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Abstract—This paper proposes a novel three-dimensional (3D)
theoretical regular-shaped geometry-based stochastic model (RS-
GBSM) and the corresponding sum-of-sinusoids (SoS) simulation
model for non-isotropic multiple-input multiple-output (MIMO)
vehicle-to-vehicle (V2V) Ricean fading channels. The proposed
RS-GBSM, combining line-of-sight (LoS) components, a two-
sphere model, and an elliptic-cylinder model, has the ability
to study the impact of the vehicular traffic density (VTD) on
channel statistics, and jointly considers the azimuth and elevation
angles by using the von Mises Fisher distribution. Moreover,
a novel parameter computation method is proposed for jointly
calculating the azimuth and elevation angles in the SoS channel
simulator. Based on the proposed 3D theoretical RS-GBSM and
its SoS simulation model, statistical properties are derived and
thoroughly investigated. The impact of the elevation angle in
the 3D model on key statistical properties is investigated by
comparing with those of the corresponding two-dimensional
(2D) model. It is demonstrated that the 3D model is more
accurate to characterize real V2V channels, in particular for pico
cell scenarios. Finally, close agreement is achieved between the
theoretical model, SoS simulation model, and simulation results,
demonstrating the utility of the proposed models.

Index Terms—MIMO vehicle-to-vehicle channels, 3D RS-
GBSM, non-isotropic scattering, vehicular traffic density, sta-
tistical properties.

I. INTRODUCTION

IN recent years, vehicle-to-vehicle (V2V) communications
[1] have been encountered in many new applications, such
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as wireless mobile ad hoc peer-to-peer networks [2], [3]
cooperative systems [4], [5], and intelligent transportation
systems. In V2V communication systems, both the transmitter
(Tx) and receiver (Rx) are in motion and equipped with
low elevation antennas. This is different from conventional
fixed-to-mobile (F2M) cellular radio systems, where only
one terminal moves. Moreover, multiple-input multiple-output
(MIMO) technologies, where multiple antennas are deployed
at both the Tx and Rx [6], have widely been adopted in
advanced F2M cellular systems and have also been receiving
more and more attention in V2V systems [7].

In order to evaluate the performance of a V2V commu-
nication system, accurate channel models are indispensable.
Existing channel models for F2M communications systems
cannot be used directly for the design of V2V systems. V2V
channel models available in the literature [8]–[23] can be
classified as geometry-based deterministic models (GBDMs)
[8] and stochastic models, which can further be categorized
as non-geometry-based stochastic models (NGSMs) [9] and
geometry-based stochastic models (GBSMs) [10]–[23]. Fur-
thermore, GBSMs can be classified as regular-shaped GBSMs
(RS-GBSMs) [11]–[20] and irregular-shaped GBSMs (IS-
GBSMs) [21]–[24], depending on whether effective scatterers
are located on regular shapes, e.g., one-ring, two-ring, ellipses,
or irregular shapes.

RS-GBSMs [11]–[20] have widely been used to mimic V2V
channels due to their convenience for theoretical analysis of
channel statistics. To preserve the mathematical tractability,
RS-GBSMs assume that all the effective scatterers are located
on regular shapes. Akki and Haber were the first to pro-
pose a two-dimensional (2D) RS-GBSM [11] and investigate
corresponding statistical properties for narrowband isotropic
scattering single-input single-output (SISO) V2V Rayleigh
channels [12]. In [13], the authors proposed a 2D two-
ring RS-GBSM with both single- and double-bounced rays
for narrowband non-isotropic scattering MIMO V2V Ricean
channels. In [14], the authors proposed an adaptive RS-GBSM
consisting of two rings and one ellipse also with both single-
and double-bounced rays for narrowband non-isotropic MIMO
V2V Ricean channels. As 2D models assume that waves travel
only in the horizontal plan, they neglect signal variations in
the vertical plane and are valid only when the Tx and Rx
are sufficiently separated. In reality, waves do travel in three
dimensions. Therefore, a three-dimensional (3D) two-cylinder
RS-GBSM was developed for narrowband non-isotropic scat-
tering MIMO V2V channels in [16]. It was further extended
to a wideband one in [17]. Other 3D V2V channel models
include a 3D two-sphere RS-GBSM for narrowband non-
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isotropic SISO V2V channels [18] and a 3D two-concentric-
quasi-sphere RS-GBSM for wideband non-isotropic MIMO
V2V channels [19].

The aforementioned 3D RS-GBSMs [16]–[19] all assumed
that the azimuth angle and elevation angle are completely
independent and thus analyzed them separately. Moreover,
although the measurement campaigns in [9] demonstrated that
the vehicular traffic density (VTD) significantly affects the
V2V channel statistical properties, the impact of the VTD on
channel statistics was not considered in the existing 3D RS-
GBSMs [16]–[19].

To fill the above research gaps, the first part of this
paper proposes a novel theoretical 3D RS-GBSM, which is
the combination of line-of-sight (LoS) components, a two-
sphere model, and an elliptic-cylinder model [15], for non-
isotropic MIMO V2V channels. The proposed 3D RS-GBSM
is sufficiently generic and adaptive to model various V2V
channels in different scenarios. It is the first 3D RS-GBSM
that has the ability to study the impact of the VTD on channel
statistics, and jointly considers the azimuth and elevation
angles by applying the von Mises-Fisher (VMF) distribution as
the scatterer distribution. As the 3D theoretical RS-GBSM as-
sumes infinite numbers of effective scatterers, which results in
the infinite complexity, it cannot be implemented in practice.
However, a theoretical model can be used as a starting point
to design a realizable simulation model that considers limited
numbers of scatterers and has a reasonable complexity. Hence,
the second part of this paper concentrates on developing a
corresponding 3D MIMO V2V sum-of-sinusoids (SoS) based
simulation model with a novel parameter computation method.
Note that the proposed models have already considered the
effect of diffuse scattering [23] by using double-bounced rays.
Also, the impact of vehicles as obstacles on the LoS obstruc-
tion, as studied in measurements [24] and [25], can be captured
in our models by adjusting relevant model parameters, e.g., the
Ricean factor.

Overall, the major contributions and novelties of this paper
are summarized as follows:

1) Based on the novel 3D theoretical RS-GBSM, com-
prehensive statistical properties are derived and thor-
oughly investigated, i.e., amplitude and phase probabil-
ity density functions (PDFs), space-time (ST) correlation
function (CF), Doppler power spectral density (PSD),
envelope level crossing rate (LCR), and average fade du-
ration (AFD). Meanwhile, some inaccurate expressions
in [15] are corrected.

2) The impacts of the VTD and elevation angle on afore-
mentioned channel statistical properties are investigated
by comparing with those of the corresponding 2D
model.

3) The corresponding SoS simulation model is proposed
by considering a finite number of scatterers at the Tx
and Rx.

4) A novel parameter computation method, namely the
method of equal volume (MEV), is proposed to cal-
culate the azimuth and elevation angles of proposed
SoS simulation model. It is the first method for 3D
MIMO channel models jointly computing the azimuth
and elevation angles.
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Fig. 1. The proposed 3D MIMO V2V RS-GBSM combining a two-sphere
model and an elliptic-cylinder model (only showing the detailed geometry
of LoS components and single-bounced rays in the elliptic-cylinder model).
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Fig. 2. The detailed geometry of the single- and double-bounced rays in
the two-sphere model of the proposed 3D RS-GBSM.

5) The statistical properties of our SoS simulation model
are verified by comparing with those of the reference
model and simulated results. The results show that the
simulation model is an excellent approximation of the
reference model according to their statistical properties.

The remainder of this paper is structured as follows. Sec-
tion II introduces a novel 3D theoretical RS-GBSM for non-
isotropic narrowband MIMO V2V Ricean channels. In Sec-
tion III, the corresponding 3D simulation model is developed
with parameters calculated by the MEV. Simulation results
and analysis are unveiled in Section IV. Finally, we draw
conclusions in Section V.

II. A NOVEL 3D MIMO V2V THEORETICAL RS-GBSM

A. Description of the 3D MIMO V2V theoretical RS-GBSM

Let us consider a narrowband MIMO V2V communication
system with MT transmit and MR receive omnidirectional
antenna elements. The radio propagation environment is char-
acterized by 3D effective scattering with LoS and non-LoS
(NLoS) components between the Tx and Rx. Different from
physical scatterers, an effective scatterer may include several
physical scatterers which are unresolvable in delay and angle
domains. Figs. 1 and 2 illustrate the proposed 3D RS-GBSM,
which is the combination of LoS components, a single-
and double-bounced two-sphere model, and a single-bounced
elliptic-cylinder model. To consider the impact of the VTD
on channel statistics, we need to distinguish between the
moving vehicles around the Tx and Rx and the stationary
roadside environments (e.g., buildings, trees, parked cars, etc.).
Therefore, we use a two-sphere model to mimic the moving
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TABLE I
DEFINITION OF PARAMETERS IN FIGS. 1 AND 2.

D distance between the centers of the Tx and Rx spheres
RT , RR radius of the Tx and Rx spheres, respectively
a, f semi-major axis and half spacing between two foci of the elliptic-cylinder, respectively

δT , δR antenna element spacing at the Tx and Rx, respectively
θT , θR orientation of the Tx and Rx antenna array in the x-y plane, respectively
ϕT , ϕR elevation of the Tx and Rx antenna array relative to the x-y plane, respectively
υT , υR velocities of the Tx and Rx, respectively.
γT , γR moving directions of the Tx and Rx in the x-y plane, respectively
α
(ni)
T azimuth angle of departure (AAoD) of the waves that impinge on the effective

(i = 1, 2, 3) scatterers s(ni)

α
(ni)
R azimuth angle of arrival (AAoA) of the waves traveling from the effective

(i = 1, 2, 3) scatterers s(ni)

β
(ni)
T elevation angle of departure (EAoD) of the waves that impinge on the effective

(i = 1, 2, 3) scatterers s(ni)

β
(ni)

R elevation angle of arrival (EAoA) of the waves traveling from the effective
(i = 1, 2, 3) scatterers s(ni)

αLoS
R , βLoS

R AAoA and EAoA of the LoS paths, respectively
εpq , εpni , εn1n2 ,

εniq , ξ, ξn3
T (R), distances d (Tp, Tq), d

(
Tp, s

(ni)
)

, d
(
s(n1), s(n2)

)
, d

(
s(ni), Tq

)
, d (Tp, OR),

ξn1 , ξn2 d
(
OT (OR), s

(n3)
)

, d
(
s(n1), OR

)
, d

(
OT , s

(n2)
)

, respectively
(i = 1, 2, 3)

vehicles and an elliptic-cylinder model to depict the stationary
roadside environments. It is worth mentioning that in order
to significantly reduce the complexity of the 3D theoretical
RS-GBSM, only the double-bounced rays via scatterers on
the two-sphere model are considered because other double-
bounced rays (via one scatterer on a sphere and the other
one on the elliptic-cylinder) show similar channel statistics
[14]. For readability purposes, Fig. 1 only shows the geometry
of LoS components, and the single-bounced elliptic-cylinder
model. The detailed geometry of the single- and double-
bounced two-sphere model is given in Fig. 2. Note that in both
Figs. 1 and 2, we adopted uniform linear antenna arrays with
MT =MR = 2 as an example. The proposed RS-GBSM can
be extended with arbitrary numbers of antenna elements. By
modeling effective scatterers, we assume that the two-sphere
model defines two spheres of effective scatterers, one around
the Tx and the other around the Rx. Suppose there are N1

effective scatterers around the Tx lying on a sphere of radius
RT and the n1th (n1 = 1, ..., N1) effective scatterer is denoted
by s(n1). Similarly, assume there are N2 effective scatterers
around the Rx lying on a sphere of radius RR and the n2th
(n2 = 1, ..., N2) effective scatterer is denoted by s(n2). For
the elliptic-cylinder model, N3 effective scatterers lie on an
elliptic-cylinder with the Tx and Rx located at the foci and
the n3th (n3 = 1, ..., N3) effective scatterer is denoted by
s(n3). The parameters in Figs. 1 and 2 are defined in Table I.
Note that the reasonable assumptions D � max{RT , RR}
and min{RT , RR, a− f} � max{δT , δR} are applied in this
theoretical model [14].

The 3D MIMO V2V channel is described by an MT ×
MR matrix of complex fading envelopes, i.e., H (t) =
[hpq (t)]MT×MR

. The subscripts p and q denote the MIMO
antenna elements. Therefore, the received complex fading
envelope between the pth (p = 1, ...,MT ) Tx and the qth

(q = 1, ...,MR) Rx at the carrier frequency fc is a superposi-
tion of the LoS, single- and double-bounced components, and
can be expressed as

hpq (t) = hLoSpq (t) +

I∑
i=1

hSBi
pq (t) + hDBpq (t) (1)

where

hLoSpq (t) =

√
K

K + 1
e−j2πfcτpq

× ej2πfTmax t cos(αLoS
T −γT ) cosβLoS

T (2a)

× ej2πfRmax t cos(αLoS
R −γR) cos βLoS

R

hSBi
pq (t) =

√
ηSBi

K + 1
lim

Ni→∞

Ni∑
ni=1

1√
Ni
ej(ψni

−2πfcτpq,ni)

× e
j2πfTmax t cos

(
α

(ni)

T −γT
)
cosβ

(ni)

T (2b)

× e
j2πfRmax t cos

(
α

(ni)

R −γR
)
cos β

(ni)

R

hDBpq (t) =

√
ηDB
K + 1

× lim
N1,N2→∞

N1,N2∑
n1,n2=1

1√
N1N2

ej(ψn1,n2−2πfcτpq,n1,n2)

× e
j2πfTmax t cos

(
α

(n1)

T −γT
)
cos β

(n1)

T (2c)

× e
j2πfRmax t cos

(
α

(n2)

R −γR
)
cosβ

(n2)

R

with αLoST ≈ βLoST ≈ βLoSR ≈ 0, αLoSR ≈ π, τpq = εpq/c,
τpq,ni = (εpni + εniq)/c, and τpq,n1,n2 = (εpn1 + εn1n2 +
εn2q)/c. Here, c is the speed of light, K designates the
Ricean factor, and I = 3 which means there are three
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subcomponents for single-bounced rays, i.e., SB1 from the Tx
sphere, SB2 from the Rx sphere, and SB3 from the elliptic-
cylinder. Power-related parameters ηSBi and ηDB specify the
amount of powers that the single- and double-bounced rays
contribute to the total scattered power 1/(K + 1). Note that
these power-related parameters satisfy

∑I
i=1 ηSBi +ηDB = 1.

The phases ψni and ψn1,n2 are independent and identically
distributed (i.i.d.) random variables with uniform distributions
over [−π, π), fTmax and fRmax are the maximum Doppler
frequencies with respect to the Tx and Rx, respectively. Note
that we have corrected inaccurate expressions (2a) and (2c) in
[15], corresponding to (2a) and (2c) in this paper, respectively.

Based on the law of cosines in appropriate triangles and
small angle approximations (i.e., sinx ≈ x and cosx ≈ 1 for
small x), we have

εpq ≈ ξ − δR
2ξ

[
δT
2

sinϕT sinϕR −Q cosϕR cos θR

]
(3a)

εpn1 ≈ RT − δT
2

[
sinβ

(n1)
T sinϕT (3b)

+ cosβ
(n1)
T cosϕT cos(θT − α

(n1)
T )

]

εn1q ≈ ξn1 −
δR
2ξn1

[
RT sinβ

(n1)
T sinϕR (3c)

− Qn1 cosϕR cos(α
(n1)
R − θR)

]

εpn2 ≈ ξn2 −
δT
2ξn2

[
RR sinβ

(n2)
R sinϕT (3d)

+ Qn2 cosϕT cos(α
(n2)
T − θT )

]

εn2q ≈ RR − δR
2

[
sinβ

(n2)
R sinϕR (3e)

+ cosβ
(n2)
R cosϕR cos(θR − α

(n2)
R )

]

εn1n2 ≈
{[
D −RT cosα

(n1)
T −RR cos(α

(n1)
R − α

(n2)
R )

]2

+
[
RT cosβ

(n1)
T −RR cosβ

(n2)
R

]2}1/2

(3f)

εpn3 ≈ ξ
(n3)
T − δT

2ξ
(n3)
T

[
ξ
(n3)
R sinβ

(n3)
R sinϕT

+ Qn3 cosϕT cos(α
(n3)
T − θT )

]
(3g)

εn3q ≈ ξ
(n3)
R − δR

[
sinβ

(n3)
R sinϕR

+ cosβ
(n3)
R cosϕR cos(α

(n3)
R − θR)

]
(3h)

where ξ ≈ Q ≈ D − δT
2 cosϕT cos θT , ξn1 =√

Q2
n1

+R2
T sin2 β

(n1)
T , Qn1 ≈ D−RT cosβ

(n1)
T ×cosα

(n1)
T ,

ξn2 =

√
Q2
n2

+R2
R sin2 β

(n2)
R , Qn2 ≈ D +

RR cosβ
(n2)
R cosα

(n2)
R , ξ

(n3)
R =

2a−Qn3

cosβ
(n3)

R

, ξ
(n3)
T =√

Q2
n3

+ (ξ
(n3)
R )2 sin2 β

(n3)
R , and Qn3 =

a2+f2+2af cosα
(n3)

R

a+f cosα
(n3)

R

.
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Fig. 3. (a) The 3D VMF PDF (α0 = 0◦ , β0 = 31.6◦ , k = 3.6) and (b)
2D VMF PDF (α0 = 0◦, β0 = 31.6◦ , β = 0◦, k = 0.6, 1.3, 3.6).

Note that the azimuth/elevation angle of departure
(AAoD/EAoD), (i.e., α

(ni)
T , β

(ni)
T ), and azimuth/elevation

angle of arrival (AAoA/EAoA), (i.e., α(ni)
R , β(ni)

R ), are in-
dependent for double-bounced rays, while are correlated
for single-bounced rays. According to geometric algorithms,
for the single-bounced rays resulting from the two-sphere
model, we can derive the relationship between the AoDs
and AoAs as α

(n1)
R ≈ π − RT

D sinα
(n1)
T , β

(n1)
R ≈

arccos
(D−RT cos β

(1)
T cosα

(1)
T

ξn1

)
, and α

(n2)
T ≈ RR

D sinα
(n2)
R ,

β
(n2)
T ≈ arccos

(D+RR cosβ
(2)
R cosα

(2)
R

ξn2

)
. For the single-

bounced rays resulting from elliptic-cylinder model, the

angular relationship α
(n3)
T = arcsin

( b2 sinα
(n3)

R

a2+f2+2af cosα
(n3)

R

)
and β

(n3)
T = arccos

[ a2+f2+2af cosα
(n3)

R(
a+f cosα

(n3)

R

)
ξ
(n3)

T

]
hold with b =√

a2 − f2 denoting the semi-minor axis of the elliptic-
cylinder. The undefined β

(n1)
R , β(n2)

T , and β
(n3)
T in Line 12

of the left column on Page 3 in [15] have been given here.
For the theoretical RS-GBSM, as the number of scatterers

tends to infinity, the discrete AAoD α
(ni)
T , EAoD β

(ni)
T , AAoA

α
(ni)
R , and EAoA β

(ni)
R can be replaced by continuous random

variables α(i)
T , β(i)

T , α(i)
R , and β

(i)
R , respectively. In [26], the

assumption of 3D scattering has been validated. To jointly
consider the impact of the azimuth and elevation angles on
channel statistics, we use the VMF PDF to characterize the
distribution of effective scatterers, which is defined as [27]

f (α, β) =
k cosβ

4π sinh k
× ek[cosβ0 cosβ cos(α−α0)+sin β0 sin β]

(4)

where α, β ∈ [−π, π), α0 ∈ [−π, π) and β0 ∈ [−π, π)
account for the mean values of the azimuth angle α and
elevation angle β, respectively, and k (k ≥ 0) is a real-valued
parameter that controls the concentration of the distribution
relative to the mean direction identified by α0 and β0.

To demonstrate the VMF distribution, we set the mean
angles α0 = 0◦ and β0 = 31.6◦ as an example, and plot
the corresponding PDF in both 3D and 2D figures in Figs. 3
(a) and (b), respectively. Fig. 3 (a) shows the 3D VMF PDF
with k = 3.6. For the purpose of comparison, in Fig. 3 (b), we
plot the 2D VMF PDF only for azimuth angle α with β = 0◦
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and different k = 0.6, 1.3, 3.6. Fig. 3 (b) tells that the larger
the value of k, the VMF PDF is more concentrated towards
the mean direction. For k → 0 the distribution is isotropic,
while for k → ∞ the distribution becomes extremely non-
isotropic. For the high VTD scenario with many moving
vehicles around the Tx and Rx, k is small and the scatterer
distribution approaches isotropic. Note that when the elevation
angle β = β0 = 0◦, the VMF PDF reduces to von Mises PDF,
which has widely been applied as a scatterer distribution in 2D
propagation environments [28]. In this paper, for the angles
of interest, i.e., the AAoD α

(1)
T and EAoD β

(1)
T for the Tx

sphere, the AAoA α
(2)
R and EAoA β

(2)
R for the Rx sphere,

and the AAoA α
(3)
R and EAoA β

(3)
R for the elliptic-cylinder,

the parameters (α0, β0, and k) of the VMF PDF in (4) can be
replaced by (α(1)

T0 , β(1)
T0 , and k(1)), (α(2)

R0, β(2)
R0 , and k(2)), and

(α(3)
R0, β(3)

R0 , and k(3)), respectively.
It is important to emphasize that the proposed model is

adaptable to a wide variety of V2V propagation environments
by adjusting important parameters, which are the Ricean factor
K , energy-related parameters ηSBi and ηDB , and environment
parameters k(i). In general, for a low VTD, the value of K is
large since the LoS component can bear a significant amount
of power. In addition, the received scattered power is mainly
from waves reflected by the stationary roadside environments
described by the scatterers located on the elliptic-cylinder.
The moving vehicles represented by the scatterers located
on the two spheres are sparse and thus more likely to be
single-bounced, rather than double-bounced. This indicates
that ηSB3 > max{ηSB1 , ηSB2} > ηDB . For a high VTD,
the value of K is smaller than that in the low VTD scenario.
Also, due to dense moving vehicles, the double-bounced rays
of the two-sphere model bear more energy than single-bounced
rays of the two-sphere and elliptic-cylinder models, i.e.,
ηDB > max{ηSB1 , ηSB2 , ηSB3}. Therefore, the consideration
of the VTD can be well characterized by utilizing a combined
two-sphere model and elliptic-cylinder model with the LoS
component.

B. Statistical properties of the 3D MIMO V2V RS-GBSM

For the proposed 3D MIMO V2V theoretical RS-GBSM,
statistical properties will be derived in this section, i.e.,
amplitude and phase PDFs, ST CF, Doppler PSD, envelope
LCR, and AFD.

1) Amplitude and phase PDFs: Based on the proposed 3D
theoretical RS-GBSM, the amplitude and phase processes can
be expressed as ζ(t) = |hpq(t)| and ϑ(t) = arg {hpq(t)},
respectively. According to the similar procedure in [29], the
amplitude PDF of the 3D V2V reference model can be derived
as

pζ(z) =
z

σ2
0

e
− z2+K2

0
2σ2

0 I0(
zK0

σ2
0

) (5)

where z presents the amplitude variable, K0 =
√

K
K+1 and

I0(·) is the zeroth-order modified Bessel function of the first
kind.

In addition, the phase PDF of the reference model can be

derived as

pϑ(θ) =
e
− K2

0
2σ2

0

2π

{
1 +

K0

σ0

√
π

2
cos (θ − θK) e

K2
0cos2(θ−θK )

2σ2
0

×
[
1 + erf

(
K0 cos(θ − θK)

σ0
√
2

)]}
(6)

where θK = arg
{
hLoSpq (t)

}
. Due to the page limit, detailed

derivations are omitted here.
2) ST CF: Under the wide-sense stationary (WSS) condi-

tion, the normalized ST CF between any two complex fading
envelopes hpq (t) and hp′q′ (t) is defined as [15]

ρhpqhp′q′ (τ) =
E
[
hpq(t)h

∗
p′q′(t− τ)

]
√
E
[|hpq(t)|2]E [

|hp′q′(t)|2
] (7)

= E
[
hpq (t)h

∗
p′q′ (t− τ)

]
(K + 1)

where (·)∗ denotes the complex conjugate operation and E[·]
designates the statistical expectation operator. Substituting (1)
into (7) and applying the corresponding VMF distribution, we
can obtain the ST CF of the LoS, single-, and double-bounced
components as follows:

(a) In the case of the LoS component,

ρhLoS
pq hLoS

p′q′
(τ) = Ke

j2π
λ ALoS+j2πτ(fTmax cos γT−fRmax cos γR)

(8)

where ALoS = 2D cosϕR cos θR.
(b) In terms of the single-bounced components SBi (i =

1, 2, 3) resulting from the Tx sphere, Rx sphere, and elliptic-
cylinder, respectively,

ρ
h
SBi
pq h

SBi
p′q′

(τ) = ηSBi

∫ π

−π

∫ π

−π

[
e−

j2π
λ A(i)

(9)

×ej2πτ(fTmaxB
(i)+fRmaxC

(i))f(α
(i)
T/R, β

(i)
T/R)

]
d(α

(i)
T/R, β

(i)
T/R)

with A(1) = δT
[
sinβ

(1)
T sinϕT + cosβ

(1)
T cosϕT cos

(
θT −

α
(1)
T

)]
+ δR
ξn1

[
RT sinβ

(1)
T sinϕR−Qn1 cosϕR cos

(
θR−α(1)

R

)]
,

B(i) = cos
(
α
(i)
T − γT

)
cos

(
β
(i)
T

)
, C(i) = cos

(
α
(i)
R − γR

) ×
cos

(
β
(i)
R

)
, A(2) = δR

[
sinβ

(2)
R sinϕR + cosβ

(2)
R cosϕR ×

cos
(
θR − α

(2)
R

)]
+ δT

ξn2

[
RR sinβ

(2)
R sinϕT + Qn2 cosϕT ×

cos
(
θT − α

(2)
T

)]
, A(3) = δT

ξ
(n3)

T

[
ξ
(n3)
R sinβ

(3)
R sinϕT +Qn3 ×

cosϕT cos
(
θT − α

(3)
T

)]
+ δR

[
sinβ

(3)
R sinϕR + cosβ

(3)
R ×

cosϕR cos
(
θR − α

(3)
R

)]
, where the expressions of α(i)

R , β(i)
R ,

Qni , ξn1 , ξn2 , and ξn3

T (R) are given in Section II. A. Note that
the subscripts T and R are applied to i = 1 and i = 2, 3,
respectively.

(c) In terms of the double-bounced component resulting
from the Tx and Rx spheres,

ρhDB
pq hDB

p′q′
(τ) = ρTpp′(τ)ρ

R
qq′ (τ) = ηDB

∫ π

−π

∫ π

−π

∫ π

−π

∫ π

−π[
e−

j2π
λ ADB · ej2πτ(fTmaxB

DB+fRmaxC
DB) (10)

× f(α
(1)
T , β

(1)
T ) · f(α(2)

R , β
(2)
R )

]
d(α

(1)
T , β

(1)
T )d(α

(2)
R , β

(2)
R )
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where ADB = δT
[
sinβ

(1)
T sinϕT +cosβ

(1)
T cosϕT cos

(
θT −

α
(1)
T

)]
+δR

[
sinβ

(2)
R sinϕR+cosβ

(2)
R cosϕR cos

(
θR−α(2)

R

)]
,

BDB = cos
(
α
(1)
T − γT

)
cosβ

(1)
T , and CDB = cos

(
α
(2)
R −

γR
)
cosβ

(2)
R .

The normalized theoretical ST CF can be expressed as the
summation of (8) – (10), i.e.,

ρhpqhp′q′ (τ) = ρhLoS
pq hLoS

p′q′
(τ) +

I∑
i=1

ρ
h
SBi
pq h

SBi
p′q′

(τ)

+ ρhDB
pq hDB

p′q′
(τ) . (11)

3) Doppler PSD: Applying the Fourier transform
to the ST CF, we can obtain the corresponding
Doppler PSD as Shpqhp′q′ (fD) = F

{
ρhpqhp′q′ (τ)

}
=∫∞

−∞ ρhpqhp′q′ (τ)e
−j2πfDτdτ , where fD is the Doppler

frequency. Substituting (11) into the above equation, the
Doppler PSD can be expressed as

Shpqhp′q′ (fD) = F
{
ρhLoS

pq hLoS
p′q′

(τ)
}
+

I∑
i=1

F

{
ρ
h
SBi
pq h

SBi
p′q′

(τ)

}

+ F
{
ρTpp′ (τ)

}	 F
{
ρRqq′ (τ)

}
(12)

where 	 denotes the convolution and F{·} indicates the
Fourier transform.

4) Envelope LCR and AFD: The LCR at a specified level r,
L(r), is defined as the rate at which the signal envelope crosses
level r in the positive/negative going direction. Using the
traditional PDF-based method [30], we derive the expression
of the LCR for V2V channels as

L(r) =
2r
√
K + 1

π3/2

√
b2
b0

− b21
b20

× e−K−(K+1)r2

×
∫ π/2

0

cosh
(
2
√
K(K + 1) · r cos θ

)
(13)

×
[
e−(χ sin θ)2 +

√
πχ sin θ · erf(χ sin θ)

]
dθ

where cosh(·) is the hyperbolic cosine function, erf(·) is the

error function, and χ =

√
Kb21

(b0b2−b21)
. Finally, parameters b0,

b1, and b2 are defined as

b0
�
= E

[
hInpq (t)

2
]
= E

[
hQupq (t)

2
]

(14)

b1
�
= E

[
hInpq (t)ḣ

Qu
pq (t)

]
= E

[
hQupq (t)ḣ

In
pq (t)

]
(15)

b2
�
= E

[
ḣInpq (t)

2
]
= E

[
ḣQupq (t)

2
]

(16)

where hInpq (t) and hQupq (t) denote the in-phase and quadra-
ture components of the complex fading envelope hpq(t),
and ḣInpq (t) and ḣQupq (t) denote the first derivative of hInpq (t)
and hQupq (t), respectively. By substituting (1) into (14), the
parameter b0 becomes

b0 =

I∑
i=1

bSBi
0 + bDB0 =

1

2(K + 1)
(17)

where

bSBi
0 =

ηSBi

2(K + 1)

∫ π

−π

∫ π

−π
f(α

(i)
T , β

(i)
T )d(α

(i)
T , β

(i)
T )

=
ηSBi

2(K + 1)
(18a)

bDB0 =
ηDB

2(K + 1)

∫ π

−π

∫ π

−π
f(α

(1)
T , β

(1)
T )d(α

(1)
T , β

(1)
T )

×
∫ π

−π

∫ π

−π
f(α

(2)
R , β

(2)
R )d(α

(2)
R , β

(2)
R ) =

ηDB
2(K + 1)

. (18b)

Similarly, by substituting (1) into (15) and (16), the parameters
b1 and b2 become

bm =

I∑
i=1

bSBi
m + bDBm , (19)

where m ∈ {1, 2} and

bSBi
m =

ηSBi

2(K + 1)
(2π)m

∫ π

−π

∫ π

−π
f(α

(i)
R , β

(i)
R )

×
[
fTmax cos

(
α
(i)
T − γT

)
cosβ

(i)
T

]m
(20a)

×
[
fRmax cos

(
α
(i)
R − γR

)
cosβ

(i)
R

]m
d(α

(i)
R , β

(i)
R )

bDBm =
ηDB

2(K + 1)
(2π)m

∫ π

−π

∫ π

−π
f(α

(1)
T , β

(1)
T )

×
[
fTmax cos

(
α
(1)
T − γT

)
cosβ

(1)
T

]m
d(α

(1)
T , β

(1)
T )

×
∫ π

−π

∫ π

−π
f(α

(2)
R , β

(2)
R ) (20b)

×
[
fRmax cos

(
α
(2)
R − γR

)
cosβ

(2)
R

]m
d(α

(2)
R , β

(2)
R ).

The AFD, T (r), is defined as the average time over which
the signal envelope, |hpq(t)|, remains below a certain level r.
In the proposed 3D RS-GBSM, the AFD can be written as
[31]

T (r) =
1−Q

(√
2K,

√
2(K + 1)r2

)
L(r)

(21)

where Q ( · , · ) is the Marcum Q function.

III. THE 3D SOS SIMULATION MODEL FOR MIMO V2V
CHANNELS

Based on the proposed 3D theoretical RS-GBSM described
in Section II, the corresponding SoS simulation model can
be further developed by using finite numbers of scatterers or
sinusoids N1, N2, and N3. According to (1) – (2c), the SoS
simulation model for the link Tp → Tq can be expressed as

ĥpq (t) = ĥLoSpq (t) +
I∑
i=1

ĥSBi
pq (t) + ĥDBpq (t) (22)

where

ĥLoSpq (t) =

√
K

K + 1
e−j2πfcτpq

× ej2πfTmax t cos(αLoS
T −γT ) cosβLoS

T (23a)

× ej2πfRmax t cos(αLoS
R −γR) cos βLoS

R
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ĥSBi
pq (t) =

√
ηSBi

K + 1

Ni∑
ni=1

1√
Ni
ej(ψni

−2πfcτpq,ni)

× e
j2πfTmax t cos

(
α

(ni)

T −γT
)
cos β

(ni)

T (23b)

× e
j2πfRmax t cos

(
α

(ni)

R −γR
)
cosβ

(ni)

R

ĥDBpq (t) =

√
ηDB
K + 1

N1,N2∑
n1,n2=1

1√
N1N2

ej(ψn1,n2−2πfcτpq,n1,n2)

× e
j2πfTmax t cos

(
α

(n1)

T −γT
)
cosβ

(n1)

T (23c)

× e
j2πfRmax t cos

(
α

(n2)

R −γR
)
cos β

(n2)

R .

It is clear that the unknown simulation model parameters
to be determined are only the discrete AoDs and AoAs,
while the remaining parameters are identical to those of
the theoretical model. Our task is thus to determine the
discrete AAoDs (α(n1)

T , α(n2)
T , α(n3)

T ), EAoDs (β(n1)
T , β(n2)

T ,
β
(n3)
T ), AAoAs (α(n1)

R , α(n2)
R , α(n3)

R ), and EAoAs (β(n1)
R ,

β
(n2)
R , β(n3)

R ) for the simulation model. Furthermore, there
are actually correlations between AoDs and AoAs for the
single-bounce case. Therefore, we only need to determine the

discrete sets of
{
α
(n1)
T , β

(n1)
T

}N1

n1=1
,
{
α
(n2)
R , β

(n2)
R

}N2

n2=1
, and{

α
(n3)
R , β

(n3)
R

}N3

n3=1
. In [32], different parameter computation

methods have been introduced. In general, there are three
widely adopted methods, i.e., Extended Method of Exact
Doppler Spread (EMEDS), Modified Method of Equal Areas
(MMEA), and Lp-Norm method (LPNM). The EMEDS is
especially recommended for isotropic scattering. However, all
the above methods are only valid for 2D horizontal models. To
jointly calculate the azimuth and elevation angles, we propose
a novel parameter computation method that can be applied to
our 3D channel models. The method is named as MEV, which
is developed from MMEA [33].

A. MEV for parameterization of the proposed SoS simulation
model

As we mentioned before, the VMF distribution is adopted
in order to jointly consider the impact of the azimuth and
elevation angles on channel statistics. Furthermore, the cu-
mulative distribution function (CDF) of α and β, i.e., the
double integral of the 3D VMF PDF, denotes the volume
of Fig. 3 (a). The idea of MEV is designed to select
the set of

{
α(ni), β(ni)

}Ni

ni=1
in such a manner that the

volume of the VMF PDF f(α, β) in different ranges of{
α(ni−1), β(ni−1)

}
� {α, β} < {

α(ni), β(ni)
}

are equal to

each other with the initial condition
∫ α(1)

−π
∫ β(1)

−π f(α, β)dαdβ =
1−1/4
Ni

. The application of the MEV to the 3D V2V channel
model requires the joint computation of the discrete model pa-

rameters, i.e.,
{
α
(n1)
T , β

(n1)
T

}N1

n1=1
,
{
α
(n2)
R , β

(n2)
R

}N2

n2=1
, and{

α
(n3)
R , β

(n3)
R

}N3

n3=1
. In the following, we will derive the MEV

that has the ability to meet the two accuracy-efficiency design
criteria [33] for 3D scattering MIMO V2V channels with
the joint VMF distribution. Using the design of the AAoDs

{
α
(n1)
T

}N1

n1=1
and EAoDs

{
β
(n1)
T

}N1

n1=1
as an example, the

MEV includes the following three steps:
Step 1: Define a pair of random variables, i.e., άT

(n1) ∈[
α
(1)
T0 − π, α

(1)
T0 + π

)
and β́T

(n1) ∈
[
β
(1)
T0 − π, β

(1)
T0 + π

)
.

They follow the VMF distribution having the same α(1)
T0 , β(1)

T0 ,
and k1.

Step 2: Temporarily design the proper set of
{
άT

(n1)
}N1

n1=1

and
{
β́T

(n1)
}N1

n1=1
, as άT

(n1), β́T
(n1)

:= F−1
α/β

(
n1−1/4
N1

)
,

where F−1
α/β(·) denotes the inverse function of the VMF CDF

derived from VMF PDF for άT
(n1) and β́T

(n1)
.

Step 3: Obtain the desired set of
{
α
(n1)
T

}N1

n1=1
and{

β
(n1)
T

}N1

n1=1
by mapping

{
άT

(n1)
}N1

n1=1
and

{
β́T

(n1)
}N1

n1=1
into the range of [−π, π), respectively.

Consequently, the jointly calculated AAoDs and EAoDs,{
α
(n1)
T , β

(n1)
T

}N1

n1=1
are obtained. Similarly, AAoAs{

α
(n2)
R

}N2

n2=1
and

{
α
(n3)
R

}N3

n3=1
and EAoAs

{
β
(n2)
R

}N2

n2=1

and
{
β
(n3)
R

}N3

n3=1
can be obtained by following the same

procedure.

B. Statistical properties of the proposed SoS simulation model

Based on our 3D MIMO V2V theoretical RS-GBSM and
its statistical properties, it is achievable to derive the corre-
sponding statistical properties for the SoS simulation model.
As the detailed derivations have been explained in Section
II.B, those of the corresponding simulation model with similar
derivations are only briefly explained. Applying the discrete
model parameters to (5), (6), (11), (12), (13), and (21),
we have the corresponding statistical properties for the SoS
simulation model as follows:

1) Amplitude and Phase PDFs: The amplitude and phase
processes of the SoS simulation model can be expressed as
ζ̂(t) =

∣∣∣ĥpq(t)∣∣∣ and ϑ̂(t) = arg
{
ĥpq(t)

}
, respectively. Still

using the similar procedure in [29], the amplitude PDF of the
SoS simulation model can be derived as

pζ̂(z) = 4π2z

∫ ∞

0

[
N1∏
n1=1

J0 (2π |GSB1 |x) (24)

×
N2∏
n2=1

J0 (2π |GSB2 |x)×
N3∏
n3=1

J0 (2π |GSB3 |x)

×
N1,N2∏
n1,n2=1

J0 (2π |GDB |x)
]
J0 (2πzx)J0 (2πK0x)xdx

where GSBi =
√

ηSBi

Ni(K+1) (i = 1, 2, 3), and GDB =√
ηDB

N1N2(K+1) .

In addition, the phase PDF of the SoS simulation model
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can be derived as

pϑ̂(θ) = 2π

∫ ∞

0

∫ ∞

0

[
N1∏
n1=1

J0 (2π |GSB1 |x)

×
N2∏
n2=1

J0 (2π |GSB2 |x)×
N3∏
n3=1

J0 (2π |GSB3 |x)

×
N1,N2∏
n1,n2=1

J0 (2π |GDB |x)
]

(25)

× J0

(
2πx

√
z2 +K2

0 − 2zK0 cos (θ − θK)

)
xzdxdz.

2) ST CF: As we should represent the spatial components,
here we rewrite the ST CF as

ρ̂hpqhp′q′ (δT , δR, τ) = ρ̂hLoS
pq hLoS

p′q′
(δT , δR, τ) (26)

+

I∑
i=1

ρ̂
h
SBi
pq h

SBi
p′q′

(δT , δR, τ) + ρ̂hDB
pq hDB

p′q′
(δT , δR, τ) .

(a) In the case of the LoS component,

ρ̂hLoS
pq hLoS

p′q′
(δT , δR, τ) = Ke

j2π
λ ALoS

(27)

× ej2πτ(fTmax cos γT−fRmax cos γR).

Please note that the LoS ST CF of the SoS simulation model
is identical to that of the 3D theoretical RS-GBSM.

(b) In terms of the single-bounced components SBi (i =
1, 2, 3) resulting from the Tx sphere, Rx sphere, and elliptic-
cylinder, respectively,

ρ̂
h
SBi
pq h

SBi
p′q′

(δT , δR, τ) =
ηSBi

Ni

Ni∑
ni=1

e
j2π
λ A(i)

(28)

× ej2πτ(fTmaxB
(i)+fRmaxC

(i)).

(c) In terms of the double-bounced component resulting
from the Tx and Rx spheres,

ρ̂hDB
pq hDB

p′q′
(δT , δR, τ) = ρ̂Tpp′(δT , τ)ρ̂

R
qq′ (δR, τ)

= ηDB × 1

N1

N1∑
n1

e
j2π
λ ADBT × ej2πτfTmaxB

DB

× 1

N2

N2∑
n2

e
j2π
λ ADBR × ej2πτfRmaxC

DB

(29)

where ADBT = δT
[
sinβ

(1)
T sinϕT +

cosβ
(1)
T cosϕT cos

(
θT − α

(1)
T

)]
, ADBR =

δR
[
sinβ

(2)
R sinϕR + cosβ

(2)
R cosϕR × cos

(
θR − α

(2)
R

)]
, and

ALoS , A(i), B(i), C(i), BDB , and CDB have been given in
Section II. B.

3) Doppler PSD: The Doppler PSD of the SoS simulation
model can be expressed as

Ŝhpqhp′q′ (fD)= F
{
ρ̂hLoS

pq hLoS
p′q′

(τ)
}
+

I∑
i=1

F

{
ρ̂
h
SBi
pq h

SBi
p′q′

(τ)

}

+ F
{
ρ̂Tpp′ (τ)

}	 F
{
ρ̂Rqq′ (τ)

}
. (30)

4) Envelope LCR and AFD: Similarly, according to (13),
the envelope LCR of the SoS simulation model, L̂(r), can be
derived as

L̂(r) =
2r
√
K + 1

π3/2

√
b̂2

b̂0
− b̂21

b̂20

× e−K−(K+1)r2 ×
∫ π/2

0

cosh
(
2
√
K(K + 1) · r cos θ

)
×
[
e−(χ̂ sin θ)2 +

√
πχ̂ sin θ · erf(χ̂ sin θ)

]
dθ (31)

with χ̂ =

√
Kb̂21

b̂0 b̂2−b̂21
, b̂0 = 1

2(K+1) , and b̂m =
∑I
i=1 b̂

SBi
m +

b̂DBm (m = 1, 2), where

b̂SBi
m =

ηSBi

2(K + 1)
(2π)m

× 1

Ni

Ni∑
ni=1

[
fTmax cos

(
α
(ni)
T − γT

)
cosβ

(ni)
T (32a)

× fRmax cos
(
α
(ni)
R − γR

)
cosβ

(ni)
R

]m

b̂DBm =
ηDB
K + 1

(2π)m (32b)

× 1

N1

N1∑
n1=1

[
fTmax cos

(
α
(n1)
T − γT

)
cosβ

(n1)
T

]m

× 1

N2

N2∑
n2=1

[
fRmax cos

(
α
(n2)
R − γR

)
cosβ

(n2)
R

]m
.

Similarly, according to (21), the envelope AFD of the SoS
simulation model, T̂ (r), can be expressed as

T̂ (r) =
1−Q

(√
2K,

√
2(K + 1)r2

)
L̂(r)

. (33)

IV. SIMULATION RESULTS AND ANALYSIS

In this section, we investigate both the 3D and 2D models
in detail for each statistical property. Based on measured
scenarios in [9], the following main parameters were chosen
for our simulations: fc = 5.9 GHz, D = 300 m, fTmax =
fRmax = 570 Hz, a = 180 m, RT = RR = 15 m,
γT = γR = 0◦, ϕT = ϕR = 45◦, θT = θR = 45◦,
α
(1)
T0 = 21.7◦, β(1)

T0 = 6.7◦, α(2)
R0 = 147.8◦, β(2)

R0 = 17.2◦,
α
(3)
R0 = 171.6◦, and β

(3)
R0 = 31.6◦. Considering the con-

straints of the Ricean factor and power-related parameters
in [15], we have k(1) = 9.6, k(2) = 3.6, k(3) = 11.5,
K = 3.786, ηSB1 = 0.335, ηSB2 = 0.203, ηSB3 = 0.411,
and ηDB = 0.051 for low VTD scenario. For high VTD
scenario, we have k(1) = 0.6, k(2) = 1.3, k(3) = 11.5,
K = 0.156, ηSB1 = 0.126, ηSB2 = 0.126, ηSB3 = 0.063, and
ηDB = 0.685. Please note that k(3) = 11.5 for both low VTD
and high VTD scenarios are applied. Table II summarizes
key parameters adopted by low and high VTD scenarios. The
environment-related parameters k(1), k(2), and k(3) are related
to the distribution of scatterers (normally, the smaller values of
k(1) and k(2) the more dense moving vehicles/scatterers, i.e.,
the higher VTD). In both high and low VTDs, k(3) is large
as the scatterers reflected from static roadsides are normally
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TABLE II
KEY PARAMETERS OF DIFFERENT VTD SCENARIOS.

K ηSB1 ηSB2 ηSB3 ηDB k(1) k(2) k(3)

Low VTD 3.786 0.335 0.203 0.411 0.051 9.6 3.6 11.5
High VTD 0.156 0.126 0.126 0.063 0.685 0.6 1.3 11.5

concentrated. Also, Ricean factor K is small in higher VTD,
as the LoS component does not have dominant power. The
reason is that dense vehicles (i.e., more vehicles/obstacles
between Tx and Rx) on the road result in less likelihood of
strong LoS components. For the SoS simulation model, we
must first choose adequate values for the numbers of discrete
scatterers N1, N2, and N3. Based on our own simulation
experiences and suggested by [32], a reasonable values for
Ni can be 40, which can be considered as a good trade-
off between realization complexity and accuracy. Certainly,
if we simulate rigorous channels, e.g., very high VTD, the
number of effective scatterers can be increased to improve
the performance of the channel simulator. In addition, when
β
(n1)
T = β

(n2)
R = β

(n3)
R = 0◦, the proposed 3D model will

be reduced to a 2D two-ring and elliptic model. The impact
of elevation angle is evaluated in this section by comparing
between the 3D and 2D models in terms of their statistical
properties.

A. Amplitude and phase PDFs

Figs. 4 and 5 show the amplitude and phase PDFs, respec-
tively, for the 3D reference model, 3D simulation model with
N1 = N2 = N3 = 40, and 3D simulation results for both
low and high VTD scenarios. Note that the simulation results
were obtained from the channel coefficients generated by the
proposed channel simulator. It is clear that both amplitude
and phase PDFs of the simulation model, i.e., (24) and (25),
respectively, are completely determined by the number of
scatterers Ni, the gains GSBi and GDB , and LoS amplitude
K0, whereas other model parameters have no influence at
all. In addition, Figs. 4 and 5 demonstrate that the choice
of N1 = N2 = N3 = 40 is sufficient to obtain an excellent
agreement between the simulation model and reference model
in both low and high VTD scenarios.

B. Temporal autocorrelation function

We investigate the temporal autocorrelation function (ACF),
which can be derived from the ST CF (26) by setting dT =
dR = 0. Therefore, the temporal ACF can be expressed as

ρ̂hpqhp′q′ (τ) = ρ̂hpqhp′q′ (0, 0, τ) . (34)

Fig. 6 presents the absolute values of the temporal ACFs
for the 3D reference model, 3D simulation model with N1 =
N2 = N3 = 40, and 3D simulation result for both low
VTD and high VTD scenarios. The temporal ACFs of the 2D
simulation model by setting β(n1)

T = β
(n2)
R = β

(n3)
R = 0◦ are

also plotted in Fig. 6. It is clear that no matter what the VTD
is, the ACFs of the 2D model always show higher correlation
than that of the 3D model. This means that the 2D model
overestimates the temporal ACFs. From Fig. 6, we observe
that both the 3D simulation model and 3D simulation result
closely match the 3D reference model. Moreover, the VTD
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significantly affects the temporal ACF. In low VTD scenario,
the temporal ACF is always higher than that in high VTD
scenario.

C. Spatial cross-correlation function

The spatial cross CF (CCF) can be derived from the ST CF
by setting τ = 0. Therefore, the spatial CCF can be expressed
as

ρ̂hpqhp′q′ (δT , δR) = ρ̂hpqhp′q′ (δT , δR, 0) . (35)

In simulations, the basic parameters are the same as before
except for δT = 0.5λ. Fig. 7 presents the absolute values of
the spatial CCFs for the 3D reference model, 3D simulation
model, 3D simulation result, and 2D simulation model for
the low VTD and high VTD scenarios. Both 3D and 2D
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simulation models have the number of effective scatterers
N1 = N2 = N3 = 40. Again, from Fig. 7, it is clear that
higher VTD leads to lower spatial correlation properties. This
is because the higher the VTD, the more spatial diversity the
V2V channel has. Compared with the 3D models in Fig. 7,
2D simulation model overestimates the spatial correlations. In
other words, the 2D model underestimates the spatial diversity
gain. The reason is that the 2D model cannot capture the
spatial diversity gain in the vertical plane. Moreover, in Figs. 6
and 7 we have shown that 3D simulation results match those of
the 3D simulation model very well, indicating the correctness
of our derivations. For clarity purposes, we only present 2D
and 3D simulation models in the rest of the figures.

D. Doppler PSD

As the Doppler PSD is derived from the Fourier transform
of corresponding temporal ACF, Fig. 8 shows the Doppler
PSD of the proposed 3D model compared with 2D one at
different VTDs. Comparing the Doppler PSDs with different
VTDs in Fig. 8, it shows that the higher the VTD, the
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more evenly distributed the Doppler PSD is. The underlying
physical reason is that in the high VTD scenario, the received
power comes from all directions reflected by moving vehicles.
However, in the low VTD scenario, the received power comes
mainly from specific directions identified by main stationary
roadside scatterers and LoS components. Fig. 8 also tells that
compared with the 3D model, the 2D model underestimates
the Doppler PSD in both low VTD and high VTD scenarios.

E. Envelope LCR and AFD

Figs. 9 and 10 depict the envelope LCRs and AFDs for
different VTD scenarios (low and high), respectively. Again,
the VTD significantly affects the envelope LCR and AFD for
V2V channels. Fig. 9 shows that the LCRs are smaller when
the VTD is lower. Fig. 10 illustrates that the AFD tends to
be larger with lower VTD. However, the elevation angles do
not influence the LCR and AFD remarkably. If we used the
same elevation parameters (i.e., β(1)

T0 = 6.7◦, β(2)
R0 = 17.2◦,

and β
(3)
R0 = 31.6◦) as before, the LCR and AFD are barely

discernible. The difference is noticeable when we increase the
elevation parameters to β

(1)
T0 = β

(2)
R0 = β

(3)
R0 = 60◦ in Figs. 9

and 10. For the envelope LCR in Fig. 9, the 2D model shows
higher LCR than the 3D model. For the envelope AFD, the
2D model exhibits smaller AFD than the 3D model. Overall,
the elevation angle has minor impact on the envelope LCR
and AFD.

V. CONCLUSIONS

In this paper, we have proposed a novel 3D theoretical
RS-GBSM and corresponding SoS simulation model for non-
isotropic scattering MIMO V2V fading channels. The pro-
posed models have the ability to investigate the impact of the
VTD and elevation angle on channel statistics. Furthermore,
a novel parameter computation method, named as MEV,
has been developed for jointly calculating the azimuth and
elevation angles. Based on proposed models, comprehensive
statistical properties have been derived and thoroughly inves-
tigated. The simulation results have validated the utility of the
proposed model. The impact of the elevation angle on channel
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statistical properties has been investigated and analyzed, i.e.,
the difference between the 3D and 2D models. By comparing
these results, we can see that the VTD has a great impact on
all channel statistical properties, whereas the elevation angle
has significant impact only on ST CF and Doppler PSD. In
addition, our simulations and analysis have clearly addressed
that the low VTD condition always shows better channel
performance than the high VTD case. Compared with the
existing less complex 2D RS-GBSMs and 3D RS-GBSMs,
the proposed 3D MIMO V2V RS-GBSMs are more practical
to mimic a real V2V communication environment. Our re-
search work can be considered as a theoretical guidance for
establishing more purposeful V2V measurement campaigns in
the future.
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[16] A. G. Zajić and G. L. Stüber, “Three-dimensional modeling, simulation,
and capacity analysis of space-time correlated mobile-to-mobile chan-
nels,” IEEE Trans. Veh. Technol., vol. 57, no. 4, pp. 2042–2054, July
2008.
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