).

channels decreases. Figures 9, 10, and 11 also demonstrate
the effect of moving scatterers on the ACF of V2V channels
when the speed of Tx and Rx keeps in the same value. As the
velocity ofmoving scatterers relatively to theTx/Rxdecreases,
V2V channels change more slowly. To study the impact of
slow moving scatterers, the average velocity V𝑠 in both cases
has been set to 10 km/h. Furthermore, one needs to compare
the ACF in the presence of moving scatterers with that of
fixed scatterers under the scenarios of clusters located at three
positions. In this regard, Figure 9 shows that the ACF value
of fixed scatterers of “Ahead” cluster is larger than that of
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Figure 11: Behavior of ACF 𝑟𝜇𝜇(𝜏) presented in Figure 3(c) for V2V
scenarios (“Behind” central angle: 𝜃𝑡 = 120∘, 𝜃𝑟 = 150∘ uniform
distribution).

other two regions. Figure 10 illustrates that the high speed of
moving scatterers and Tx/Rx has relatively a little effect on
the ACF of “Between” clusters. When the time difference 𝜏
exceeds a critical value 5ms, theACFvalues tend to be around
zero. The general form of the ACF can be obtained by taking
the inverse Fourier transform of the PSD in (10). Therefore,
the simulation results are in very good agreement with the
real world.

6. Summary and Conclusions

In this paper, a novel scattering cluster-based V2V chan-
nel model is proposed, which contributes to bridging the
gap between simplified SCM models and computationally
expensive geometry-based models by performing location-
specific propagation modeling with respect to the moving
and fixed scatterers in the vicinity of the communicating
vehicles. The general PSD, angular power density, CIR, ACF,
and the Doppler spread of the SCM V2V channel have been
derived. Comparisons with three classes of clusters show
that the proposed model describes the scattering component
and properties more accurately than GBSMs (e.g., two-
ring model). Furthermore, the effects of fixed scatterers and
moving scatterers on the ACF of the new model have been
studied. It has been shown that the moving scatterers have
a relatively major impact on the V2V communication links
as they can significantly affect the Doppler spread of the
V2V channels. Numerical results are presented to validate the
effectiveness of the proposed SCMV2Vmodel in terms of the
PSD, ACF, and CIR of the V2V channels. More investigations
concerning other statistical properties of the V2V channel,
for example, the influence of the opposite moving direction



International Journal of Antennas and Propagation 11

of vehicles and different distributions of scatterers and the
coherence time, may be addressed in future work.

List of Model Parameters in SCM-V2V Model

𝑃𝑛: Power of the 𝑛th path𝑁: Number of clusters𝑀: Number of subpaths per cluster𝐴 𝑡: Antenna gains of Tx𝐴𝑟: Antenna gains of Rx𝜃𝑚,𝑛,𝑡: AoD of the 𝑛th subpath of the𝑚th cluster𝜃𝑚,𝑛,𝑟: AoA of the 𝑛th subpath of the𝑚th cluster𝜃V: Angle of the Tx velocity vector𝑑𝑡: Distance in meters from Tx antenna elements𝑑𝑟: Distance in meters from Rx antenna elements𝜙𝑛,𝑚: Phase of the 𝑛th subpath of the𝑚th cluster𝑘: Wave number, 𝑘 = 2𝜋/𝜆
V: Relative speed of the Tx.
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