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We develop a novel three-dimensional (3D) cluster-based channel model for vehicle-to-vehicle (V2V) communications under the
scenarios of urban street scattering environments. The proposed model combines the flexibility of geometrical channel models with
the existing state-of-the-art 3D V2V models. To provide an accurate representation of specific locations and realistic V2V fading
environments in a computationally manageable fashion, all clusters are divided into three groups of use cases including “ahead,”
“between,” and “behind” clusters according to the relative locations of clusters. Using the proposed V2V model, we first derive
the closed-form expressions of the channel impulse response (CIR), including the line-of-sight (LoS) components and cluster
components. Subsequently, for three categories of clusters, the corresponding statistical properties of the reference model are
studied. We additionally derive the expressions of the 3D space-time correlation function (STCF), the autocorrelation function
(ACF), and 2D STCF. Finally, comparisons with on-road measurement data and numerical experiments demonstrate the
validity and effectiveness of the proposed 3D cluster-based V2V model.

1. Introduction

Vehicle-to-vehicle (V2V) communications have received
phenomenal attention over the past decade in both commer-
cial and academia domains due to their potential in facilitat-
ing the implementation of intelligent transportation systems
(ITSs) [1, 2]. With the advent of advanced information and
communication technology, enhancing vehicles with accu-
rate V2V models are vital to system design and performance
evaluation, which is a necessary next step in the process of
vehicle evolution toward autonomous systems. A thorough
understanding of the V2V channel is therefore crucial for
the development, performance optimization, and test of
the present as well as 5G mobile radio systems. In addi-
tion, achieving accurate and effective modeling of V2V
communication channel has proven to be a challenging task,
particularly owing to the diverse and highly dynamic propa-
gation environments. Moreover, vehicular ad hoc network

(VANET) research relies heavily on numerical and theo-
retical simulations, due to the prohibitive costs of deploying
real-world measurement campaigns.

Channel modeling is expected to shed light on the real
physical attenuation by investigating the channel characteris-
tics, which is critical for developing information-enabled
applications to improve traffic safety and mobility [3]. In
V2V communication channels, both the transmitter (Tx)
and the receiver (Rx) may be in motion and lower than
scatterers on surrounding buildings, which is different from
conventional fixed-to-mobile (F2M) cellular systems. The
performance of V2V propagation channel between Tx
and Rx can significantly differ depending on scattering
environments around them and whether the link exists
line-of-sight (LoS) components owing to buildings, roadside
infrastructures, and road bending [4]. V2V channels gener-
ally may have contributions from LoS paths, reflections from
large stationary and moving objects such as buildings and
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neighboring vehicles, and a diffuse base from large numbers
of small stationary objects in the environment. To practically
analyze and design V2V systems, it is necessary to have the
deep knowledge of the underlying propagation channel and
the corresponding realistic yet easy-to-use channel model.

There exist several general methods to model the V2V
propagation channel, such as geometry-based stochastic
models (GBSMs), deterministic models, and stochastic
models [1]. In these models, the GBSMs are most widely used
in V2V communication systems for theoretical analysis of
channel statistics and performance evaluation, which can be
classified as regular-shaped GBSMs (RS-GBSMs) [5–10]
and irregular-shape GBSMs [11, 12], mainly depending on
whether scatterers are located on regular shapes or irregular
shapes. The authors of [5–8] presented RS-GBSMs consisting
two-ring, two-cylinder, and one ellipse models. However,
their underlying assumption of all scatterers is being uni-
formly distributed on regular geometries, which does not
agree with the realistic measurements. In [13, 14], the authors
investigated the fixed and moving scatterers on the statistics
of MIMOV2V channels under non-line-of-sight (NLoS) sce-
narios where both the single- and double-bounced compo-
nents were taken into account, which is more universal in
the real-world scattering circumstances. The drawback com-
pared to RS-GBSMs is that closed-form expressions generally
cannot be derived, but there are a number of important ben-
efits: the environment can be easily changed and easily repro-
duce realistic temporal channel variations [12]. In [6, 7], the
authors proposed two-dimensional (2D) RS-GBSMs; they
neglect signal variations and spatial diversity in the vertical
plane. Therefore, 3D two-cylinder and multiring RS-
GBSMs were developed for wideband nonisotropic MIMO
V2V channels in [8, 9]. Even though many 3D V2V channel
models have been proposed over the past few years, they all
assumed that the elevation angle and the azimuth angle are
completely independent, which also does not adapt to all
realistic vehicular scenarios. Moreover, the impact of the dis-
tribution of scatterers and moving scatterers on channel sta-
tistics was not considered in the existing 3D RS-GBSMs. As
for the deterministic models, even though they have shown
to agree well with real measurements, they require intensive
computations and make it difficult to vary parameters. Sto-
chastic modeling offers a good compromise since it allows
reducing the complexity of many physical processes to only
a few statistical parameters in a formalism well adapted to
the communication engineering community. However, it is
based on the wide-sense stationary uncorrelated scattering
(WSSUS) assumption, which is usually violated to the non-
stationary properties of V2V channels [12, 15].

It is well-known that 3GPP spatial channel model (SCM)
is based on empirical measurements and clusters, which
models the outdoor scattering environment by a set of dis-
crete reflections [16, 17]. In practical V2V environments,
scatterers are intensively distributed in terms of clusters
along the roadside since subpaths have similar angle of
departure (AoD), angle of arrival (AoA), and latency in a
cluster [18–21]. For 3D V2V channel modeling, the conven-
tional 2D models only consider the propagation path in the
horizontal plane, which cannot be directly taken into account

owing to the elevation angle in 3D space. Furthermore, it is
obvious that the previous work in [5–10] is improper because
it neglects the impact of the distribution of scattering objects
on the channel statistics. A 3D channel modeling study cur-
rently under way within 3GPP is expected to shed light on
these various issues. In light of this, we present a novel 3D
cluster-based MIMO V2V model based on the existing
state-of-the-art 2D and 3D scattering channel models. The
motivation comes from the fact that both well-known RS-
GBSMs and SCM models are aimed at combining the
advantages of these two types of models. To the best of our
knowledge, there are very few papers that analyze the perfor-
mance of 3D cluster-based models under vehicular scenarios.
Therefore, it is promising that 3D V2V channel modeling is
based on clusters but with extensions to catering for V2V
modeling requirements and scenarios. In this regard, the
major contributions and novelties of this paper are summa-
rized as follows:

(1) We propose a novel 3D cluster-based MIMO V2V
channel model under the scenarios of roadside scat-
tering environments. All clusters are classified into
three types of clusters according to the relative posi-
tion of clusters with respect to vehicles (Tx/Rx).

(2) In the proposed model, we present a closed-form
expression for channel impulse response (CIR) con-
sisting of LoS components and cluster components.
The important channel statistical properties of the
reference model are derived and investigated, includ-
ing 3D space-time correlation function (STCF), auto-
correlation function (ACF), and 2D STCF.

(3) The impacts of the locations of clusters, antenna
spacings, moving velocities, distributions of scat-
terers, and the quantity of scattering objects on
aforementioned channel statistical properties are
investigated. Measurements and extensive simula-
tion results demonstrate the validity and effective-
ness of the proposed model. The remainder of this
paper is organized as follows. In Section 2, we pro-
pose the 3D cluster-based MIMO V2V channel
model and derive the expressions of the CIR for LoS
paths and cluster paths. The corresponding 3D
STCF, ACF, and 2D STCF are developed in Section
3. Numerical analysis and simulations are presented
in Section 4, followed by the summary and conclud-
ing remarks in Section 5.

2. A Novel 3D Cluster-Based V2V
Channel Model

2.1. Description of the Proposed V2V Channel Model. We
consider the urban street scattering model as depicted in
Figure 1. For ease of comprehension, we redraw the geomet-
rical single-cluster urban street channel model, which consti-
tutes the starting point for the derivation of the proposed
model. It is assumed that the cluster lies on the left-hand side
of the road, and both Tx and Rx move at a certain speed in
the same direction. Between Tx and Rx, there exists a group
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of dense scatterers, which provide a cluster-based character-
ization for similar AoD, AoA, and latency and two paths
including LoS component and single-bounced cluster com-
ponent, as illustrated in Figure 1. The Tx/Rx is located at a
distance at/ar from the left-hand side of the road and at a dis-
tance bt/br from the right-hand side of the road. The distance
between Tx and Rx is denoted by D. The transmitter and
receiver are equipped with Mt and Mr antenna elements,
respectively. The antenna element spacings at Tx and Rx
are denoted by δt and δr , respectively. The angle γt/γr
describes the elevation angle of Tx/Rx linear array antenna.
The symbols ϕt and ϕr are the AoD and AoA of LoS path
without any obstruction between Tx and Rx, respectively.
The model derives the AoD θt and AoA θr of the single clus-
ter path, and the symbols αt and αr denote the elevation
angles of the single cluster path at Tx and Rx, respectively.

The V2V channel model can be described by a tempo-
ral channel matrix H t = hpq t

Mt×Mr
of size Mt ×Mr ,

where p = 1, 2,… ,Mt and q = 1, 2,… ,Mr [16, 22]. Each
realisation consists of N clusters composed of M subpaths
per cluster. Then, the general expression for CIR hpq t
between the pth Tx antenna and the qth Rx antenna is
generated through a combination of LoS hLoSpq t and cluster

component hclusterpq t [23, 24]. The LoS component hLoSpq can
be expressed as

hLoSpq t =
KpqΩpq

Kpq + 1e
j 2π f LoST +f LoSR t− 2π/λ DLoS

pq , 1

where

f LoST = f T ,maxcos ϕt ,

f LoSR = f R,maxcos ϕr ,

DLoS
pq =DT ,R − Mt − 2p + 1 δt

2 cos γt

+ Mr − 2q + 1 δr
2 cos γr ,

DT ,R = D2 + at − ar
2

2

Kpq represents the ratio between the power of the LoS path
and the power of clusters (Ricean factor). The symbol Ωpq is
the total power between the pth Tx antenna and the qth Rx
antenna. The symbols f LoST and f LoSR represent the Doppler
shifts of the LoS path due to the movement of Tx and Rx,
respectively. f T ,max and f R,max are the maximum Doppler fre-
quency of Tx and Rx antennas, respectively. DLoS

pq denotes the
distance between the pth Tx antenna and the qth Rx antenna,
while DT ,R is the Euclidian distance between Tx and Rx. The

cluster component hclusterpq t is given by

hclusterpq t =
Ωpq

Kpq + 1 lim
M,N→∞

〠
N

n=1
〠
M

m=1

DmnLmn
p Lmn

q ej 2π f mn
T +f mn

R t+φmn

MN
,

3

where

Dmn = e−j 2π/λ at /sin θmn
t +ar/sin θmn

r ,
Lmn
p = ejπ δt /λ Mt−2p+1 cos θmn

t −γt ,

Lmn
q = ejπ δr/λ Mr−2q+1 cos θmn

r −γr ,

f mn
T = f T ,maxcos θmn

t ,
f mn
R = f R,maxcos θmn

r ,

4

where N is the number of clusters and M represents the
number of subpaths per cluster. The symbols θmn

t and
θmn
r are the AoD and AoA of the mth subpath of the nth
multipath, respectively. The phases φmn are independent,
identically distributed (iid) random variables, which follow
a uniform distribution over the interval 0, 2π .

2.2. Clusters Located at Three Different Relative Locations. It
has been shown that the V2V radio propagation in scattering
environments can be easily influenced by the number and
positions of scatterers between Tx and Rx [22]. To evaluate
the performance of cluster-based V2V models at specific
situations that could occur, we define three categories of
clusters according to the relative locations to the transmitter
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Figure 1: A typical 3D cluster-based V2V scenario.
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and the receiver. Figures 2(a)–2(c) depict three cases when
clusters are located “ahead,” “between,” and “behind” with
respect to Tx/Rx, respectively, where each position aims at
representing a particular type of physical situation, that is,
vehicles are approaching, passing, and leaving.

Case 1. Figure 2(a) shows the situation when the cluster is
ahead of both Tx and Rx. In this setting, 0 < θt ≤ θr < π/2;
we have

d̂t =
â2 + ĥ

2

sin θt
= ĥ
sin αt

,

d̂r =
â2 + ĥ

2

sin θr
= ĥ
sin αr

= â2 + ĥ
2 + â2 + ĥ

2 cot θt − 1
2
,

θr = tan−1 â2 + ĥ
2

â2 + ĥ
2 cot θt − 1

5

Here, the hat of the symbol represents the variable in each
realization. Therefore,

dθt
dθr

=
â2 + ĥ

2 cot θt − 1
2
+ â2 + ĥ

2

â2 + ĥ
2 csc2θt

6

Case 2. Figure 2(b) depicts that the cluster is located 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 â2 + ĥ
2

â2 + ĥ
2 cot θt

7

Case 3. Figure 2(c) represents the situation when the clus-
ter is behind both Tx and Rx. In this setting, π/2 ≤ θt ≤
θr < π; d̂t and d̂r have the same expression as in the
“ahead” setting.

3. Statistical Characterization of the Cluster-
Based V2V Channel Model

3.1. Local 3D STCF. Based on the proposed channel
model, the local 3D STCF can be completely determined
by the correlation properties of two arbitrary CIRs hpq t

and hp′q′ t in the same cluster [23, 24]. Since the LoS
and cluster components are independent to each other,
and there are no correlations between the underlying pro-
cesses in different taps, therefore, we have the following
local 3D STCF:

ρhpq t hp′q′ t
δt , δr , τ ≔ E h∗pq t hp′q′ t t + τ

= ρLoS
pq,p′q′ δt , δr , τ + ρcluster

pq,p′q′ δt , δr , τ ,
8

where E · denotes the expectation operator and · ∗ repre-
sents the complex conjugate operation. Based on (1), we
can obtain the local 3D STCF of the LoS ρLoSpq δt , δr , τ as
follows:

where

Lmn
pp′ δt , θ

mn
t = ej2π δt /λ cos θmn

t −γt p−p′ , 10

Lmn
qq′ δr , θ

mn
r = ej2π δr/λ cos θmn

r −γr q−q′ , 11

f mn
T θmn

t = f T ,maxcos θmn
t , 12

f mn
R g θmn

t = f R,maxcos g θmn
t 13

The function g ⋅ expresses the relationship between
AoD θmn

t and AoA θmn
r , which can be calculated from

Figure 3 as

g θmn
t = arccos dtcos θmn

t −DT ,R
dr

14

It is noteworthy that the AoD θmn
t and AoA θmn

r are
dependent from Figure 2, while the contribution of the LoS

ρLoS
pq,p′q′ δt , δr , τ = E h∗LoSpq t hLoSp′q′ t + τ =

KpqΩpq

Kpq + 1 e
j2π f LoST +f LoSR τe

j 2π/λ DLoS
pq −DLoS

p′q′

=
KpqΩpq

Kpq + 1 e
j2π f LoST +f LoSR τej 2π/λ δt cos γt p−p′ −δr cos γr q−q′ ,

ρcluster
pq,p′q′ δt , δr , τ ≔ E h∗clusterpq t hclusterp′q′ t + τ

=
Ωpq

Kpq + 1〠
N

n=1
〠
M

m=1

Lmn
pp′ δt , θ

mn
t Lmn

qq′ δr , θ
mn
r ej2π f mn

T θmn
t + f mn

R g θmn
t τ

MN
,

9
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component in multiple clusters is independent of the number
of clusters M. In light of this, the ρcluster

pq,p′q′ δt , δr , τ can be

defined as

ρcluster
pq,p′q′ δt , δr , τ = ρahead

pq,p′q′ δt , δr , τ + ρbetween
pq,p′q′ δt , δr , τ

+ ρbehind
pq,p′q′ δt , δr , τ ,

15

where

ρahead
pq,p′q′ δt , δr , τ =

Ωpq

Kpq + 1
π/2

0
Lmn
pp′ δt , θ

mn
t Lmn

qq′

δt , g θmn
t ej2π f mn

T θmn
t +f mn

R g θmn
t τ

p θmn
t dθmn

t

16

In (13), the probability density function for the AoD θmn
t

is denoted by p θmn
t , which follows the stochastic distribu-

tion over three intervals in Figures 3(a)–3(c), respectively.
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For the sake of brevity, the expressions of pbetween
pq,p′q′ δt , δr , τ

and pbehind
pq,p′q′ δt , δr , τ are omitted here.

3.2. ACF. The ACF rhpq τ of the complex channel gain
hpq t can be determined by using the definition rhpq τ ≔
E h∗pq t hpq t + τ in which E · denotes the expectation
operator. The ACF rhpq τ can be deduced from the 3D STCF

ρhpq t hp′q′ t
δt , δr , τ by setting the antenna element spacing

δt and δr to zero [24]. Thus,

rhpq τ = ρhpq t hp′q′ t 0, 0, τ

= ρLoS
pq,p′q′ 0, 0, τ + ρcluster

pq,p′q′ 0, 0, τ

=
KpqΩpq

Kpq + 1 e
j2π f LoST +f LoSR τ

+
Ωpq

Kpq + 1
π

0
ej2π f mn

T θmn
t +f mn

R g θmn
t τp θmn

t dθmn
t

17

Worth pointing out is that 2D STCF ρhpq t hp′q′ t
δt , δr

can also be deduced from 3D STCF ρhpq t hp′q′ t
δt , δr , τ by

setting τ to zero. Thus,

rhpq τ = ρhpq t hp′q′ t δt , δr , 0

= ρLoS
pq,p′q′ δt , δr , 0 + ρcluster

pq,p′q′ δt , δr , 0 ,

18

where

ρLoS
pq,p′q′ δt , δr , 0 =

KpqΩpq

Kpq + 1 e
j 2π/λ δt cos γt p−p′ −δr cos γr q−q′ ,

ρcluster
pq,p′q′ δt , δr , 0 =

Ωpq

Kpq + 1
π

0
Lmn
pp′ δt , θ

mn
t Lmn

qq′

δt , g θmn
t p θmn

t dθmn
t

19

4. Numerical Results

4.1. Simulation Parameters. This section presents results
obtained by evaluating the CIR for the NLoS propagation
conditions. The proposed cluster-based V2V channel model
is validated by measurements conducted at 5.9GHz, with a
bandwidth of 75MHz using a transmit power of 27 dBm.
The speed and separation distance of Tx and Rx were
obtained fromGPS records in SD 34 Highway, South Dakota,
USA. The snapshot repetition time was set to ts = 300 μs.
The measurement GPS track is shown in Figure 3. This mea-
surement was taken near the rush hour with heavy traffic
density. Each realisation consists of three clusters composed
of 20 effective subpaths per cluster. In our V2V model sim-
ulation, some key parameters are generated according to
measurement campaigns. The Ricean factor Kpq and the
total power Ωpq are set to two and one, respectively. The rest

of parameters have been chosen as follows: D = 200m,
f T ,max = f R,max = 95 6Hz, and δt = δr = λ. For subpaths of a
cluster, the AoD θmn

t and AoA θmn
r are stochastically distrib-

uted at the center of the cluster angle over these three
regions: (i) “ahead” cluster central angles θt = 31 5° and
θr = 66 3°, (ii) “between” cluster central angles θt = 35 6°
and θr = 126 8°, and (iii) “behind” cluster central angles
θt = 110 6° and θr = 162 5°, where the standard deviations
are less than one degree. Considering the angles of subpaths
in a cluster within the relative azimuth offsets Δθt ≤ 1°,
Δθr ≤ 1° with respect to their neighboring subpaths, the
radius of each cluster is 10m and is independent with
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other two clusters. Both Tx and Rx move at the speed of
20/80 (km/h) in the same direction.

4.2. CIR of the V2V Channel. To validate the accuracy of
the proposed V2V channel model, we have compared the
CIR of the reference model with realistic V2V channel
measurements. The propagation environment encompasses

three clusters located on the left-hand side of the road. A
good fitting between the CIR of the simulation model and
measurements can be observed in Figure 4, which demon-
strated the effectiveness of the proposed model. By compar-
ing Figures 4 and 5, we can observe that the gap of the CIR
between measurement data and the reference model becomes
bigger by increasing the speed of vehicles (Tx/Rx) from
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Figure 6: The absolute value of the 3D STCF ρcluster12,21 of the reference model under different antenna element spacings.
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20 km/h to 80 km/h. Accordingly, the standard variance
between the reference model and on-road measurement data
rises from 0.0047 in Figure 4 to 0.0195 in Figure 5. This fact
can be attributed to the great change of Doppler spreads and
angular variations as the increase of vehicular speed becomes
more dynamic. In this regard, Figures 4 and 5 have proved

that high velocity of vehicles has a major impact on the CIR
curve of the V2V channel.

4.3. STCF of the Proposed V2V Model. Numerical results
obtained for the 3D STCF are shown in Figure 6. The key
parameters of simulations are summarized in Table 1.

Table 1: Environment parameters.

Channel scenario Case 1: ahead cluster Case 2: between cluster Case 3: behind cluster

Number of antennas at Tx/Rx Mt =Mr = 2 Mt =Mr = 2 Mt =Mr = 2
Number of clusters N = 1/5/10 N = 1/5/10 N = 1/5/10
Number of subpaths per cluster M = 20 M = 20 M = 20
Antenna element spacing δt = δr = 0 1/0 2/0 5 λ δt = δr = 0 1/0 2/0 5 λ δt = δr = 0 1/0 2/0 5 λ

Maximum Doppler frequency
f T ,max = f R,max = 109Hz

/410Hz

f T ,max = f R,max = 109Hz

/410Hz

f T,max = f R,max = 109Hz

/410Hz

Distance between Tx and Rx 200m 200m 200m

Distance between clusters and Tx/Rx antenna
elements

dt = 120m, dr = 30m dt = 80m, dr = 70m dt = 20m, dr = 130m

Distance from vehicles to the left-/right-hand
roadside

at/ar = bt/br = 10m at/ar = bt/br = 10m at/ar = bt/br = 10m

AoD of the central cluster θt = 30° θt = 60° θt = 120°

AoA of the central cluster θr = 60° θr = 120° θr = 150°

Elevation angles of clusters at Tx/Rx αt = αr = 30° αt = αr = 30° αt = αr = 30°

Velocity of vehicles vt = vr = 20/80 (km/h) vt = vr = 20/80 (km/h) vt = vr = 20/80 (km/h)

Distribution of scatterers Uniform/stochastic Uniform/stochastic Uniform/stochastic
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Figure 7: The absolute value of the 2D STCF ρcluster12,21 of the reference model under NLoS conditions (K = 0).
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Figure 8: The absolute value of the 2D STCF ρcluster12,21 of the reference model under LoS conditions (K = 2).
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Figures 6(a)–6(c) present the impact of antenna element
spacings, moving speeds, and positions of clusters on the
STCF. As we can see in Figure 6(a), the coherence time of
the proposed channel decreases as the speed of Tx/Rx from
20 km/h to 80 km/h. In other words, the STCF in high mov-
ing scenario is fading faster than that in low moving scenario.
Specially, the variations of coherence time reduce by 0.6, 0.8,
and 0.8 time lags for “ahead,” “between,” and “behind” clus-
ters, respectively. A similar behavior can also be observed in

Figures 6(b) and 6(c). Moreover, the coherence time of
“ahead” clusters and “between” clusters decreases as antenna
element spacings δt and δr increase form 0.1λ to 0.5λ, but
there is a rise for “behind” clusters in low moving scenario.
This is due to the assumption of the angles of “behind” clus-
ters (π/2 ≤ θt ≤ θr < π), which shows a negative correlation
when both AoD and AoA exceed π/2. It is obvious that the
position of scatterers greatly affects the STCF of the V2V
channel at different moving conditions.
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Figure 9: The absolute value of the ACF rhpq τ of the reference model under (a) different Ricean factors K , different distributions of scatterers

and different number of clusters over three locations.
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Figure 7 depicts the 2D STCF ρcluster12,21 for three loca-
tions of clusters. Here, we consider the NLoS situations,
where each scenario contains five stochastic clusters over
the corresponding regions in Figure 2. The rest of key
parameters are described in Table 1. It is noteworthy that
both the locations of clusters and velocities of the trans-
mitter/receiver have no influence on the envelope of 2D
STCF. Under NLoS propagation environments, the curves
of 2D STCF decrease as the antenna spacing increases. Com-
paring with Figures 7(a)–7(c), the absolute values of ρcluster12,21
for “ahead” clusters and “between” clusters have dropped to
near zero when the TX antenna spacing δt exceeds a critical
value 3λ. In Figure 8, we illustrate the influence of the LoS
component on the 2D STCF ρcluster12,21 . The simulation results
of Figure 8 are obtained by setting the Ricean factor K = 2.
Observing from Figures 7 and 8, the absolute value of local
2D STCF increases a little in Figure 8, which indicates that
the correlation increases as we increase the Ricean factor K.
However, there is no great influence on the overall curve of
local 2D STCF.

4.4. ACF of the V2V Channel. Numerical results obtained for
the ACF rhpq τ are shown in Figure 9. Both Tx and Rx are

moving in the same direction. To study the influence of the
Ricean factor K , distributions of scatterers, and quantity of
clusters over three different regions on the temporal ACF
rhpq τ , we keep the same propagation environments as

shown in Table 1. From Figure 9(a), it can be seen that the
Ricean factor does not influence significantly the curvature
of the ACF. A good fitting between K = 0 5 and K = 2 of
“ahead,” “between,” and “behind” clusters can be observed
in Figure 9(a). Figure 9(b) shows the simulation results of
the influence of the truncated Gaussian distribution and uni-
form distribution of scatterers over the regions of “ahead”
clusters, “between” clusters, and “behind” clusters. A good
fitting between the truncated Gaussian distribution and
uniform distribution of the “between” clusters and “behind”
clusters can also be observed in Figure 9(b), while the dis-
tribution of scatterers for “ahead” clusters has a stronger
correlation with the ACF than those of other two types of
clusters. In addition, similar situation can also be adapted
to the influence of the quantity of clusters on the ACF in
Figure 9(c). Over these three regions, the ACF of “ahead”
clusters can be easily influenced by the number of clusters
and distributions of scattering objects.

5. Conclusion

In this paper, a novel 3D cluster-based MIMO V2V model
has been proposed for street scattering environments.

In this model, three categories of clusters are classified to
characterize near-field effects of scatterers, resulting in CIR,
AoD and AoA statistics, and antenna spacing, mobility,
and position variations on the STCF and ACF. It has also
demonstrated that high moving conditions have great impact
on the CIR of the V2V channel. It is evident that the antenna
element spacing increases from 0.1λ to 0.5λ, resulting in a
rise for the coherence time of behind clusters in low moving

environments. Additionally, under the NLoS situations, the
envelope of 2D STCF cannot be easily influenced by the
position of clusters and the speed of Tx/Rx. Furthermore,
the absolute value ρcluster

pq,p′q′ of “ahead” and “between” clusters

gradually drops to near zero when the Tx antenna spacing
δt exceeds a critical value 3λ. The ACF of “ahead” clusters
is more susceptible to the number and distribution of clus-
ters, which validates the impact of three types of clusters on
the proposed 3D V2V channel model. For future work, we
intend to consider the time-varying angles and the effect of
moving scatterers in this model. Moreover, massive MIMO
and birth-death clusters can be employed in future exten-
sions of the V2V channel model.
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