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ABSTRACT This paper presents a novel multiple-input multiple-output (MIMO) channel model for
congested curved-street vehicle-to-vehicle (V2V) non-line-of-sight communication environments, where the
scatterers are located within narrow arcs along the curved street. The mobile transmitter and mobile receiver
are equipped with massive MIMO antenna array; therefore, three-dimensional spherical antenna arrays
are introduced in the model, rather than two-dimensional planar wavefront assumption used in traditional
MIMO channel models. The closed expressions for the probability density functions of the azimuth angle
of departure, the elevation angle of departure, the azimuth angle of arrival, and elevation angle of arrival
are first deduced by analyzing the proposed V2V channel model. We then analyze the temporal and spatial
cross-correlation functions corresponding to the single- and doublebounced scattering propagation paths.
Comparisons with previously reported results are used to validate the applicability and feasibility of the
proposed model.

INDEX TERMS MIMO channel model, V2V communications, AoD and AoA estimation, crosscorrelation
function.

I. INTRODUCTION
A. MOTIVATION
Recently,vehicle-to-vehicle (V2V) communications have
been suggested as a promising technology for the devel-
opment of fifth generation (5G) wireless communication
networks [1]. Moreover, the combination of multiple-input
multiple-output (MIMO) technologies with V2V wireless
communication systems have received considerable atten-
tion because low-elevation multiple antennas can be easily
employed on vehicular surfaces [2]. In V2V scenarios,
the mobile transmitter (MT) and mobile receiver (MR) are
in relative motion, therefore, the exact knowledge of the
characteristics of fading channels is critical to the devel-
opment of more stable and efficient V2V communica-
tion systems. Channel modeling has been recognized as
an effective method for reliably describing the channel
characteristics [3], [4].

B. PRIOR WORK
In [5]–[10], many two dimensional (2D) geometry-based
channel models were reported, such as circular models, ellip-
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tical models, and hollow-diskmodels. Subsequently, an angu-
lar spread of the incident signals in three dimensional (3D)
space because of the interaction of thewaves by vertically dis-
posed objects was observed by researchers in [11]–[16]. The
authors in [11]–[14] proposed a series of 3D geometry-based
scattering channel models for micro-cell environments; how-
ever, they did not discuss the time-varying characteristics of
the MIMO channels. A 3D geometric channel model was
constructed in [15] and [16], based on the cross-polarization
identification for narrow-band wireless models, without con-
sidering the time-varying channel characteristics. The studies
in [17] showed that the above-mentioned models could not be
used to accurately describe the urban street V2V scattering
environments, because the scattering distributions of those
models were generally distributed around the transmitters
or receivers, which belonged to omnidirectional scattering
scenarios. Avazov and Patzold [18] and Zhou et al. [19] pro-
posed statistical channel models for V2V communication
systems based on standard street scattering, where the scatter-
ers were evenly distributed in the form of rectangular lattices.
More specifically, for a congested curved street environment,
it is unreasonable to assume that the scattering distributions
are in the form of straight lines because of the great influence
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of scattering distribution and the spatial structure on the
outdoor MIMO channels [20], [21].

Recently, Jiang et al. [22] presented a 3D semi-ellipsoid
scattering channel model for urban street V2V communica-
tion environments, in which a MIMO antenna array model
was adopted to analyze the temporal and frequency statistical
characteristics for the propagation channels. In fact, Hong
et al. [23] and Hong and Kim [24] have carried out the
research on the collision warning system in a curved street
vehicle communication environment. However, the antennas
applied in the aforementioned models are all assumed to be
planar. For future urban V2V mobile communication envi-
ronments, the propagation links are more complicated due
to the position and configuration changes of the large-scale
antennas. Therefore, the discussion on propagation links con-
necting different transmitting and receiving antennas should
be undertaken in detail.

The authors in [25]–[28] proposed series of MIMO pla-
nar antenna arrays, such as the uniform linear array (ULA),
uniform circular array (UCA), uniform rectangular array
(URA), and the L-shaped array configurations. In the 5G
MIMO technology high-capacity evaluation, Zhou et al. [29]
developed an electromagnetic vector sensor, and applied
it to the deterministic covariance matrix of the MIMO
uniform concentric circular array (UCCA), at the trans-
mitter and receiver. Recently, with the support from the
METIS project, an increasing number of researchers have
been focusing on large-scale MIMO channel modeling. For
instance, Wu et al. [30] researched the near-field effects and
non-stationarity of the MIMO antenna arrays. However, they
did not consider the impact of the spherical wavefront and the
time-variant properties on the non-line-of-sight (NLOS) com-
ponents. For MIMO communication systems, Wu et al. [31]
presented a theoretical non-stationary wide-band twin-cluster
time-variant and array-variant elliptical channel model. The
temporal cross-correlation functions (CCFs) for every prop-
agation component were analyzed; however, the angular
spread of the incident signals in the elevation plane was not
included in detail. Nevertheless, these mentioned arrays are
limited to 2D analyse and may be not applicable to general
MIMO systems for the low spatial utilization and concern
about antenna blockage from outer antennas. For the 3D
MIMO channel modeling, the dimension attributes of the
antenna array are expected to have great impacts on the
overall channel performance. The channel statistics corre-
sponding to the geometric transmission path lengths in 3D
space change constantly as the elevation and azimuth angles
vary for different delays.

C. MAIN CONTRIBUTIONS
In this paper, we present a novel massive MIMO channel
model for congested curved-street V2V mobile communica-
tion environments. The mobile transmitter (MT) and mobile
receiver (MR) of the proposed MIMO channel model are
assumed to be equipped with 3D low-elevation spherical
antenna arrays instead of the 2D planar wavefront assumption

used in the traditionalMIMO channel models. To evaluate the
performance of the proposed multiantenna system, the spa-
tial and temporal CCFs corresponding to the single- and
double-bounced scattering propagation paths are presented.
Moreover, the proposed model can describe a variety of V2V
scenarios such as picocell, micro, and macro scenarios by
adjusting the channel parameters. The main contributions of
this paper are summarized as follows:

(1) We propose a MIMO fading channel model which can
be used to design and evaluate the performance of future
V2V communication systems. The time-varying properties
of the proposed channel with respect to the relative motion
between the transmitter and receiver are studied, including the
angle of departure (AoD) and angle of arrival (AoA) statistics,
the spatial and temporal cross-correlations.

(2) In the proposed model, we introduce a spherical wave-
front assumption tomodel theNLOS congested environments
in curved streets, which would benefit the research on devel-
opingmore stable and efficient V2V communication systems.

(3) A 3D antenna array model is utilized for the evaluation
of the V2V communication MIMO systems. The impact of
the antenna spacing on the spatial correlation between differ-
ent antenna elements is analyzed in detail.

The remainder of this paper is organized as follows.
In Section II, the proposed MIMO geometric V2V channel
model is discussed. Analysis of space and time CCFs on both
the single- and double-bounced components is provided in
Section III. In Section IV, numerical results are given and
discussed. Our conclusions are presented in Section V.

II. PROPOSED MIMO GEOMETRIC V2V CHANNEL MODEL
For a typical standard street transmission scenario, Ava-
zov and Patzold [18] proposed a vehicle-to-vehicle (V2V)
communication-system channel model, wherein the transmit-
ter impinges on effective scatterers (representing buildings
and trees) before reaching the receiver. The scatterers were
idealized as rectangular dots parallel to each side of the street.
The model analyzed Doppler parameters and the impacts
of street scatterers on the V2V communication system per-
formance. The research in [9]- [11] has confirmed that the
characteristics of outdoor channel models are greatly affected
by the distribution pattern of the scatterers and the spatial
structure of the models under discussion. Hence, the previ-
ously established models are thus no longer applicable to
congested curved streets in the V2V communication scenario
shown in [18]- [20]. For the typical NLOS V2V propagation
scenario illustrated in Fig. 1, we present a novel 3D MIMO
scattering model. Note that the occlusions are situated at the
inner sides of the C-junctions, and the trees and buildings
on the edge of the street are considered as scatterers. The
MT is responsible for the transmitted signal and the MR is
responsible for the received signal.

Moreover, several basic assumptions as given in [12]
and [18]–[20], are utilized to make the MIMO channel
model more systematic and matched with the congested
curved-street V2V communication environments. (1) The
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FIGURE 1. Typical NLOS V2V mobile communication environment and its
scattering channel model.

scattering region is limited within the arc of the street edge,
and the influence of rough street surface is not considered.
(2) The same scattering coefficient and uniform stochastic
phases are attached to all scatterers which are independent
of each other. (3) The data have shown that single-bounced
and double-bounced rays have been detected for the city
V2V channels [20]; therefore, the effects of the above two
scattering mechanisms are studied without considering other
scattering mechanisms.

Fig. 2 illustrates the geometric properties and movement
statistics of the single-bounced mechanism in the azimuth
plane for the C-junction scattering model. The complex 3D
figures corresponding to the MIMO antennas are omitted for
brevity. Note that the entire NLOS V2V mobile scenarios
can be approximately visualized as a standard geometric
semicircle structure. Herein, the definition of fundamental
parameters is given in Tab.1. For V2V scenarios, MT andMR
are both moving, therefore, the scenario can be considered
equivalent to a static MT and a relatively moving MR in
an arbitrary direction φR with a speed vR for simplicity,
as shown in Fig. 3. To analyze the proposed C-junction scat-
tering model, we describe a 3D MIMO antenna array model,

as illustrated in Fig. 4. We first discuss the general space
auto-correlation function (ACF) of the proposed large-scale
antennas, the time-varying geometric path lengths, as well
as the spatial characteristics of the proposed non-stationary
radio channels are then performed.

A. PROPOSED 3D MASSIVE MIMO ANTENNA ARRAY
Herein, we propose a spherical vehicular MIMO antenna
array model, as shown in Fig. 4. In this case, the signal spheri-
cal wavefront assumption is proposed, moreover, the channel
impulse response of MIMO antenna arrays can be sepa-
rated into steering-vector-dependent components and time-
dependent [6], which can be expressed as

h(t) =
P∑
p=1

ap(t)9
(
2p, gp

)
(1)

where P denotes the number of large-scale antennas and p =
1, 2, 3, . . . ,P, 9(2p, gp) denotes the steering vector of the
compact antenna array, in which the spatial vector parameters
are given as 2 = [θ, ϕ]T and g = [γ, η]T . The azimuth and
elevation angles with respect to the x- and z-axes are denoted
by scalars 0 ≤ ϕ ≤ 2π and −π/2 ≤ θ ≤ π/2, respectively.
Moreover, the polarization phase difference and the auxiliary
polarization angle are respectively denoted by the scalars
−π ≤ η ≤ π and 0 ≤ γ ≤ 2π . ap(t) represents a set of
zero-mean complex random variables which are independent
identically distributed. Then under the assumption that the
antenna elements are vertically polarized, we can express the
steering vector for the proposed array model can be expressed
as

a(θ, ϕ) =
[
ejζ cos(ϕ−ϕ1) sin(θ−θ1), ejζ cos(ϕ−ϕ2) sin(θ−θ2),

. . . , ejζ cos(ϕ−ϕp) sin(θ−θp),

. . . , ejζ cos(ϕ−ϕP) sin(θ−θP)
]

(2)

FIGURE 2. Geometric angles and transmission path lengths of the V2V channel model illustrating the
single-bounced scattering mechanism.
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TABLE 1. Definition of parameters.

FIGURE 3. Time-varying parameters in the V2V channel model.

FIGURE 4. Proposed 3D vehicular MIMO antenna array.

where the superscript [·]T stands for the transpose and the
phase steering for the p-th element is denoted by ap(θ, ϕ) =
ejζ cos(ϕ−ϕp) sin(θ−θp), ζ = 2π RS

λ
, where RS represents the

radius of the spherical array and λ represents the signal
wavelength.

In the proposed model, the omnidirectional spherical
antennas receive signal wavefront emitted from the 3D clus-
ters. We therefore present the entire vehicular antenna system
as a 3D space spherical box with orderly arranged antenna
array elements. Furthermore, in order to realize the proposed
3D MIMO system, we number each antenna element accord-
ing to the positions of each antenna element on the faces of
the hemispheres, as shown in Fig. 5.

Let us define V = 2L as the number of meridional
rings and W as the number of zonal rings of the proposed

vehicular antenna array model. Hence, the number of the
MIMOantenna elements isP = 2×V×M . Further, we set the
number to P = Q = 208 (i.e.,V = 8,W = 13). According to
the upper and lower hemispherical array structures, the initial
phase of the p-th element can be expressed as

ϕp = 2π
l − 1
L

, l = 1, 2, . . . , p−
⌊ p
L

⌋
× L, . . . ,L (3)

θp =
π

W + 1

(W + 1
2
− w

)
, w = 1, 2, . . .

⌈ p
L

⌉
, . . . ,W

(4)

Please note that the expression in (2) assumes that the MR
antennas are in the near field of the MT antennas. Thus,
the general space auto-correlation function with respect to the
p-th and q-th elements can be defined as

ρ(p, q) =
E
{(
hp − h̃p

)(
hq − h̃q

)}
√
E
{(
hp − h̃p

)2}
E
{(
hq − h̃q

)2}
=

∫
ϕ

∫
θ
ap (θ, ϕ) a∗q (θ, ϕ) sin (θ) f (θ, ϕ) dθdϕ√∫
ϕ

∫
θ

∣∣ap (θ, ϕ)∣∣2 sin (θ) f (θ, ϕ) dθdϕ
×

1√∫
ϕ

∫
θ

∣∣aq (θ, ϕ)∣∣2 sin (θ) f (θ, ϕ) dθdϕ (5)

where E[·] denotes the expectation, the superscript (·)∗ is the
complex conjugate, the scalar h̃p is the mean value of the
channel impulse response at antenna p, and the scalar f (θ, ϕ)
is the joint probability density function (PDF) of the AoD
of the multipath signal in 3D space [22]. For the proposed
3D large-scale arrays, we assume the incident signals are
uniformly distributed in the elevation and azimuth planes,
then (5) can be rewritten as:

ρ(p, q) =
1
π

∫ 2π

0

∫ π/2

0
ej2π

Rs
λ
cos(ϕ−ϕp) sin(θ−θp)

× ej2π
Rs
λ
cos(ϕ−ϕq) sin(θ−θq) sin θdθdϕ (6)

B. GEOMETRIC PROPERTIES OF THE V2V
COMMUNICATION ENVIRONMENTS
Here in our proposed V2VMIMO scattering model, the mov-
ing MT andMR are both equipped with the spherical antenna
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FIGURE 5. Layout of the proposed MIMO antenna elements: (a) upper hemisphere U-EFGH; (b) lower hemisphere
EFGH-T.

arrays; the numbers of antenna elements are P and Q and
the spherical radii are rT and rR, respectively. Thus, we can
describe the proposed non-stationary V2V channels with the
time-variant path length functions [32], specially, when the
variable t = 0, the proposed model has wide-sense stationary
channels [6], [7]. For the single-bounced path P1 at time t ,
ξpmq(t) represents the distance from transmit antenna element
ATp (p = 1, 2, . . . ,P) to receiving antenna element ARq (q =
1, 2, . . . ,Q) via scatterer STm , which can be expressed as
ξpmq(t) = ξTpm(t)+ ξ

TR
mq (t). ξ

T
pm(t) is the distance between the

transmit antenna element ATp and the scatterer which can be
derived as a function of the angles ϕTm and θTm based on Fig. 6.

ξTpm(t) =
√
r2T sin2 θp + k21 + k

2
2 − 2k1k2 cos(ϕTm − ϕp) (7)

where k1 equals to the distance from the MT antenna center
to the scatterer and can be derived based on Fig. 2

k1 = cos
(
ϕTm − ϕp + arccos

rT
DT

)
+

√[
cos2

(
ϕTm − ϕp + arccos

rT
DT

)
+ 1

]
l2T − R

2 (8)

k2 = rT sin θp/ tan θTm (9)

Moreover, ξTRmq (t) represents the distance between the scat-
terer to the receiving antenna element ARq and can be derived
as

ξTRmq (t) =
√
r2R sin

2 θq + k31 + k
4
2 − 2k3k4 cos(ϕRm − ϕq)(10)

where

k3 = rR sin θq/ tan θRm (11)

k4 =
√(

DT + DR − ξTpm(t) cosϕTm − vRt cosϕR)2 + k
2
5

(12)

k5 = ξTpm(t) sinϕ
T
m +

√
l2T − D

2
T −

√
l2R − D

2
R (13)

It is true that, for the single-bounced path P2, ξpnq(t) =
ξTRpn (t) + ξ

R
nq(t) can express the distance from the transmit

FIGURE 6. Geometric angles and path lengths based on the proposed 3D
antenna receiver.

antenna element ATp to the receiving antenna element ARq via
the scatterer STn at time t , and

ξTRpn (t) =
√
r2T sin2 θp + k26 + k

2
7 − 2k6k7 cos(ϕTn − ϕp)

(14)

ξRnq(t) =
√
r2R sin

2 θq + k28 + k
2
9 − 2k8k9 cos(ϕRn − ϕq)

(15)

where

k6 = cos
(
ϕRn − ϕp + arccos

rT
DT

)
+

√[
cos2

(
ϕRn − ϕp + arccos

rT
DT

)
+ 1

]
l2T − R

2

(16)

k7 = rT sin θp/ tan θTn (17)

k8 = rR sin θq/ tan θRn (18)

k9 =
√(

DT + DR − ξTRpn (t) cosϕTn − vRt cosϕR)2 + k
2
10

(19)

k10 = ξTRpn (t) sinϕ
T
n +

√
l2T − D

2
T −

√
l2R − D

2
R (20)
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FIGURE 7. Geometric angles and path lengths based on the proposed 3D antenna receiver.

Similarly, Fig. 7 illustrates the geometric properties and
moving statistics for the double-bounced mechanism in the
azimuth plane for the proposedMIMOV2V scatteringmodel.
The signals transmits trough two times of scattering via STm
and SRn to the receiver. Thus, for the double-bounced path P3
at time t, the distance between transmitting antenna element
ATp and receiving antenna element ARq via the scatterers STm
and SRn at time t can be expressed as ξpmnq(t) = ξTpm(t) +
ξTRmn (t) + ξ

R
nq(t), where ξ

T
pm(t) and are given by (7) and (15),

respectively, and

ξTRmn (t) = 2R sin
{
1
2
×

[
arcsin

rT
DT
+ arcsin

rR
DR

− arcsin
k1 sin(arccos

DT
lT
+ ϕTm)

R

− arcsin
k9 sin(ϕRn − arccos DRlR )

R

]}
(21)

III. CHANNEL CHARACTERISTICS OF THE
PROPOSED MODEL
A. SPATIAL CHARACTERISTICS OF THE RADIO CHANNEL
Based on the single- and double-bounced scattering mech-
anisms for the proposed V2V channels, the AoD and AoA
PDFs measured in the azimuth and elevation planes can be
derived. The Gaussian, Laplacian, and von Mises distribu-
tions have been reported in [7] to be used to characterize the
geometry-basedMIMO channel models.When the number of
scatterers M ,N → ∞, the discrete random angle variables
ϕTm , θ

T
m , ϕ

R
m, and θ

R
m are replaced by the continuous random

variables ϕT ,θT , ϕR, and θR [9]. Considering the peculiar-
ity of the urban congested curved-street environment, most
of the scatterers in the model are distributed along the arc
area, and the density of the scattering gradually decreases as
the distance between the transmitter and receiver increases.
Hence, we adopt the Gaussian distribution in the modeling
of scatterers for our proposed model, because it is used in

many typical channels for the evaluation of spatial charac-
teristics. The spatial Gaussian distribution density function is
expressed as

f
(
ξ, σ

)
=

1
2πσ 2 × exp

(
− ξ2/2σ 2) (22)

where σ is the standard deviation. Then, by transforming the
Cartesian coordinate (x, y, z) to the polar coordinate (ξ, ϕ, θ ),
the joint PDF of the AoD for the single-bounced mechanism
P1 can be written as

f
(
ξTpm(t), ϕT , θT

)
=

f (x, y, z)
|J (x, y, z)|

∣∣∣∣
x = ξTpm(t) cos θT sinϕT − DT
y = ξTpm(t) cos θT sinϕT − DT
z = ξTpm(t) sin θT

=
(ξTpm(t))

2 cos θT
2πσ 2

× exp
{
−

1
2σ 2

[(
ξTpm(t) cos θT sinϕT − DT

)2
+
(
ξTpm(t) cos θT cosϕT

)2
+
(
ξTpm(t) sin θT

)2]} (23)
where J (x, y, z) is the Jacobian of the inverse transformation.
As mentioned in [11], in the MIMO channel model, the AoA
is often associated with the corresponding emission angle
AoD. Thus, the joint PDF of the AoA for the single-bounced
mechanism P1 can be derived as

f
(
ξTRmq (t), ϕR, θR

)
=

(ξTRmq (t))
2 cos θR

2πσ 2

× exp
{
−

1
2σ 2

[(
ξTRmq (t) cos θR sinϕR − DR

)2
+
(
ξTRmq (t) cos θR cosϕR

)2
+
(
ξTRmq (t) sin θR

)2]} (24)
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Herein, by integrating the joint PDFs in (23) and (24) over
the entire angle path length, themarginal AoD andAoAPDFs
are given by

f (ϕT , θT ) =
∫ ξTmax

ξTmin

f
(
ξTpm(t), ϕT , θT

)
dξ (25)

and

f (ϕR, θR) =
∫ ξRmax

ξRmin

f
(
ξTRmq (t), ϕR, θR

)
dξ (26)

respectively.
Based on the model in Fig. 1, and considering the actual

position of the MR, the boundary distances of the propa-
gation path, ξTpm(t) and ξTRmq (t), are completely determined
by the size of the scattering arc region. That is, the maxi-
mum and minimum values of the propagation path, ξTmax, ξ

T
min

and ξRmax, ξ
R
min, can be obtained from the boundary angles

determined by the scattering areas hT and hR, and hTT and
hRR, respectively. The same method can be used to derive
the expressions of the marginal AoD and AoA PDFs for the
single-bounced mechanism P2 and double-bounced mecha-
nism P3 components.

B. TEMPORAL AND SPATIAL CROSS-CORRELATION
FUNCTION
The study on the temporal and spatial characteristics is neces-
sary for accommodating MIMO systems with the orthogonal
frequency divisionmultiplexing technology. TheMT andMR
of our model are both equipped with a large-scale version
of the proposed vehicular MIMO antenna with P and Q
omnidirectional elements, respectively. Therefore, unlike the
traditional MIMO channel models, the time-varying propa-
gation link p-q connecting element ATp and element ARq for
our proposed model is assumed as spherical. In this case,
the temporal and spatial CCFs could be completely deter-
mined by the P×Q channel matrixH(t, τ ) = [hpq(t, τ )]P×Q,
where the multipath channel impulse response containing
the single-bounced component SBM and SBN, and the
double-bounced component DB can be expressed as

hpq(t) = hSBMpq (t) + hSBNpq (t) + hDBpq (t) (27)

where

hSBMpq (t) = lim
M→∞

√
ηSBN

M

M∑
m=1

gm

×ej
[
−

2πξpmq(t)
λ
+$m+(ωTm+ω

R
m)t
]

(28)

hSBNpq (t) = lim
N→∞

√
ηSBN

N

N∑
n=1

gmn

×ej
[
−

2πξpmnq(t)
λ

+$mn+(ωTm+ω
R
n )t
]

(29)

hDBpq (t) = lim
M ,N→∞

√
ηDB

MN

M∑
m=1

N∑
n=1

gn

×ej
[
−

2πξpnq(t)
λ
+$n+(ωTn +ω

R
n )t
]

(30)

In the equations above, ωTm=2π f
T
max cosϕ

T
m cos θTm , ω

T
n =

2π f Tmax cosϕ
T
n cos θTn , ω

R
m = 2π f Rmax cos(φR − ϕRm) cos θ

R
m,

and ωRn = 2π f Rmax cos(φR − ϕRn ) cos θ
R
n . The symbols f Tmax

and f Rmax denote the maximum Doppler frequencies for the
MT and MR, respectively. The parameters ηSBM , ηSBN , and
ηDB define the mean powers for each component, which
satisfy the normalization condition. Moreover, gm, gn, and
gmn represent the amplitudes of the signals after scattering.
$m, $n, and $mn are independent and identically Gaussian
distributed random variables over [0, 2π ].

Herein, the multipath channel impulse response for the
propagation link p′ − q′ connecting element ATp′ and element
ARq′ is defined as hp′q′ (t), then, the normalized temporal CCF
between link p− q and link p′ − q′ at different time instants
t is defined as

Rpq,p′q′
(
t, τ

)
= E

[ hpq(t) h∗p′q′ (t − τ )∣∣hpq(t) ∣∣∣∣h∗p′q′ (t − τ)∣∣
]

= ηSBM lim
M→∞

1
M

M∑
m=1

(
E[g2m]

×ej(ω
T
m+ω

R
m)τ−

j2π
[
ξpmq(t)−ξp′mq′ (t)

]
λ

)
+ηSBN lim

N→∞

1
N

N∑
n=1

(
E[g2n]

×ej(ω
T
n +ω

R
n )τ−

j 2π
[
ξpnq(t)−ξp′nq′ (t)

]
λ

)
+ηDB lim

M ,N→∞

1
MN

M∑
m=1

N∑
n=1

(
E[g2mn]

×ej(ω
T
m+ω

R
n )τ−

j2π
[
ξpmnq(t)−ξp′mnq′ (t)

]
λ

)
(31)

where ∗ represents the complex conjugate. τ denotes the
propagation delay of any one multipath signal in 3D space,
specially, the longest and shortest propagation delays are
respectively defined as τmax and τmin, i.e., τmax = ξmax/c0
and τmin = ξmin/c0, where c0 denotes the propagation speed
of signals, as shown in [11].

For a further analysis of the performance of the MIMO
V2V channels, we use the samemethod as in [9] and [20]. For
the single-bounced component P1, the infinitesimal power
related to the differential of the 3D angles dϕR and is pro-
portional to f (ϕR, θR)dϕRdθR. In the limit M ,N → ∞, this
contribution must be equal to E[g2m]/M , i.e., E

[
gm2

]
/M=

f (ϕR, θR) dϕRdθR, Similarly, for the single-bounced com-
ponent P2, E

[
gn2
]
/N = f (φR2, θR2) dϕR2dR2, where

f (ϕR2, θR2) denotes the AoA PDFs observed at the MR,
and for the double-bounced component P3, E

[
gmn2

]
/MN =

f (ϕT , θT ) f (ϕR2, θR2) dϕR2dR2dϕT dθT . Therefore, the tem-
poral CCF can be rewritten as follows:

Rpq,p′q′
(
t, τ

)
= ηSBM

∫ π/2

−π/2

∫ 2π

0
e−

j2π
[
ξpmq(t) −ξp′mq′ (t)

]
λ
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×ej(ω
T
m+ω

R
m)τ × f (ϕR, θR)dϕRdθR

+ηSBN

∫ π/2

−π/2

∫ 2π

0
e−

j 2π
[
ξpnq(t) −ξp′nq′ (t)

]
λ

×ej(ω
T
n +ω

R
n )τ × f (ϕR2, θR2)dϕR2dθR2

+ηDB

∫ π/2

−π/2

∫ 2π

0

∫ π/2

−π/2

∫ 2π

0

× ej(ω
T
m+ω

R
n )τ−

j2π
[
ξpmnq(t) −ξp′mnq′ (t)

]
λ

×f (ϕT , θT )f (ϕR2, θR2)dϕR2dR2dϕT dθT (32)

Obviously, not only the geometric path lengths but
also the moving properties will influence the temporal
cross-correlation of the MIMO channels. Furthermore,
the spatial CCF can be obtained from (32) by setting t, τ = 0,
as follows:

Rpq,p′q′
(
rT , rR

)
= ηSBM

∫ π/2

−π/2

∫ 2π

0
e−

j2π
[
ξpmq(t)−ξp′mq′ (t)

]
λ

×f (ϕR, θR)dϕRdθR

+ ηSBN

∫ π/2

−π/2

∫ 2π

0
e−

j 2π
[
ξpnq(t) −ξp′nq′ (t)

]
λ

× f (ϕR2, θR2)dϕR2dθR2

+ ηDB

∫ π/2

−π/2

∫ 2π

0

∫ π/2

−π/2

∫ 2π

0
e−
j2π
[
ξpmnq(t) −ξp′mnq′ (t)

]
λ

×f (ϕT , θT )f (ϕR2, θR2)dϕR2dR2dϕT dθT (33)

IV. NUMERICAL RESULTS AND DISCUSSION
In this section, we present analyses of the main theo-
retical results and their comparisons with some conven-
tional models and measurements found in the literature
(namely, [7], [19], [21], [29], and [33]) to further verify the
reliability of the proposedMIMOV2V channel model. More-
over, in the simulation, the parameters are set as: lT = lR =
40 m, and r = 30 m, R = 50 m, ηSBM = ηSBN = ηDB = 1/3.

A. SPACE AUTO-CORRELATION PERFORMANCE
Fig. 8 presents the numerical SACFs with respect to the
variation antenna elements for the proposed 3D MIMO
antenna arrays. Note that with an increase in the antenna
spacing RS/λ, the SACFs decrease rapidly and eventually
reach a relatively stable saturation value, which confirms
the results in [29]. Moreover, for the areas of the upper and
lower hemispheres seen in Fig. 5, as the receiving element
changes from 2 to 200, the spatial fading correlations tend to
decrease because of the continuously changing relative posi-
tion between the two elements. From the simulation results,
we can deduce that the proposed 3D MIMO antenna array
model can effectively reduce the spatial fading correlations
of the compact antenna systems, which can be further applied
to modeling future V2V communications.

FIGURE 8. Spatial fading correlations concerning the variations in
antenna elements.

FIGURE 9. PDFs of the AoD statistics in the azimuth plane when
hT = hR = 5 m.

B. AOD AND AOA STATISTICS ANALYSIS
In the simulation of angles ϕT and ϕR, we consider both the
forward and the reverse link, which are respectively repre-
sented by the positive and negative semi-axis azimuth angles
in Figs. 9 and 10. The MT is responsible for the transmitted
signal in the forward link and the MR is responsible for
the transmitted signal in the reverse link [19]. The PDFs
of the AoD in regard to the initial distances DT and DR and
the scattering areas hTT and hRR in the azimuth plane are
presented in Fig. 9. It can be seen from the figure that, when
|ϕT | increases, the AoD probability density distribution first
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FIGURE 10. PDFs of the AoA statistics in the azimuth plane when
hT = hR = 5 m.

increases rapidly, and then decreases slowly after reaching
the peak. Moreover, when hTT and hRR are reduced, the scat-
tering range of the emission angle is reduced so that the
distribution range of the corresponding PDF of the AoD is
also narrowed, as shown in the second set of curves in Fig. 9.
Furthermore, when DT and DR are increased, the scattering
area is elongated so that the corresponding PDF of the AoD
around the zero point increases, as shown in the third set of
curves in Fig. 9. Ghoraishi [33] conducted a survey on the
transmission channels in the city streets of Tokyo and Yoko-
hama, and obtained a series of experimental data. The fourth
set of curves shows the power distribution of the transmitter at
a measurement scene in the center of Yokohama. The trend is
similar to the PDFs of the AoD of our model in Fig. 9, which
further verifies the feasibility of the proposed model.

When changing the distancesDT andDR and the scattering
areas based on the geometric channel models in Figs. 2 and 7,
the distribution of PDFs of the AoA in the azimuth plane is
illustrated in Fig. 10. In the positive axis, the curves increase
from zero to the local maximum, and then gradually decrease
to the minimum. They then continue to show an upward
trend. In the negative axis, the curves gradually fall to a local
minimum, and then show an upward trend. Moreover, it can
be found that, when changing the distance parameter and
the scattering region, the PDF values tend to be equal near
zero and the difference becomes larger in the large angle
range. The fifth set of curves shows the receiver’s power
profile detected for a measurement scenario in the center
of Yokohama. It can be seen that the PDFs in Fig. 10 have
similar distributions, which demonstrates the accuracy of the
proposed MIMO model.

The PDFs of the AoD in regard to the distances DT and
DR and the scattering areas on the elevation level are shown

FIGURE 11. PDFs of the AoD statistics in the elevation plane when
hT = hR = 5 m.

FIGURE 12. PDFs of the AoA statistics in the elevation plane when
hT = hR = 5 m.

in Fig. 11. Note that the PDF curves are symmetric with
respect to the zero point, owing to the symmetry of the
geometric model in 3D space. It is obvious that the PDFs
tend to decline as the distances DT and DR and the scattering
areas hTT and hRR decrease, and show a rising trend for
−π/2 ≤ θT ≤ 0 and a downward trend for 0 ≤ θT ≤ π/2.
Additionally, the PDF distribution fits very well with the
Petrus model [7] when an omnidirectional antenna is utilized
to the mobile transmitter. Furthermore, the distribution trend
is smoother in the small angle range of [−20◦, 20◦], and
the PDF values are more focused near zero, showing the
superiority of the proposed model.
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FIGURE 13. Space cross-correlations of the reference channel model when p = q = 1, p′ = q′ = 2, and hT = hR = 5 m.

Fig. 12 presents the PDFs of the AoA in regard to the
distancesDT andDR and the scattering areas on the elevation
level. It can be observed from the figure that the PDF curves
are also symmetric with respect to the zero point, and that they
reach the maximum at zero. Further, there are two troughs at
θR = −π/4 and θR = π/4, and a rising trend is observed
during −π/2 ≤ θR ≤ −π/4 and π/4 ≤ θR ≤ π/2. It can
also be seen that, unlike the scattering arc region distribution,
changes in the distance DT and DR do not have a large effect
on the AoA statistics, as shown in the first and second sets
of curves in Fig. 12. Additionally, the results of the PDF
distributions of our model show good agreement with the
simulation results in the Zhou model [19] for outdoor V2V
street communication scenarios, which confirms the accuracy
of theoretical values and the feasibility of describing the
outdoor street V2V propagation environments.

C. SPATIAL AND TEMPORAL CROSS-CORRELATIONS
The distributions of the space cross-correlation between the
path (p = q = 1) and the path (p′ = q′ = 2) for the
MIMO antenna array model, with respect to the distances
DT and DR and the scattering areas hTT and hRR, are shown

in Fig. 13. We can see from Fig. 13(a) that the spatial cor-
relation function declines with an oscillating trend, with an
increase in the array spacing rT and rR, and eventually reaches
a relatively stable value, which fits the previous experience
well. It is also observed that when the element spacing is
half an integer multiple of λ, the spatial cross-correlation
takes the peak value; while the element spacing is an integer
multiple of λ, the cross-correlation takes the valley value.
Moreover, it can be noted that, when the distances DT and
DR increase and the scattering areas hTT and hRR decrease,
the distributions of the spatial CCFs tend to be smoother. The
simulation results show good consistency with the Patzold
model [21] and provide useful theoretical guidance in the
arrangement of element arrays for the optimization of the
MIMO multiantenna systems.

Fig.14 presents the distribution of temporal cross-
correlations with respect to the variations in antenna elements
for the proposed MIMO channel model. It is clearly observed
that the temporal cross-correlations decrease rapidly, almost
within the short delay of 0.05 s, and then decline in a
fading trend, finally reaching a steady value. Besides, for
the areas of the upper and lower hemispheres, seen in Fig. 5,
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FIGURE 14. Time cross-correlations with respect to different antenna
elements when f T

max = f R
max = 201 Hz, hT = hR = 5 m, hTT = hRR = 20 m,

DT = 30 m, DR = 35 m, and vR = 0.

the correlation gradually decreases when the antenna element
q′ is changed from 2 to 200, which is also consistent with
the actual experience. The results of the proposed model
are compared with the data from the Patzold model in [21],
which have a unique advantage in this respect, indicating that
the model can be utilized in specific outdoor V2V wireless
communication scenarios.

V. CONCLUSION
In this paper, we have presented a novel MIMO chan-
nel model for congested curved-street V2V NLOS com-
munication environments, assuming that the terminals are
equippedwith 3DmassiveMIMO antenna arrays. To evaluate
the overall performance of the proposed multiantenna sys-
tem, we applied the proposed low-elevation massive MIMO
antenna arrays to the MT and MR of the built vehicular
MIMO channel model, resulting in variations in the AoD
and AoA statistics, and the temporal and spatial CCFs. The
results exhibited good consistency with the previous channel
models and better performances in terms of channel corre-
lations, which validated the generalization of the proposed
MIMO channel model and laid a good theoretical foundation
for future discussion of 5G MIMO V2V communications.
As future work, we plan to consider polarized antenna arrays
and antenna-lobe pattern analyses in the extensions of the
proposed channel model.
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