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ABSTRACT In this paper, a new non-stationary Vehicle-to-Vehicle (V2V) channel model is proposed. It
could generate more smooth fading phase between adjacent channel states and guarantee more accurate
Doppler frequency, which is a great improvement comparing with those of the existing non-stationary
geometry based stochastic models (GBSMs) for V2V channels. Meanwhile, the spatial-temporal correlation
function (STCF) as well as temporal correlation function (TCF) and spatial correlation function (SCF)
are derived in details based on the power angle spectrums (PASs) of both the mobile transmitter (MT)
and mobile receiver (MR) following the Von Mises Fisher (VMF) distribution. Simulation results have
demonstrated that the time-variant correlation properties of our proposed channel model have an excellent
agreement with the theoretical results, which verifies the correctness of theoretical derivations and simulations. Finally, the TCF and stationary interval of the proposed model are verified by the measured results.
INDEX TERMS non-stationary Vehicle-to-Vehicle (V2V) channel, geometry-based stochastic model
(GBSM), Von Mises Fisher (VMF) distribution, spatial-temporal correlation properties.

I. INTRODUCTION

ULTIPLE-INPUT multiple-output (MIMO) technologies have attracted great research interest for their
ability to improve the spectral efficiency and link reliability
[1]–[4]. Massive MIMO has also been considered as one
of key technologies for the fifth generation (5G) mobile
communication systems [5]–[7]. However, the insufficient
antenna space or lack of rich scattering would increase
spatial-temporal correlations and degrade the performance of
MIMO systems significantly [1]–[3]. Hence, the exploitation
of spatial-temporal correlation properties has become a hot
topic of evaluation and optimization for future communication systems.
The stationary geometry-based stochastic models (GBSMs) for the Vehicle-to-Vehicle (V2V) channel with the
wide-sense stationary (WSS) assumption [8]–[10] have been
widely accepted for the past decade. The time-invariant tem-
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poral correlation function (TCF) and the spatial correlation
function (SCF) of these models were also studied in [8] and
[9]. However, measurement results have shown that the WSS
assumption is only valid for a short time interval [11] and
the realistic V2V channels should have non-stationary characteristics such as time-variant spatial-temporal correlation
properties [12].
Recently, several non-stationary GBSMs for V2V channels can be found in the literature [13]–[20]. By using the
geometrical relationships of the scatterers with the given distributions, the SCF and TCF of these non-stationary GBSMs
were studied by either simulations [13]–[18] or analytical
methods [19], [20]. However, we have found that the output
channel phases of aforementioned non-stationary V2V channel models in [13]–[20] are not accurate and this makes the
corresponding output Doppler frequencies do not agree well
with the theoretical ones [21]–[23]. The authors in [24] and
1
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[25] proposed a modified non-stationary channel model to
overcome this shortcoming. Especially, in [24], the modified
models were termed as Class A models, while the models
in [13]–[20] were termed as Class B models. It should be
mentioned that the proposed models in [24] and [25] were
designed only for 2D scattering environments. Besides, the
SCF and TCF for the proposed 2D non-stationary channel
model have not been studied thoroughly due to the complex
formula deduction. This paper aims to fill the above research
gap. The major contributions and novelties of this paper are
summarized as follows:
1) This paper proposes a novel 3D non-stationary GBSM
for V2V channels under the 3D Von Mises Fisher (VMF)
scattering environment. The proposed GBSM considers the
scenarios of multiple bounces and can guarantee more realistic Doppler frequency or Doppler power spectrum density.
2) The correlation properties of the proposed GBSM are
deeply investigated. The accurate and approximate expressions of the TCF and SCF are derived, which is a great
improvement for those of the conventional non-stationary
V2V GBSMs [13]–[20].
3) The proposed 3D non-stationary GBSM is validated by
the measurements in [26] and [27] according to the TCF and
stationary interval, respectively.
The remainder of this paper is organized as follows. Section II presents a new 3D non-stationary V2V GBSM as well
as the time-variant channel parameters, such as the number of
valid paths, angles of arrival (AoAs), and angles of departure
(AoDs). In section III, the expressions of the SCF and TCF
of the proposed model are derived. The numerical simulation
results are performed and compared with the theoretical ones
in Section V. Finally, the conclusions are given in Section VI.
II. A NOVEL GBSM FOR 3D NON-STATIONARY V2V
CHANNEL MODEL
A. DESCRIPTION OF THE PROPOSED GBSM

Fig. 1 shows a typical V2V communication channel between
the mobile transmitter (MT) equipped with S antennas and
the mobile receiver (MR) equipped with U antennas. The
channel between each pair of antenna elements includes
multiple propagation paths and each path contains several
clusters as given in Fig. 1. Since all clusters are random and
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FIGURE 1. MT and MR angle parameters in the 3D non-stationary V2V
channel model.
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time-variant under the V2V scenarios, it’s very difficult to
model all of them separately and accurately. For simplicity,
the twin-cluster approach in [28] and [29] is adopted in the
proposed model. Only the first and last clusters denoted by
An and Zn , respectively, are modeled by their own locations and velocities. The rest of clusters between them are
abstracted by a virtual link, which is characterized by an
equivalent delay and power. Thus, the azimuth AoDs φMT
n (t)
and the elevation AoDs θnMT (t) are only related with the first
cluster An , and the azimuth AoAs φMR
n (t) and the elevation
AoAs θnMR (t) are only related with the last cluster Zn .
The V2V MIMO channel between the MT and MR in Fig.1
can be expressed as a U × S complex matrix [30], i.e.,


h1,1 (t, τ ) h1,2 (t, τ ) . . . h1,S (t, τ )
 h2,1 (t, τ ) hu,s (t, τ ) . . . h2,S (t, τ ) 


H(t, τ ) = 
 (1)
..
..
..
..


.
.
.
.
hU,1 (t, τ ) hU,2 (t, τ ) . . . hU,S (t, τ )
where each element hu,s (t, τ ) denotes the complex channel
impulse response (CIR) between the MT antenna element
s (s = 1, 2, . . . , S) and MR antenna element u (u =
1, 2, . . . , U ), and it can be expressed as [17]
N (t)

hu,s (t, τ ) =

Xp

Pn (t)h̃u,s,n (t)δ(τ − τn (t))

(2)

n=1

where N (t) is the number of valid paths, which can be
characterized by the path delay τn (t), path power Pn (t), and
channel coefficient h̃u,s,n (t) with normalized power. In this
paper, h̃u,s,n (t) is modeled as the superposition of infinite
sub-paths, i.e.,
r
M
L
I
1 X j(ΦD
e n,m (t)+Φn,m (t)+Φn,m ) (3)
h̃u,s,n (t) = lim
M →∞
M m=1
where M is the number of sub-paths, ΦIn,m represents the
random initial phase and is usually distributed uniformly
over [0, 2π). ΦLn,m (t) accounts for the phase related with
the antenna index and scattering environment, and it can be
further expressed as

MR
ΦLn,m (t) = k dMT
· sMT
· sMR
(4)
s
n,m (t) + du
n,m (t)
where k = 2πfc /c denotes the wave number, and fc and
c represent the carrier frequency and speed of light, respecMR
tively. sMT
n,m (t) and sn,m (t) are the AoD and AoA unit vectors
of the mth sub-path within the nth path, respectively,


MT
cos θn,m
(t) cos φMT
n,m (t)


MT
MT
sMT
(5)
n,m (t) =  cos θn,m (t) sin φn,m (t) 
MT
sin θn,m (t)


MR
cos θn,m (t) cos φMR
n,m (t)


MR
MR
sMR
(6)
n,m (t) =  cos θn,m (t) sin φn,m (t)  .
MR
sin θn,m (t)
MT MT
MR
MR MR
dMT
= [dMT
= [dMR
s
s,x , ds,y , ds,z ] and du
u,x̃ , du,ỹ , du,z̃ ] are
the location vectors of the transmitting antenna s in the MT
VOLUME 4, 2016
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TABLE 1. Definitions of channel parameters.

N (t)

number of valid paths

Pn (t), τn (t)

power and delay of the nth path, respectively

M

number of sub-paths

MR
dMT
s , du

location vectors of the transmitting antenna s and receiving antenna u, respectively

LMT (t), LMR (t), LAn (t), LZn (t)

location vectors of the MT, MR, An , and Zn at time instant t, respectively

MR
sMT
n,m , sn,m

departure and arrival angle unit vectors of the mth sub-path within the nth path, respectively

MT
φMT
n (t), θn (t)

azimuth and elevation AoDs, respectively

MR
φMR
n (t), θn (t)

azimuth and elevation AoAs, respectively

vMT , vMR , vAn , vZn

velocity vectors of the MT, MR, An , and Zn , respectively

An
Zn
MR
φMT
v , φv , φ v , φv

azimuth angles of the velocities of MT, MR, An , and Zn , respectively

MT , θ MR , θ An , θ Zn
θv
v
v
v
vMT,An , vMR,Zn

relative velocity vectors between MT and An , and MR and Zn , respectively

elevation angles of the velocities of MT, MR, An , and Zn , respectively

n
n
φMT,A
, φMR,Z
v
v

azimuth angles of the relative velocities between MT and An , and MR and Zn , respectively

MT,An MR,Zn
, θv
θv

elevation angles of the relative velocities between MT and An , and MR and Zn , respectively

coordinate system (xyz) and the receiving antenna u in the
MR coordinate system (x̃ỹz̃), respectively. In (3), ΦD
n,m (t)
denotes the phase associated with the Doppler frequency and
can be further written as
Z t
ΦD
(t)
=
2π
fn,m (t)dt
(7)
n,m
0

where fn,m (t) represents the Doppler frequency of the mth
sub-path within the nth path, and it can be expressed as


Zn
fn,m(t) = (vMT −vAn )·sMT
−vMR )·sMR
n,m (t)+(v
n,m (t) /λ

Zn ,MR MR
= vMT,An ·sMT
·sn,m (t) /λ
n,m (t)+v
(8)
where λ = c/fc is the length of wave, vMT,An denotes
the relative velocity between the MT and cluster An , and
vZn ,MR means the relative velocity between the cluster Zn
and MR. For simplicity, all velocity vectors are assumed
unchanged during the short analytical time interval, and they
can be expressed as
vMT/MR/An /Zn = vMT/MR/An /Zn


MT/MR/An /Zn
MT/MR/An /Zn
cos θv
cos φv

n /Zn 
·  cos θvMT/MR/An /Zn sin φMT/MR/A

v
MT/MR/An /Zn
sin θv


n
cos θvMT,AncosφMT,A
v
n 
·  cos θvMT,An sinφMT,A
(10)
v
MT,An
sin θv


vMT,An = vMT,An

(9)



vMT


n ,MR
cos θvZn ,MRcosφZ
v
·  cos θvZn ,MR sinφvZn ,MR  (11)
sin θvZn ,MR


v

Zn ,MR

= v

Zn ,MR

MT/MR/A /Z

B. COMPARISON OF TIME-VARIANT DOPPLER
FREQUENCIES

The theoretical Doppler frequency for 3D V2V channels can
be derived by combining the methods in [15] and [31] as (12),
which is the function of the AoAs, AoDs and the velocity
vectors of the MT, MR, and clusters. Compared with the nonstationary V2V channel models (or Class B models) in [13]–
[20], we can see that the authors used the following item to
represent the phase associated with the time-variant Doppler
frequency
 MT An MT

0
ΦD
−v )·sn,m (t)+(vZn−vMR )·sMR
n,m (t)=k (v
n,m (t) t.
(13)
This idea comes from the counterpart of stationary V2V
channel models [15], where the Doppler frequency is fixed.
In the case of non-stationary V2V channels, according to the

MT
MT
MT
cos(φMT
− φMT
+ sin θn,m
(t) sin θvMT
v
n,m (t)) cos θn,m (t) cos θv





An
MT
An
MT
An
 − vAn cos(φMT
n,m (t) − φv ) cos θn,m (t) cos θv + sin θn,m (t) sin θv
˜


fn,m (t)= 
Zn
MR
MR
Zn
MR
Zn
n
cos(φZ
v − φn,m (t)) cos θn,m (t) cos θv + sin θn,m (t) sin θv
 − v

MR
MR
MR
+ vMR cos(φMR
− φMR
+ sin θn,m
(t) sin θvMR
v
n,m (t)) cos θn,m (t) cos θv


Zn
− vMR ) · sMR
= (vMT − vAn ) · sMT
n,m (t) /λ
n,m (t) + (v
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MT/MR/A /Z

n
n
n
n
and θv
where vMT/MR/An/Zn , φv
denote the amplitudes, the azimuth and elevation angles of
vMT , vMR , vAn , and vZn , respectively, and vMT,An ,
n
n ,MR
φMT,A
, θvMT,An and vZn ,MR , φZ
, θvZn ,MR denote
v
v
the amplitudes, the azimuth and elevation angles of vMT,An
and vZn ,MR , respectively. The detailed definitions of channel
parameters can be found in Table 1.




 /λ



(12)

3
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relationship between the phase and frequency [31], the output
Doppler frequency of these models can be derived as
0

D
1 dΦn,m (t)
2π
dt
dsMT (t)
MT
An
= [(v −v )·( n,m
t+sMT
n,m (t))
dt
MR
ds
(t)
+(vZn − vMR ) · ( n,m
t + sMR
n,m (t))]/λ
dt

0
fn,m
(t) =

6= f˜n,m (t)
(14)
which does not agree well with the theoretical one. In
contrast, we use (7) and (8) instead of (13) to represent
the accumulated phase in our proposed model. Thus, the
corresponding output Doppler frequency can be proved as
dΦD

(t)

n,m
1
fn,m (t) = 2π
dt
 MT

Zn
= (v −vAn ) · sMT
−vMR ) · sMR
n,m (t) + (v
n,m (t) /λ
(15)
which is the same as the theoretical Doppler frequency of
(12).

C. COMPUTATION METHODS OF TIME-VARIANT
CHANNEL PARAMETERS

The measurement campaigns for V2V channels have demonstrated that the number of valid paths is time-variant due to
the movements of the MT, MR and clusters [32]. It means
that some clusters will disappear and some new clusters
will appear, and this can be modeled as a Markov birthdeath process [33]. Let us set the birth and death rates as
λG and λR , and model the evolution of path number as a
Markov process. Since the movement of clusters in a realistic
environment is random and unknowable, each path has its
own survival probability in principle. For simplicity, we use
the average survival probability to describe the death process
and it can be calculated by [29]
A
Z
MR
MT
Pr = e(−λR (Pc (kv k+kv k)∆t+kv −v k∆t))

(16)

where Pc denotes the percentage of movement, vA and
vZ are the magnitudes of average velocities of cluster An
and Zn (n = 1, . . . , N ), respectively. In order to keep the
average number of valid paths constant, the number of newly
generated paths Nnew (t) is modeled by a Poisson process
with the expectation as
λG
(1 − Pr ).
(17)
λR
Combining (16) with (17), we can obtain the average path
number as
λG
E{N (t)} = N (t − ∆t)Pr + E{Nnew (t)} =
(18)
λR
which only depends on the parameters of birth and death
rates.
For the nth valid path at time instant t, the total delay
equals to the summation of the delays of the first bounce,
virtual link, and last bounce. It can be calculated by

where τ̃n (t) denotes the equivalent delay of virtual link and
it can be updated by the first-order filtering method in [29].
The distributions of azimuth and elevation angles at the
MT and the MR are supposed to be the Gaussian and
Laplacian in WINNER+ [31] and 3GPP-3D models [34],
respectively. In order to make the distribution more universal,
based on the measurements, the authors in [35] modeled the
angle distribution by the 3D VMF distribution. The VMF
distribution is a close model for directional data distributed
uniformly with rotational symmetry on the unit hypersphere
S m−1 . When m is 3, the ordinary sphere usually corresponds
to the set of all points embedded in the Euclidean space R3 .
For the ordinary sphere, the VMF PDF can be defined as
p(φ, θ) =

eκ(cos θ cos θ cos(φ−φ)+sin θ sin θ) cos θ
m/2

(κ1−m/2 )(2π)

(20)

Im/2−1 (κ)

where −π ≤ φ ≤ π, −π/2 ≤ θ ≤ π/2, φ̄ and θ̄ indicate the
mean values of the azimuth angle and elevation angle, respectively, and Im/2−1 (·) denotes the modified Bessel function
of the first kind and order m/2 − 1, where m is a factor
and equals to 3 for the 3D VMF distribution. When m =
2, it reduces to the 2D Von Mises (VM) distribution. The
shape factor κ is a real-valued parameter that controls the
concentration of distribution. To demonstrate the VMF distribution with different parameters intuitively, according to the
measured data under the urban macro scenario [35], we set
φ̄ = 130o , θ̄ = −6o , κ = 10.86, φ̄ = 10o , θ̄ = 0o , κ = 27.73
and φ̄ = 240o , θ̄ = 6o , κ = 65. Fig. 2 plots the scatterers
(2000 samples) on the unit sphere in a 3D Euclidean space.
As we can see that the larger the value of κ, the higher the
density near the mean direction. Moreover, the distribution
represents the isotropic scenario for the special case of κ = 0,
while it reduces to a point when κ → ∞.
Since κ can be obtained by measurements, the time-variant
AoDs and AoAs under the non-stationary scenarios are only
determined by φ̄(t) and θ̄(t), which are tracked by the following steps in this paper. Firstly, the instantaneous locations
of the MT, MR, and clusters An , Zn at time instant t + ∆t

E{Nnew (t)} =

kLMT (t) − LAn (t)k + kLMR (t) − LZn (t)k
τn (t) =
+ τ̃n (t)
c
(19)
4
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FIGURE 2. The VMF distributions on the unit sphere.
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can be updated by

A. TIME-VARIANT SCFS

LMT/MR/An /Zn (t + ∆t)
= LMT/MR/An /Zn (t) + vMT/MR/An /Zn ∆t

(21)

MT/MR/An /Zn

where L
(t) denote the instantaneous locations
of the MT, MR, and clusters An , Zn at time instant t, respectively. Then, the time-variant θ̄(t) and φ̄(t) at the MT (MR)
in the nth path can be calculated by
A /Z

θ̄nMT/MR (t) = arcsin(

MT/MR

Lz n n (t) − Lz
(t)
) (22)
LAn /Zn (t) − LMT/MR (t)

By setting ∆t = 0, the STCF reduces to the SCF and can be
written as
,n
R̃uu12 ss12 ,n
(t; ∆d)
R R R R MT
MR
=
p(φn (t), θnMT(t))p(φMR
n (t), θn (t))
T MT MR MR
{θM
n ,φn ,θn ,φn }
L

L

MR
MR
·ej(Φu2 ,s2 ,n (t)−Φu1 ,s1 ,n (t)) dθnMT dφMT
n dθn dφn .
(26)
Since the clusters An and Zn are independent, we can rewrite
(26) as
,s2 ,n
(t; ∆d) = R̃nMT (t; ∆dMT ) · R̃nMR (t; ∆dMR )
R̃uu12 ,s
1 ,n


LAn/Zn (t)−LMT/MR (t)


),
arccos( An/Zn x MT/MR x
MT/MR

(
L
(t)−L
(t)k) cos(θ̄n
(t))

k



A /Z
MT/MR


Ly n n (t) − Ly
(t) ≥ 0
MT/MR
φ̄n
(t)=
LAn/Zn (t)−LMT/MR (t)


),
−arccos( An/Zn x MT/MR x

MT/MR

(
L
(t)−L
(t)k) cos(θ̄n
(t))
k




A /Z
MT/MR

(t) < 0.
Ly n n (t) − Ly
(23)
III. TIME-VARIANT CORRELATION PROPERTIES FOR
THE PROPOSED MODEL

The normalized spatial-temporal correlation function (STCF)
between h̃u1 ,s1 ,n (t) and h̃u2 ,s2 ,n (t + ∆t) can be defined
as [19]
,s2 ,n
(t; ∆t, ∆d)
R̃uu12 ,s
1 ,n
E[h̃u1 ,s1 ,n (t)h̃∗
u2 ,s2 ,n (t+∆t)]
=r h
i h
i
2
2
E |h̃u1 ,s1 ,n (t)| E |h̃u2 ,s2 ,n (t+∆t)|

(24)

where E[·] represents the expectation function, ()∗ is complex conjugate, ∆t is the time lag. The space lag ∆d =
{∆dMT , ∆dMR } includes the space lag at the MT ∆dMT =
MT
LMT
s2 (t + ∆t) − Ls1 (t) and the space lag at the MR
MR
MR
∆d
= Lu2 (t+∆t)−LMR
u1 (t). Substituting our proposed
channel model (3) into (24), we can obtain the STCF as (25).
As we can see, the time-variant STCF is only related with the
time-variant values of AoDs and AoAs when the velocities
of both the MT and MR are fixed.

(27)

where R̃nMT (t; ∆dMT ) and R̃nMR (t; ∆dMR ) denote the SCFs
at the MT and MR, respectively. Note that the roads are
relatively flat under most scenarios. Moreover, since the
analytical time interval is very short, i.e., several seconds, it
is reasonable to assume that the MT and MR move on the
horizontal plane during this period. For simplicity, we only
consider the case of widely used uniform linear array and set
all antenna elements on the x axis. Actually, the following
derivation method can be applied to any kinds of antenna
arrays. Let us take R̃nMT (t; ∆dMT ) as an example. By using
(4)–(11), R̃nMT (t; ∆dMT ) under the VMF scattering scenarios can be derived as (28). In addition, for the V2V scenarios
on the open road, most of non-line-of-sight (NLoS) components occurred are due to the refection of the cars around the
MT and MR. Hence, the angle spread on the elevation plane
is very small and the VMF distribution is similar with the
VM distribution. In this case, R̃nMT (t; ∆dMT ) can be further
simplified as
R̃nMT (t; ∆dMT )
MT
R π κ cos(φMT
n −φ̄n (t)) jk∆dMT cos φMT
x
n dφMT
e
= −π e
n
2πI0 (κ)
MT ) cos φMT
R π e(κ cos(φ̄MT
(t))+jk∆d
n
x
n
= −π
2πI0 (κ)
MT

·eκ sin(φ̄n

(t)) sin φMT
n

(29)

dφMT
n .

MT
Let us set A(t) = κ sin(φ̄MT
n (t)), B(t) = κ cos(φ̄n (t)) +

q
M
D
L
I
D
L
I
P
1
,s2 ,n
ej(Φu2 ,s2 ,n,m (t+∆t)+Φu2 ,s2 ,n,m (t+∆t)+Φn,m ) e−j(Φu1 ,s1 ,n,m (t)+Φu1 ,s1 ,n,m (t)+Φn,m )
R̃uu12 ,s
(t; ∆t, ∆d) = lim
M
1 ,n
M →∞
m=1
p
p
R R R R p
MR
MR
MR
p(φMT
(t
+
∆t),
θnMT (t + ∆t)) p(φMR
=
n
n (t + ∆t), θn (t + ∆t)) p(φn (t), θn (t))
MT ,φMT ,θ MR ,φMR }
{θn
n
n
n

p
D
L
L
j(ΦD
MR
MR
MT
u2 ,s2 ,n (t+∆t)−Φu1 ,s1 ,n (t) +Φu2 ,s2 ,n (t+∆t)−Φu1 ,s1 ,n (t))
· p(φMT
dθnMT dφMT
n (t), θn (t))e
n dθn dφn
(25)
R̃nMT (t; ∆dMT )
MT
MT
MT
R R cos θnMT (t)eκ(cos θnMT (t) cos θ̄nMT (t) cos(φMT
n (t)−φ̄n (t))+sin θn (t) sin θ̄n (t))
MT
MT
MT
MT
=
ejk∆dx cos φn cos θn dφMT
n dθn
(κ1−m/2 )(2π)m/2 I
(κ)
MT
{φMT
n ,θn }
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p
Then, substituting α = 0 and β = A2 (t) + B 2 (t) into the
right hand side of (35), the closed-form expression of (30)
can be derived as
q
MT
MT 2
I0 ( κ2+j2κk∆dMT
x cos(φ̄n (t))−(k∆dx ) )
MT
MT
R̃n (t;∆d )=
.
I0 (κ)
(36)
In a similar way, we can derive the closed-form expression of
R̃nMR (t; ∆dMR ) and finally obtain the SCF of the proposed
non-stationary V2V channel model. It should be noticed
that the SCFs are time dependent due to the time-varying
scattering environment.

jk∆dMT
and substitute them into (29), it yields
x
R̃nMT (t; ∆dMT )
Rπ
MT
MT
= 2πI10 (κ) −π eA(t) sin φn +B(t) cos φn dφMT
n .

(30)

By using the integration formula [36, (3.338-4)]
h
i
Z π exp a+b sin x+c cos x
1+p sin x+q cos x
2π
e−α I0 (β)
dx = p
1
+
p
sin
x
+
q
cos
x
1 − p2 − q 2
−π
(31)
where
bp + cq − a
α=
(32)
1 − p2 − q 2
s
α2

β=

a2 − b2 − c2
−
1 − p2 − q 2

B. TIME-VARIANT TCFS

By setting ∆d = 0 in (25), the STCF reduces to the TCF
and can be obtained as (37). It also equals to the product
of TCFs at the MT and MR when the clusters An and Zn
are independent. As an example, considering the antenna
elements on the x axis and the MT moving on the horizontal
plane, the TCF at the MT R̃MT,n (t; ∆t) can be derived as
(38).
Since the shape factor κ is fixed during the time interval,
the angle offset is also time-invariant, i.e., φMT
n (t + ∆t) −
MT
MT
φ̄MT
n (t + ∆t) = φn (t) − φ̄n (t). It’s reasonable to assume
that the elevation AoDs and azimuth AoDs change linearly

(33)

p2 + q 2 < 1

(34)

and setting a = 0, b = A(t), c = B(t), p = 0, q = 0, and
into the left side of (31), we can obtain
x = φMT
n
Z π
MT
MT
eA(t) sin φn +B(t) cos φn dφMT
= 2πe−α I0 (β) (35)
n
−π

R̃u,s,n (t; ∆t)
p
R R R R
D
D
L
L
MT
= Pr
ej(Φu,s,n (t)−Φu,s,n (t+∆t) +Φu,s,n (t)−Φu,s,n (t+∆t)) p(φMT
n (t + ∆t), θn (t + ∆t))
MT ,φMT ,θ MR ,φMR }
{θn
n
n
n
p
p
p
MR
MR
MT
MT
MR
MT
MT
MR
MR
· p(φMR
n (t + ∆t), θn (t + ∆t)) p(φn (t), θn (t)) p(φn (t), θn (t))dθn dφn dθn dφn

(37)

R̃nMT (t; ∆t)
=

Pr
(κ1−m/2 )(2π)m/2 Im/2−1 (κ)

R R

q

cos θnMT (t)eκ(cos θn

)

MT (t) cos θ̄ MT (t) cos(φMT (t)−φ̄MT (t))+sin θ MT (t) sin θ̄ MT (t)
n
n
n
n
n

MT
{φMT
n ,θn }

q
MT
MT
MT
MT
MT
MT
· cos θnMT (t + ∆t)eκ(cos θn (t+∆t) cos θ̄n (t+∆t) cos(φn (t+∆t)−φ̄n (t+∆t))+sin θn (t+∆t) sin θ̄n (t+∆t))
MT

MT

·ejk(ds,x (cos φn

MT
MT
(t) cos θn
(t)−cos φMT
n (t+∆t) cos θn (t+∆t))) −jk

e

R t+∆t
t

n−φMT(t)) cos(θ MT(t)) dt
kvMT,An k[cos(φMT,A
] dφMTdθMT
v
n
n

n

n

(38)
R̃nMT (t; ∆t)
=

Pr
(κ1−m/2 )(2π)m/2 Im/2−1 (κ)

R R

q

cos θnMT eκ(cos θn

MT

MT (t) cos(φMT −φ̄MT (t))+sin θ MT sin θ̄ MT (t)
cos θ̄n
)
n
n
n
n

MT
{φMT
n ,θn }

p
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
· eκ(cos(θn +Cθ (t)∆t) cos(θ̄n (t)+Cθ (t)∆t) cos(φn −φ̄n (t))+sin(θn +Cθ (t)∆t) sin(θ̄n (t)+Cθ (t)∆t))


MT
MT
MT (t))∆t/2+φMT,An
cos −φMT
v
n +θn +(−Cφ (t)+Cθ

(

) sin((−CφMT (t)+CθMT (t))∆t/2)


(−C MT (t)+C MT (t))

φ
θ
−jkkvMT,An k
n sin (C MT (t)+C MT (t))∆t/2
 cos(−φMT −θMT −(C MT (t)+C MT (t))∆t/2+φMT,A
) ( φ
)
v
n
n
φ
θ
θ
+

q
· cos(θnMT + CθMT (t)∆t)e
MT

MT

·ejkds,x (cos φn

MT
MT
MT
cos θn
−cos(φMT
(t)∆t) cos(θn
+CθMT (t)∆t))
n +Cφ

(C MT (t)+C MT (t))
φ
θ








MT
dφMT
n dθn

(39)
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MT
during the short time interval as φMT
n (t + ∆t) = φn (t) +
MT
MT
MT
MT
Cφ (t)∆t and θn (t + ∆t) = θn (t) + Cθ (t)∆t,
respectively. Therefore, R̃nMT (t; ∆t) can be rewritten as (39).
Similarly, if we consider the angle spread on the elevation
plane is very small, by substituting m = 2 and θ̄nMT (t) = 0
into (39), it can be simplified as

R̃nMT (t; ∆t)
·ejD

MT

=

Pr
2πI0 (κ)

Rπ

(t;∆t) sin(φMT
n (t)+

−π

e

MT
κcos(φMT
n (t)−φ̄n (t))

MT (t)∆t
Cφ
+E MT (t;∆t))
2

(40)

TABLE 2. The detailed simulation parameters.

kvMT,An k
MT (t)
Cφ

2

−

κ

27.73

0.8

λR (m−1 )

0.04

DMT,MR (t0 )

fc (GHz)

2.4
[0, 0, 0]

vMT

(km/h)

20

LMR (t0 ) (m)

[0, 0, 0]

vMR

(km/h)

40

LAn (t0 ) (m)

[20, -60, 1]

vAn

(km/h)

1

[20, 40, 1]

vZn

(km/h)

LZn (t0 )

dφMT
n

MT
MT
D
φ (t)∆t/2)
r (t; ∆t)= 2k sin(C

2

1000

LMT (t0 ) (m)

where

· dMT
s,x +

M
λG (m−1 )

(m)

(m)

100

1

φMT
v

2π/5

MT
θv

0

φMR
v

−3π/5

MR
θv

0

n
φA
v
Zn
φv

2π/5

An
θv

0

2π/5

Zn
θv

0

MT,An
)kvMT,An k
2dMT
s,x sin(φv
MT (t)
Cφ

(41)
E MT (t; ∆t)

= arctan

n)
kvMT,An k/CφMT (t) cos(φMT,A
v

MT (t) sin(φMT,An )−dMT
kvMT,An k/Cφ
v
s,x


.

(42)

Finally, by using the integration formula [36, (3.338-4)], the
closed-form expression of R̃nMT (t; ∆t) can be derived as
q
2
Pr I0 ( κ2 −DMT (t; ∆t)+F MT (t; ∆t))
MT
R̃n (t; ∆t) =
I0 (κ)
(43)
where
F MT(t; ∆t) = 2jκDMT (t; ∆t)
· sin

φ̄MT
n (t)

+

CφMT (t)∆t/2

+E

(a)
MT


(t; ∆t) .

(44)

In a similar way, the TCFs at the MR and the proposed
channel model can also be obtained.
IV. SIMULATION RESULTS AND VALIDATION

In this section, we compare the simulation results with the
theoretical and measured results. In the simulation, the MT
and MR are both equipped with linear antenna arrays. The
first antenna elements of the MT and MR are located at the
coordinate origins, respectively. Both the AoA and AoD are
assumed to follow the VMF distributions with κ = 27.73
[35], and the clusters distribute uniformly in the propagation
area. Based on the measurement scenario in [26], we set
the speeds of clusters An and Zn as the Gaussian distribution with the mean value and variance of 1 km/h and 0.1,
Zn
n
respectively. In addition, φA
v and φv follow the uniform
An
distribution over 0 and 2π, and θv and θvZn follow the
uniform distribution between −π/36 and π/36. The detailed
simulation parameters are listed in Table 2.
Firstly, we use (21)–(23) to track the time-variant AoDs
and AoAs of the nth path, respectively. The instantaneous
PDFs of AoDs and AoAs at three time instants, i.e., t = 0
s, 5 s, and 10 s, are given in Fig. 3, which clearly shows the
time varying processes of both the AoDs and AoAs. Then, by
substituting the time-variant angles and the velocity vectors
VOLUME 4, 2016

(b)
FIGURE 3. Time-variant (a) AoDs and (b) AoAs of the nth path at different
time instants under the VMF scattering scenario (fc = 2.4 GHz, LMT (t0 )
= [0, 0, 0] m, LMR (t0 ) = [0, 0, 0] m, LAn(t0 ) = [20, −60, 1] m, LZn(t0 )
= [20, 40, 1] m, D MT,MR (t0 ) = 100 m, vMT = 20 km/h, vMR =
40 km/h, vAn
−3π/5,

n
φA
v

= 1 km/h, vZn

= 2π/5,

n
φZ
v

=
= 1 km/h, φMT
= 2π/5, φMR
v
v

MT
MR
An
Zn
= 2π/5, θv
= θv
= θv
= θv
= 0).

into (7) and (8), the output phase within the mth sub-path
is obtained and given in Fig. 4. According to the relationship between the phase and frequency, the output Doppler
7
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FIGURE 4. Phases and Doppler frequencies of the proposed model and
conventional non-stationary models [13]–[20] (fc = 2.4 GHz, LMT (t0 ) =
[0, 0, 0] m, LMR (t0 ) = [0, 0, 0] m, LAn (t0 ) = [20, −60, 1] m, LZn (t0 ) =
[20, 40, 1] m, D MT,MR (t0 ) = 100 m, vMT = 20 km/h, vMR = 40 km/h,
n
vAn = 1 km/h, vZn = 1 km/h, φMT
= 2π/5, φMR
= −3π/5, φA
v
v
v
n = 2π/5, θ MT = θ MR = θ An = θ Zn = 0).
= 2π/5, φZ
v
v
v
v
v

= 20 km/h, vMR = 40 km/h, vAn

Theoretical
Approximate
Simulated
Conventional Models
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FIGURE 5. Absolute values of the theoretical, approximate, and simulated
SCFs of our proposed model at different time instants under the VMF scattering scenario (fc = 2.4 GHz, D MT,MR (t0 ) = 100 m, LMT(t0 ) = [0, 0, 0] m,
LMR (t0 ) = [0, 0, 0] m, LAn(t0 ) = [20, −60, 1] m, LZn(t0 ) = [20, 40, 1] m,
vMT = 20 km/h, vMR = 40 km/h, vAn = 1km/h, vZn = 1 km/h,
n = 2π/5, φZn = 2π/5, θ MT = θ MR =
φMT
= 2π/5, φMR
= −3π/5, φA
v
v
v
v
v
v
An
Zn
θv
= θv
= 0).

frequency within the mth sub-path is also calculated and
shown in Fig. 4. For comparison purpose, the corresponding
output phases and Doppler frequencies of conventional nonstationary V2V channel models [13]–[20] as well as the theoretical Doppler frequency calculated by (12) are also given
in Fig. 4. As we can see that the output phases of two kinds of
models are different, which would lead to different Doppler
frequencies as demonstrated in Section II. B. Moreover, the
Doppler frequency of our proposed model is much closer to
the theoretical one.
To verify the spatial and temporal correlation properties
of our proposed model, we compare the theoretical and
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FIGURE 6. Absolute values of the theoretical, approximate, and simulated
TCFs of our proposed model, the simulated TCF of conventional non-stationary models [13]–[20] at different time instants under the VMF scattering
scenario, and the measurement result [26] (λG = 0.8/m, λR = 0.04/m,
fc = 2.4 GHz, D MT,MR (t0 ) = 100 m, LMT(t0 ) = [0, 0, 0] m, LMR(t0 )
= [0, 0, 0] m, LAn(t0 ) = [20, −60, 1] m, LZn(t0 ) = [20, 40, 1] m, vMT
φMT
=
v
An
= θv

0.8
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FIGURE 7. The empirical complementary cumulative distribution functions
(CCDFs) of stationary intervals for our proposed model, conventional nonstationary models [13]–[20] and measured channel [27] (λG = 0.8 /m,
λR = 0.04/m, fc = 2.4 GHz, SampleDensity = 4, cthresh = 0.8,
D MT,MR (t0 ) = 100 m, LMT (t0 ) = [0, 0, 0] m, LMR (t0 ) = [0, 0, 0] m,
LAn(t0 ) = [20, −60, 1] m, LZn(t0 ) = [20, 40, 1] m, vMT = 20 km/h,
vMR = 40 km/h, vAn = 1 km/h, vZn = 1 km/h, φMT
= 2π/5,
v
n = 2π/5, φZn = 2π/5, θ MT = θ MR = θ An = θ Zn
φMR
= −3π/5, φA
v
v
v
v
v
v
v
= 0).

simulated SCFs and TCFs at three time instants, i.e., t =
0 s, 5 s, and 10 s, in Fig. 5 and Fig. 6, respectively. In
Fig. 5, the antenna spaces at the MT and MR are the same,
and the axis denotes the antenna spacing normalized by
the half wavelength. The absolute values of the theoretical
and approximated SCFs are calculated by (28) and (36),
respectively, with u1 = s1 = 1, u2 = s2 = 2, and n =
1. It is noticed that the simulated result agrees well with the
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theoretical and approximated ones, showing the correctness
of both derivation and simulation. Moreover, since the crosscorrelation of the received signals by different antennas will
degrade the performance of MIMO systems, these theoretical
results can help us to optimize the layout of antenna arrays.
In Fig. 6, the absolute values of the theoretical and approximate TCFs are obtained by (38) and (43), respectively, with
u = s = 1 and n = 1. For comparison purpose, the simulated
TCFs of other conventional non-stationary models [13]–[20]
as well as the measured result [26] are also plotted in Fig. 6.
It shows that the simulated TCF of our model fits well to the
corresponding theoretical and approximated results, which
verifies the theoretical derivations as well as simulations. In
addition, the TCF of our proposed model is more closer to
the measured one than those of other models.
Finally, the CCDF of stationary interval for the proposed
model is also compared with the conventional non-stationary
models [13]–[20] and the measurement result [27] in Fig. 7.
In the figure, the ordinate values are the probabilities of
the stationary intervals larger than the abscissa values. As
we can see, the stationary interval of the proposed channel
model is almost the same as the measurement data, while
the conventional non-stationary models tends to have shorter
stationary intervals.
V. CONCLUSIONS

In this paper, we have proposed a new 3D non-stationary
GBSM for V2V channels with more accurate Doppler frequency. Based on the proposed model, the theoretical expressions of the TCF and SCF under the VMF scattering
environment have been derived and verified by simulations.
In addition, the TCF and the stationary interval of our proposed model have shown better agreement with the measured
results [26] and [27] than those of the existing non-stationary
V2V channel models. The new model and the derived theoretical results are very helpful for the realistic performance
evaluation and optimization of V2V communication systems.
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