IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received January 25, 2019, accepted February 19, 2019, date of publication March 13, 2019, date of current version March 26, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2901805

A 3D Wideband Non-Stationary Multi-Mobility
Model for Vehicle-to-Vehicle MIMO Channels

JI BIAN', CHENG-XIANG WANG 2, (Fellow, IEEE), JIE HUANG2,
YU LIU™T, JIAN SUN"1, (Member, IEEE), MINGGAO ZHANG',
AND EL-HADI M. AGGOUNE3, (Senior Member, IEEE)

!'Shandong Provincial Key Lab of Wireless Communication Technologies, School of Information Science and Engineering, Shandong University, Qingdao
266237, China

2National Mobile Communications Research Laboratory, School of Information Science and Engineering, Southeast University, Nanjing 210096, China
3Sensor Networks and Cellular Systems Research Center, University of Tabuk, Tabuk 47315/4031, Saudi Arabia

Corresponding author: Cheng-Xiang Wang (chxwang@seu.edu.cn)

This work was supported in part by the Natural Science Foundation of China under Grant 61771293, in part by the Fundamental Research
Funds for the Central Universities, in part by SNCS, University of Tabuk, under Grant S-1439-0163, in part by the Science and Technology
Project of Guangzhou under Grant 201704030105, in part by the EU H2020 Research and Innovation Staff Exchanges TESTBED Project
under Grant 734325, in part by the Key R&D Program of Shandong Province under Grant 2016GGX101014, in part by the Fundamental
Research Funds of Shandong University under Grant 2017JC029, in part by the Taishan Scholar Program of Shandong Province, in part by
the National Postdoctoral Program for Innovative Talents under Grant BX201700308 and Grant BX20180062, and in part by the China
Postdoctoral Science Foundation Funded Project under Grant 2017M622203.

ABSTRACT In this paper, a three-dimensional non-stationary multi-mobility vehicle-to-vehicle channel
model is proposed. The channel model considers a realistic propagation environment where the transmitter
(Tx), receiver (Rx), and scatterers can experience changes in their speeds and moving directions. With
different trajectories of the Tx and Rx, the impacts of antenna array rotation are incorporated. The channel
impulse response of the proposed multi-mobility channel model is derived using time-varying channel
parameters such as angles, delays, and powers. Besides, a simplified two-dimensional non-stationary
multi-mobility channel model with approximate expressions is provided. Key statistical properties, e.g.,
local spatial-temporal cross-correlation function and stationary interval are derived and investigated. The
usefulness of the proposed model is validated by comparing the local Doppler power spectrum density and
local Doppler spread with the corresponding measurement data. The presented results indicate that the speed
and trajectory variations of the Tx and Rx, as well as the motion of scatterers, can have major impacts on
channel statistical properties and intensify the channel non-stationarity.

INDEX TERMS Non-stationary V2V MIMO channels, GBSM, scatterer motion, trajectory and velocity

variations, statistical properties.

I. INTRODUCTION

The revolutionary communication technologies employed in
the fifth generation (5G) communication systems put higher
requirements for 5G channel modeling [1]-[3]. The biggest
challenge in the research area of wireless channel modeling
is to develop efficient and accurate channel models which
can mimic all the propagation characteristics affecting the
performance analysis of wireless communication systems.
The vehicle-to-vehicle (V2V) channel modeling, as one of the
hottest topics in 5G channel modeling, has drawn increasing
attention from researchers [4], [5]. In V2V communication
scenarios, both the transmitter (Tx) and receiver (Rx) are
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surrounded by a great number of scatterers. The Tx, Rx,
and scatterers, e.g. passing vehicles, can be moving, which
result in fast-changing propagation environments. The multi-
mobility characteristics make V2V channels distinctly differ-
ent from conventional cellular channels and can significantly
increase the channel model complexity [6]-[8].

Channel measurements show that V2V channels illustrate
non-stationary properties resulting from the high speeds of
the Tx and Rx and the fast-changing environments [9], [10].
However, most existing V2V channel models in the literature
were developed based on the wide-sense stationary (WSS)
assumption. In [11] and [12], two-dimensional (2D) regular-
shaped geometry-based stochastic models (RS-GBSMs) for
V2V channels were developed. The model is a combination
of a two-ring model and an ellipse model, which makes the
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model more generic and can be adapted to different V2V sce-
narios. Three-dimensional (3D) RS-GBSMs for V2V chan-
nels with verification by the measurement data were proposed
in [13] and [14]. The models were developed by assuming
scatterers located on the surfaces of multiple cylinders cen-
tered at the Tx and Rx. By extending the 2D channel model
in [11] into 3D, a more realistic V2V channel model was
presented in [15]. The angles of waves in the 3D space were
modeled by the von Mises Fisher (VMF) distribution. How-
ever, the above-mentioned models [11]-[15] cannot capture
the non-stationary characteristics of the channels, which can
result in erroneous evaluation of system performance [16].

For the non-stationary V2V channel modeling, most
researchers focus on characterizing the dynamic behaviors of
clusters, which can be resulted from the moving scatterers,
e.g., pedestrians and vehicles [17]. In [18] and [19], 2D V2V
channel models were proposed by considering fixed and mov-
ing scatterers in propagation environments. The movement
of scatterers results in time-varying angles of arrival (AoAs)
and angles of departure (AoDs), which were calculated based
on the geometrical relationship. However, the Tx, Rx, and
scatterers were only allowed to move with constant speeds
in given directions. A 3D non-stationary V2V channel model
was presented in [20], which was the extension of the sta-
tionary channel model in [15]. The model combined a two-
sphere model and a multiple confocal elliptic-cylinder model,
accounting for moving vehicles and stationary roadside envi-
ronments, respectively. However, only constant speeds and
moving directions were allowed. Besides, the scatterers
around the Tx(Rx) were assumed to move with the same
speed and moving direction of the Tx(Rx), which results
in time-invariant AoAs and AoDs, and may be contrary to
realistic environments. Borhani and Pitzold [21] proposed a
single-input single-output (SISO) V2V channel model where
the speeds and moving directions of scatterers were described
using certain distributions, e.g., uniform and Gaussian mix-
ture distributions. However, all the channel parameters such
as angles, powers, as well as the speeds and moving direc-
tions of the mobile stations (MSs) and scatterers are time-
invariant, which makes the model not be able to sufficiently
characterize the non-stationarity of V2V channels. Besides,
only single-bounced components were considered.

In real-world environments, the Tx, Rx, and scatter-
ers can experience changes in their speeds and moving
directions. However, most existing V2V channel models
were developed based on the constant velocity assumption,
i.e., Tx/Rx travels with a constant speed along a straight
line [11]-[15], [17]-[24]. Few channel models consider the
speed and/or trajectory variations of the Tx/Rx and the
effects of velocity variations on channel statistics are widely
unknown. In [25], the fixed-to-mobile (F2M) channels were
modeled using a sum-of-chirps (SOCy,) process, which was
extended from the well-known sum-of-cisoids (SOC;) pro-
cess by considering the time-varying speed of the MS. The
time and frequency properties of the SOC; process were
derived and analyzed. Following the similar approach, a V2V
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channel model considering the velocity variations of the Tx
and Rx can be found in [26]. Based on the vector method,
a time-frequency dispersive V2V channel model consider-
ing the speed variations of the Tx and Rx was proposed
in [27]. The temporal and frequency correlations of the model
were studied. However, in [25] and [26], only the velocities
of the MS changed over time. Channel parameters such as
angles and powers are time-invariant. Channel models in [25]
and [27] only considered single-bounced components and
neglected the multi-bounced components, which can cause
incorrect statistics of V2V channels [11]. Besides, channel
models in [25]-[27] are 2D SISO channel models. Therefore,
they cannot reflect the impacts of antenna array rotation on
the channel characteristics when the MS travels along certain
trajectories. The scatterers of those models were assumed
to be fixed, without considering their mobility. A 3D F2M
non-stationary channel model can be found in [28], where
the WINNER+ channel model was extended by relaxing the
constant velocity assumption. The time variations of chan-
nel parameters and scatterer movements were considered.
Recently, a 2D non-stationary V2V channel model was pro-
posed by combining a two-ring model and a Gauss-Markov
mobility model [29]. The model aims to capture the impacts
of random trajectories of the MS on channel characteristics.
However, the scatterers of the model were fixed and time
variations of the channel parameters were not considered.
Besides, in [28] and [29], the path phases were calculated
by simply substituting the time-invariant Doppler frequen-
cies with time-varying Doppler frequencies. The calcula-
tion method of path phases stemmed from that in stationary
case, which makes the calculation of path phases not suffi-
ciently accurate and may lead to erroneous results in system
evaluation [30].

To the best of the authors’ knowledge, a 3D non-stationary
multiple-input multiple-output (MIMO) V2V channel model
allowing for time-varying speeds and arbitrary trajectories
of the Tx, Rx, and scatterers and incorporating the effects
of antenna array rotations is still missing in the literature.
The statistical properties such as temporal autocorrelation
function (ACF), spatial cross-correlation function (CCF), and
non-stationarity of such a channel model have not been thor-
oughly researched. This paper aims to fill these gaps. The
major contributions of this paper are summarized as follows:

1) A 3D wideband non-stationary multi-mobility MIMO
channel model is developed with time-varying channel
parameters. The speeds and trajectories of the Tx, Rx,
and scatterers are allowed to change. The impacts of
arbitrary rotation of antenna array are incorporated.
The proposed model can include many existing chan-
nel models as special cases or reduce to simple chan-
nel models by adjusting channel model parameters
properly.

2) A highly-efficient 2D non-stationary multi-mobility
channel model is proposed. The temporal ACF and
spatial CCF of the model are investigated with closed-
from expressions.
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FIGURE 1. The non-stationary multi-mobility MIMO channel model with
time-varying velocities of the Tx, Rx, and scatterers.

3) Statistical properties including temporal ACF, spatial
CCeF, and stationary interval are verified by comparing
the theoretical results with the corresponding simulated
and approximated results. The impacts of speed and
trajectory variations of the Tx/Rx and the motion of
scatterers on statistical properties are analyzed.

4) The proposed mode is validated by the corresponding
measurement data in terms of local Doppler power
spectrum density (PSD) and local Doppler spread.

The remainder of this paper is organized as follows.
In Section II, the proposed non-stationary multi-mobility
channel model is introduced, including the geometric con-
struction and the channel impulse response (CIR). Statistics
of the proposed channel model are derived and investigated
in Section III. In Section IV, numerical and simulation results
are illustrated and discussed. Conclusions are finally given in
Section V.

Il. THE 3D NON-STATIONARY MULTI-MOBILITY
CHANNEL MODEL

The geometrical description of the 3D non-stationary multi-
mobility MIMO channel model is illustrated in Fig. 1. For
the sake of clarity, only the [-th (I = 1, ..., L) path is shown
in this figure. At the initial time 7(, the Tx and the Rx are
located on the x axis with a distance of D. Both the Tx and
Rx are equipped with arbitrary-shaped antenna arrays, such
as uniform linear arrays and rectangular arrays. The initial
positions of the p-th (p = ., Mr) Tx antenna element
A; andthe g-th (g =1, ..., MR) Rx antenna element A’; are
described by location Vectors I and rR respectively Note
thatbothr [px, o T andrR = [qx, e ]T
are in the local coordinate systems w1th their origins at AlT
and Alf, respectively. The propagations from the Tx to Rx can
be divided into the first bounce propagation via the cluster
CZA, the last bounce propagation via the cluster CIZ , and
the propagation between CZA and ClZ , which is abstracted
as the virtual link [31]. The azimuth AoDs (AAoDs) and
elevation AoDs (EAoDs) of the m-th ray in the /-th cluster
are denoted by ¢£m and wz - Tespectively. Similarly, d)fn and
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‘/fz account for the azimuth AoAs (AAoAs) and elevation
AoAs (EAoAs) of the n-th ray in the [-th cluster, respec-
tively. The travel distance between the Tx and C{ ;' via the
m-th (m = 1,..., M) ray is denoted by d{m. Symbol dl]?n
is the travel distance between the Rx and Cf via the n-th
(n = 1,...,Np) ray. Note that the angles ¢/, vl qﬁl’fn,
and ‘/ffn and distances D, dZm, and dfn are captured at the
initial time instant ¢y. The time evolution of the model will
be introduced in the rest of this section. In the proposed
model, the Tx, Rx, and clusters, i.e., C;“, and C IZ , are allowed
to move with time-varying speeds and arbitrary trajectories,
which are described by the velocity vector vX (¢) with speed
vX (1), travel elevation angle ag (t), and travel azimuth angle
aX (), where X = {T,R,A;,Z;}. The AAoD and EAoD of
the line-of-sight (LoS) path at initial time instant are denoted
by ¢Eos and ‘pLTos’ respectively. Similarly, ¢]Ifos and 1//505
account for the AAoA and EAoA of the LoS path at initial
time instant, respectively. The definitions of key parameters
of the proposed channel model are listed in Table 1.

A. CHANNEL IMPULSE RESPONSE

Considering the MIMO channel matrix H(r) =
[hgp()]mg x My » the CIR between A[{ and Ag can be calculated
as a summation of the LoS component and non-line-of-sight
(NLoS) components, and is expressed as [15]

hgp(t, T) = % lhz‘;’s(t)S(t
L
Wrr1 ;hqp,l(l)fs(f @) (D

where K is the Ricean factor, §(-) is the Dirac delta function,
7198(r) and 7;(¢) are the time-varying delays of the LoS path
and the /-th cluster, repectively.

LOS(t))

1) FOR THE NLoS COMPONENTS
The channel coefficients between AZ and Ag via the /-th
cluster consisting M; - N; rays can be expressed as [32]

hqp,l(t)
M;N;
Pi(t) q, V(I//l n’ ¢1 n)
- HTO(I}%@ ¥V1—>oo MlNl Z [ Fy, H(I/fl n ¢IR”)
) e/ﬂ,% Kl_mnelﬂ’ mn I:Fp,V(I//le’ ¢1Tm):|
melﬂl mn Elﬁl mn Fp’H(¢Zm7 ¢l7:m)
X eXp{jl01,mn(t) + @gp.1,mn(1)1} @

where {-}T stands for transposition, F, p(g),v and Fp) p are
the radiation patterns of A;(AI;) for vertical and horizon-
tal polarizations respectively, k7 mn 1s the cross polarization
power ratio, 191 > 191 Zn, ﬁfin‘fn, and ﬂlHH are initial phases
for four different polarlzatlon combinations and modeled as

random variables uniformly distributed over (0, 27 ]. I7,(¢)
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TABLE 1. Summary of key parameter definitions.

Cc7, CZZ the first and last bounce clusters of the [-th path, respectively
AT, Al | the p-th Tx antenna element and the ¢-th Rx antenna element, respectively
rg, rf 3D location vectors of AZ; and A? at g, respectively
dr distances between the Tx and C7* via the m-th ray at tg
dr, distances between the Rx and C7 via the n-th ray at ¢y
D distance between the Tx and Rx at ¢
vX (t) velocity vectors of the Tx, Rx, ClA, and C’lZ, X ={T,R, A, 27}
ax (t) travel elevation angle of the Tx, Rx, C{}, and CZ, X = {T, R, A;, Z}
aif(t) travel azimuth angle of the Tx, Rx, ClA, and CZ, X = {T,R, A, Z,}
v (t) speeds of the Tx, Rx, C{*, and CZ, X = {T\, R, A}, Z;}
¢lT7m, wgm AAoD and EAoD of the m-th ray in the [-th cluster at ¢y, respectively
gbﬁn, wﬁn AAO0A and EAoA of the n-th ray in the [-th cluster at ¢(, respectively
AL s Lo AAoD and EAoD of the LoS path at ¢y, respectively
At s, Vs AAO0A and EAoA of the LoS path at ¢, respectively

is the rectangular window function, and is defined as [27]

1, 0<t<Ty
Iy, (¢) = 3
7(®) 0, otherwise. )

Here, Ty is the observation time interval. In (2), P;(¢) is
the time-varying power of the /-th path. The total Doppler
frequencies of the proposed model can be considered as the
result of two effects, i.e., the movements of the Tx, Rx, and
scatterers, and the antenna array rotations on both sides. Con-
sidering the time-varying velocities, the phase shifts 6 ,,,(¢)
caused by the movements of the Tx, Rx, and scatterers should
be calculated as [33]

OLn(t) = 61 (1) + 6[17 (1)

t t
P ( / A+ f flR,{Z’(t)dt) 61 (0)
0 0o
)

where 0} ,,,,(0) are the initial phase shifts and modeled as
random variable uniformly distributed over (0, 277 ]. The time-
varying Doppler frequencies resulting from the movements of
the Tx, Rx, and scatterers can be expressed as

fz,Tn/lA(f) = (VT(I) -V @), <I>Zm(t)> /A 5)
f[l,en/z(f) = <VR(t) — VA1), Cl>fn(t)> 2 (©6)

respectively, where (-) denotes inner product, A stands for the
wavelength. The time-varying velocity vector vX(z) is given
by

cos(eX (1)) cos(@X (1) ]
Vi (1) = vE (1) | cos(ak (1)) sin(af (1)) 7
sin(ay (1))
where X = {T, R, A;, Z;}. For clarity, Fig. 2 shows the pro-
jection of the non-stationary multi-mobility channel model.
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FIGURE 2. The projection of the non-stationary multi-mobility MIMO
channel model.

The time-varying departure angle unit vector <1>le and arrival
angle unite vector Cl>fn can be determined as

oF (1) = 7,0 _ 4, +s"0—s"0 ®
" ’d{m(t)( a7, +s4(0) —sT (1)

of, = (T _ HarSOZS0
" dﬁn(t)‘ df +s7(1) — sR(t)H

where ||-|| stands for the Euclidean norm, s (1) = fot vX(n)dr,
are the displacement vectors of the Tx, Rx, C ZA, and C IZ during
time interval [0, #]. Position vectors dl7:m from the Tx to C IA
and df, from the Rx to C/* can be expressed as

cos(gﬁ[m) cos(¢lT’m) T

df,, =df, - | cos(y/,)sin(@],)
sin(w{m)
T
cos(tpl];n) cos(d:fn)
af, = af, - | cosyf)sin(@f) | . (10)
sin(y*,)
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Note that the phase calculation in (4) is different from those
in [17]-[20] and [29], where the calculation method was
taken from the stationary case, i.e., simply replacing the
time-invariant Doppler frequencies by time-varying Doppler
frequencies. This method results in the incorrect relationship
between phase and Doppler frequency [33], and therefore not
suitable for non-stationary channel models.

In (2), @gp,1,mn(t) are the phase shifts associated with the
antenna array rotations on both sides, and can be further
expressed as

Pap.Ln(1) = @ 1 () + 05,0 (11)

where
Op 1m0 = ko <(MT(t)r[{)T, @{m(t)> (12)
08 1(0) = ko (MROER)T, OF, 1)) (13)

Here, ko = 27 /A is the wavenumber. The arrays on both sides
can rotate with arbitrary trajectories of the Tx and Rx. The
rotation matrices M7 (r) and MR (¢) are introduced in order to
obtain the 3D coordinates of the A[{ and Ag at time instant ¢,
respectively. The rotation matrices on the Tx and Rx can be
expressed as

cos (ABX (1)) —sin (ABY (1)) O
M*(1) = | sin (AB{ (1)) cos (ABX (1) O
0

0 1
cos (ABx (1)) 0 —sin (ABF(1))
x 0 1 0 (14)

sin (ABE (1)) 0 cos (ABx (1))

where X = {T, R}, ABX(t) = BX(t) — BY and ABR(t) =
,82( ) — ﬂg are the azimuth and elevation rotation angles of
the Tx/Rx array relative to the initial positions, respectively,
ﬁg(t) and ,Bj‘( (t) are the elevation and azimuth angles of the
Tx/Rx array at time ¢. In (1), the time-varying delay of the
[-th path, i.e., 7;(¢) can be obtained as
T R

gy = TOXAD 5 (15)
where cq is the speed of light, le (1) = E{||dzm(t)|| 1, le(t) =
E{Hdﬁn(t)n}, 7; is the delay of the virtual link between ClA
and CZZ , and is determined as 7; = [11 /co + T1.link, 31 is the
distance between Cf‘ and CIZ, T/ link 1S @ nonnegative random
variable following exponential distribution [34]. When 7; =
0, 1ie., Ell = 0 and 7 jink = 0, multi-bounced propagations
reduce to single-bounced propagations.

Channel measurements show that in most scenarios,
the power of clusters can be modeled by exponential
power delay profile [31], [35]. Using the time-varying delays,
the time-varying cluster powers can be determined as

— 1 —Z
T 0 (16)

Pi(t) = exp{—7(t) -

™vT

where r; stands for the delay distribution proportionality
factor, o, accounts for the delay spread, Z; is the per cluster
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shadowing term in dB. Finally, the cluster powers are normal-
ized as
Pi(t)
Pi) = ———.
21 Pi@)

2) FOR THE LOS COMPONENT

The complex channel gain h'q“l‘,’s

a7)

(1) is given by
Hp™ (0
T[ ipWv
= HT (t) [Fq’V(wI;;057 ¢11R:20S)i| eJﬂLoS 'OHH
0 Fq,H(I/fL057 ¢LOS) 0 elﬁLoS

T T
[FPvV(llfITOS’ ¢ITOS)
Fp.i (Vo5 PLos)
where ﬁ&/s and ﬁﬁg are initial phases of the LoS path
for polarization combinations {VV, HH} and uniformly dis-

tributed within (0, 27 ]. The phase shifts caused by the move-
ments of the Tx and Rx are obtained as

t
buas) = ko [ (O =V 0, @fs0)ar 19

i| exp{jlfLos(H)+ @pg,Los(D)] 3. (18)

where @{os(t) is the departure angle unit vector of the LoS
path, and can be obtained as
D(1) D +s®(r) — sT ()
P 5(1) = = ST Qo)
DI |D + k(@) —sT (@) |
Here, D = [D, 0, 0] is the position vector from the Tx to
Rx at initial time instant. The phase shifts due to the antenna
. . . _ T

array rotations on both link ends, i.e., ¢pg Los(?) = P LoS )+

gog Los (1), can be expressed as

Onos®) = ko (M7 X)), ®Fs(0) 1)
PR Las() = —ko (MR, Ol 0).  (22)

Therefore, the time-varying delay of the LoS path is deter-
mined as t°5(r) = |D(®)||/co.

It is worth noting that the proposed model has been devel-
oped based on multi-bounced scattering concept. For simplic-
ity, the first bounce and last bounce propagation paths were
assumed to be independent, as in the WINNER II channel
model [32]. For the scenarios where the scatterers around the
Tx and Rx are closely located, the dependence between the
two link ends can exist. Channel models using the indepen-
dence assumption may result in erroneous results in system
evaluation [36]. For example, it forces the joint direction
of departure-direction of arrival (DoD-DoA) spectrum to be
represented as the product of DoD and DoA spectrums, which
can make the model underestimates the mutual information
and overestimate the channel diversity [37].

B. APPROXIMATE EXPRESSIONS OF 2D NON-STATIONARY
MULTI-MOBILITY CHANNEL MODEL

For the scenarios where the distances between the Tx/Rx and
scatterers are far enough, such as rural macro-cell (RMa)
and suburban macro-cell (SMa), a 2D channel model can
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exhibit satisfactory performance. In this subsection, a highly-
efficient 2D non-stationary multi-mobility channel model
with approximate expressions is developed. Considering a
typical V2V communication scenario, where the Tx and Rx
are surrounded by scatterers, such as vehicles and pedestrians.
The Tx, Rx, and scatterers can move in the horizontal plane
with their speeds and travel angles vary linearly during the
time interval Ty, i. e VX(t) =v¥ +aX . rand ¥(t) = ocO +
@* -t where vg, a 0‘0 ,and a))(2 are the initial speeds, accel-
erations, initial travel angles, and angular speeds of the the
Tx, Rx, CZA, and CIZ, respectively, where X = {T, R, A;, Z;}.

1) FOR THE NLoS COMPONENTS

The channel coefficients of the NLoS components can refer
to (2). By imposing the elevation angles in (8) and (9) into
zero, the time-varying AAoDs ¢/, (1) and AAoAs ¢, (1) can
be obtained as

t
o) = Arg{d],, cos(@],) + / V(1) cos(a (1))dt
0

t
- / vI (1) cos(al (1))dz,

0

xdf,, sin(¢] ) + /0 t V(1) sin(a™ (1))dr

- /0 t vE (1) sina? (1))dr) (23)
o, (1) = Arg{df, cos(¢f,) + /0 | (t) cos(e” (1))dt

- /0 th(t)cos(aR(t))dt,

xdf, sin(gf,) + /0 a () sin(a? (1))dt

t
— / VR (1) sin(eR(1))dr) (24)
0

where Arg{-} returns the angle of a 2D vector. According to
the method in [38], the time-varying angles ¢Em(t) and qbfn(t)
can be approximated as

L) = O+ vt (25)
RO~ of, + v 1 (26)
where

— of ) + Vi sin(ef,, — ad1/dl,, @7)
—of )+l sin(ef, — af1/ak,. (28

T Al . A
yl,m = [V’ sin(a’

yl’ " [v sm(a

The approximations can achieve satisfactory accuracy when
the observation time interval is small, e.g., several seconds.
Therefore, the time-varying Doppler frequencies resulting
from the relative movement between the Tx/Rx and scatterers
in (5) and (6) can be rewritten as

£ @ = @ — o (29)
2@y = R — 7o (30)
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where
T(A) vIAD () o7
S P(0) = ——=coslg] (1) —a" 0] 31)
VR@D (4
Ry = '()cos[m(r) K0 (32)

By substituting (31) and (32) into (4), the phase changes
601.mn(t) can be calculated as
6741) + 61,1 (0)

Ormn(t) = O], (6) — 07" (1) + OF (1) —

(33)
where
o
= ko(y,, — ") 2a"@ cos(g] (1) — T D (2))
+ @ = "NV D @) sin(g] (1) — T D))
(34)
0!
= ko(yR, — @) HaRD cos(f (1) — R P (1))
+ R, — RO @) sin(ef (1) — MO (1)]}.
(35)

Similarly, the phase shifts associated with the rotations of
the Tx and Rx antenna arrays in (12) and (13) can be obtained
as

o7 1 (D) = ko [ i cos (¢, —oTt) +
,sin <¢, () — Tt)] (36)
o0 = ko [ cos (¢f,(1) — Fr) +
Bysin (of, 0 - 0®)]. G

Let &, and 8, denote the distances of A]T-Ag and A’f—AI;,
respectively, ie., r’ = [8,cos(BT),8,sin(BT)], TR =
[8, cos(BR), 8, sin(BR)], the phase shifts in (36) and (37) can
be rewritten as

Op 1m(®) = ko8 cos(¢y,,(1) — B (1) (38)
O 1 (1) = kodg cos(@f', (1) — BR()) (39)

where BT (1) = BT + w1, pR(1) = BR + wFt.
The delay of the [-th path 7;(¢) is obtained as (15), where

the travel distances of the first and last bounces, i.e., df m®)
and d,’fn(t) can be simplified as

df (t) ~ df' + v{yt cos(eff
dii(t) ~ df + Vit cos(af

—¢]) (40)
S ERCIY)

where ¢/ = E{¢/,} and ¢f = E{¢f,}. Substituting 7,(¢)
into (16) and (17) results in time-varying cluster powers P;(t).

— @) — vt cos(ed
— R — VRt cos(af
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2) FOR THE LOS COMPONENT

Considering the far distance between the Tx and Rx,

¢]Ifos(t) ~ g, phase changes resulting from the relatively

movements between the Tx/Rx and scatterers, i.e., O os(t) =
LOS(t) + 6 OS(t) can be approximated as

T k T.T
O os(t) ~ ( T)z[a cos(a M) +ow vo(t)sm(a ()]
(42)
ko
OR (1) ~ ~ P ——[a® cos(@® (1)) + o®vE (1) sin(eR(1))].

(43)

The phases associated with the antenna array rotations,
i.e., Pgp,Los(?) can be obtained as

@gp.Los(t) ~ ko [r;x cos (a)Tt> — rpT,y sin (a)Tt)
+ r,fy sin (a)Rt> — rgx cos (a)Rt>]
= ko[8, cos(B” (1)) — 8, cos(BR(1))].  (44)
The time-varying delay of the LoS path can be simplified as
D(t) ~ [D + vt cos(a) — vt cos(ad)]/co.  (45)
Ill. STATISTICAL PROPERTIES OF THE NON-STATIONARY
MULTI-MOBILITY CHANNEL MODEL
A. LOCAL ST-CCF

The local spatial-temporal CCF (ST-CCF) between two arbi-
trary CIRSs hgy(2, 7) and hy (t 7) is defined as [39]

E{hgy(t, r)h (t 7)}
B (e, DPIEL g1/, D))

,qu’g”;(l, T, Ar, At) =

(46)
where ¢/ = t — At, Ar = [ArT, ArR], including the
antenna spacing on the Tx array Ar! = rg —r} || and the

antenna spacing on the Rx array Arf = Hrg — r§”, ()" is
the complex conjugate operation. It is assumed that there is
no correlation between different clusters. By substituting (1)
into (46), Pyp.gp(t, T, Ar, At) can be further expressed as

pq[,’ﬁgl(l, T, Ar, At)

LoS LoS
K n 1,oqppq(t Ar, At)é(t — )

+ e Z p;}g; (1, Ar, ADS(T — 1) (47)

where the LoS component of the ST-CCF is given by
peeSa(t, Ar, Ar) = Tz, ()7, (") expljilBros (1)
+ @Opg.Los(t) — OLos(t) — @z Los()]}.  (48)

Here, the azimuth and elevation angles are jointly
described by the VMF distribution, which can provide a
good consistency with the measurement data [40], [41]. The
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probability density function (PDF) of the VMF distribution is
defined as

P, @) = S50

T sinh(c exp{x (cos(yr) COS(W) cos(¢p — 5)
7 sinh(x)
+ sin(y) sin(¥))}  (49)

where ¥ € [—n/2,7/2], ¢ € [—m, 7], ¥ and ¢ stand for
the mean values of elevation angle ¢ and azimuth angle ¢,
respectively, ¥ controls the angular spread around the mean
direction. Considering the independence of the first and last
bounce propagaions, the NLoS components of the ST-CCF
can be rewritten as

;L;Sl(t Ar, At) = HTO(t)HTO(t) Iop])l(t ArT , At)
',Oq,},l(f, ArR , At)  (50)
where

pl;l})’l(l, ArT, AD

= [ [ exptn0) + g
.

— Ot — @51 Dp T, pTdy T dgp”
(51)

p};@,(t, ArR, AD)

= '/.i/ exp(i[el,n(t)+(pq,l,n(t)
1),
— 01t — 91D, $F)dyRde®.  (52)

1) LOCA TEMPORAL ACF
By imposing p = p and ¢ = ¢ in (48) and (50), the LoS and
NLoS components of the temporal ACF are obtained as

pLoS(t, Ar) = Tlg,()T17,(¢") exp{il6Los (1)

+ Ppg.Los(t) — Oros(t’) — Ppq.LoS (t/)]}
(53)

pop S, At = Ty (g, (1) - py (2, ALY - pi(t, Ar)
(54)

where

z T
ppi(t, AD) =/”/ exp(ilO,m(t) + @p,1,m(1)
.

— Ot — @p 1@ DpWT, ¢Tdy T dg”

(55)
pgl(l, Ar) = /i / exp(lOr,n(t) + ©g,1,1(2)
-2 )

=01t = g1 DPWR, $F)dyRde.

(56)

For the 2D multi-mobility model, the VMF distribu-
tion reduces to von Mises (VM) distribution, i.e., p(¢) =

exp{k cos(¢p — 5)}/{27110(/0}, ¢ € [—m, ), Ip(-) is the zero
order modified Bessel function of the first kind.
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By substituting (34), (35), (38), and (39) into (55) and (56),
and using [42, eq. (3.338)—(4)], temporal ACFs on the Tx
and Rx sides can be obtained as the following closed-form
expressions

pp it Aty = Io{[(Q] (¢, 1) - QN )+ (1, 1)

+ (@1, - e, )+ WL (¢, )12} Ik T)
(57)
pR (1. Ay = Io{[(QF (¢, 1) = QT ¢, 1) + Wit 1))

+ (@R, Q5 1, VR, )12 IR

(58)
where
Qi@ 1)
jk()ax ’
= ()/ZX——wX)Z[AX(t) — AX@)]
+ X’LOX[VX HBX (") = vV ()B* (1)] (59)
Vi —w
¥, 1)
JkoaX ,
= ()/IX_—Q)X)Z[BXO) - BX(t))
+ Y’LOX[VX OAX (@) = V¥ (AT ()] (60)
Vi —

\IIIT(R)(t, t')
= koS [CT® (1) — TR + kT® cos(@ ) (61)
w B, 1)

= jkoSp [DT® (1) = DT® )] + kT® sin(p ).

(62)

Here, X € (T,R,A;,Z1}, ATA@) = cos(a? () —
ylo), AR (@) = cos(@R@(t) — yfr), BTA@) =
sin(@’ (1) — yl'n), BREO @) = sin(@f@@) — yfo),
CTO(1) = cos(8T (1) - ”R)z) DIO() = sin(BT (1) -

lT 1), yl’m 7/1 , and yl’n yl due to the small angular
spread. It is worth noting that the temporal ACF is time-
varying according to the dynamic scattering environment and
can capture the impacts of speed and trajectory variations of
the Tx, Rx, and scatterers as well as the antenna rotations on
both sides.

2) LOCAL SPATIAL CCF
Let t = ¢/ in (48) and (50), the LoS and NLoS components
of local spatial CCF are given by

— @5a.Los (D]}
(63)

PZ,L;)SI([’ Ar) = Tz, (1) - p;[?,l(t’ ArTy. p?z;,z(t» AR
(64)

;;iq(t Ar) = Tz, (1) exp{j[‘ﬂpq,LoS(t)
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where

ppTi;,z(’vST) = /,i /;n exp(ilep,1,m(t) — @p.1.m(H)])
2

xp(y’, ¢")dy " dg” (65)
P (@, 8%) = /i/ exp(l@q.1,n(1) — ©g.1.2(D])

2 ).

xp(yr®, p®)dyRdg®. (66)

For the 2D multi-mobility model, by using
[42, eq. (3.338)—(4)], pNL9S (1, Ar) can be obtained as the

4qp,qp,!
following closed-form expression

NLOS (t, Ar) = L(t)
Pap.pa.l To(kT)Io(cR)

<Ip{[TR(3,)% + ARG )M} (67)

{07 (6,)2 + AT(5,)4]2)

where

FT® (8y00)) = jkodpCT® @) + k" ® cos g™ (68)
AT® (8,000) = jko8p DT R0 + kTP sing ", (69)
Finally, the LoS component of the local spatial CCF is
reduced to
Pty Ar) = Tz, (1) expliko[8¥ cos(8% (1))
— 8" cos(BT ()N (70)
B. LOCAL DOPPLER PSD
The local Doppler PSD of the proposed model can be

obtained by applying the Fourier transform to the temporal
ACF with respect to At, i.e.,

o0
Sgpt, T.f) = / Pep(t, T, At)e PP AL IAL

IS;;%,f)a(r — %)

+ e ngj};’s(z,f)a(r —7). (71

By substituting (54) into (71), the NLoS components of the
local Doppler PSD can be obtained as

NLOS(t f)

SN ToTz, (1) exp{—j27f (t — To/2)}sinc{Tomf}

OF{py(t, ADY O Flof t, An}  (72)
where © designates convolution and F{-} denotes the Fourier

transformation in terms of A¢. Similarly, the LoS component
of the local Doppler PSD is calculated as

SLS(, ) = ToTzy (1) expl =2/ (¢ — To/DYsine{Torf)
OF{exp{jlOLos () + ‘qu,LoS(t)_eLoS(t/)
- (ﬂpq,LDS(t/)]}}- (73)
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C. ST-DOPPLER FREQUENCY

The instantaneous frequency of a signal is defined as the
derivative of its phase with respect to time [43]. In the pro-
posed model, the instantaneous Doppler frequencies stem
from two effects, i.e., the movements of the Tx, Rx, and
scatterers, and the antenna array rotations on both sides.
Based on (2), the total instantaneous Doppler frequency of
a multipath component via CIA and C IZ can be calculated as

1 d[el,mn(t) + §0qp,l,mn(t)]

1) = — 74
fqp,l,mn( ) o dr ( )
and can be further expressed as

Sapdomn@) = FF 1O + 57,0 (75)

where

1 i), @+ T,

) = 350 &
1 d[ef,iz’(o + R, 0]
q, l n( ) - dt . (77)

The Tx and Rx sides of the instantaneous Doppler frequencies
of the 2D multi-mobility model can be obtained as

T T
fP,l,m(t) = fl,m(t) _fl m(t)
—_—
Tx and C,Amovements

)
- f(yfm —o")sin[g/ () — BT (78)

Tx array rotation

R R

Taun® = i@ f (0
—,_/
Rx and ClZ movements

)
+SHf — o®sinlgf, @0 — BAO1. - (79)

Rx array rotation

Similarly, the instantaneous Doppler frequencies of the LoS
path can be expressed as

R T
Jros(t) = fios(®) + filos (D)
R ————
Tx and Rx movements

8y
- 7w sin[gT (r)]+ S Rsin[BR(1)]  (80)

Tx and Rx arrays rotation

where fRo() = —R@)/rcos@R@)), flq() =
—vI (1)) cos(aT (1)).

The instantaneous Doppler frequencies in (78)—(80) pro-
vide physical insight into time variation of the proposed
channel model. Due to the symmetry of the instantaneous
Doppler frequencies on the two sides, only the Tx side is
analyzed. In (78), the first two terms account for the time-
varying Doppler frequencies caused by the movements of the
Tx and CZA. The third term is caused by the Tx array rotation.
It should be noticed that when the Tx and CIA move with con-

stant speeds in certain directions, the third term still exist due
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to the time variation rate of AoDs, i.e., y,Tm. If the WSS and
constant velocity assumptions are considered, (78) reduces to

the conventional time-invariant Doppler frequencies as

Al

wI
ﬁ "= _O COS(¢1 m— o{o) VT COS(¢I m_ 050 ) €28

Similar analy51s can be applied to the Doppler frequencies
on the Rx sides in (79). Note that the instantaneous Doppler
frequencies in (78)—(80) are different from those in [26],
which cannot capture the impacts of time-varying angles,
array rotations, and scatterer movements. The local Doppler
spread of the NLoS components can be calculated as

1
Bo® = (Elfyp.tann(®?] = Elfgptmn®1?) . (82)

Another way of estimating the instantaneous Doppler fre-
quencies is to apply the time-frequency analysis to complex
channel gain, e.g., using the short-time Fourier transform
(STFT). The STFT of the /-th cluster can be expressed as

o

Hypt0.) = [ hapag* e = 0 P (83
—0oQ0

where g(#) is the window function, e.g., rectangular window

function, Hamming window function, etc. Similarly, for the

LoS path, its STFT can be expressed as

oo
LoS _ LoS —j27fi
HYS(1,f) = /_ gy g — e P du. - (84)

D. STATIONARY INTERVAL

The stationary interval is the longest time interval within
which the channel can be considered as WSS. It provides
a measure of time-variation characteristics of non-stationary
channels [44]. Several methods have been proposed to mea-
sure the stationary interval of non-stationary channels, such
as correlation matrix distance (CMD) [9], local region of
stationarity (LRS) [45], and spectral divergence (SD) [46].
The CMD measures the time-variation of spatial structure of
the channel. It is defined as the distance between two channel
correlation matrices. Similarly, the SD quantizes the distance
between two spectral densities of the channel. The LRS
characterizes channel non-stationarity from the point of view
of channel power variation. It is defined as the longest time
interval within which the correlation coefficient of two aver-
aged power delay profiles (APDPs) is over a given threshold.
Here, the channel non-stationarity is estimated from the time
variation of the Doppler spread [47]. The stationary interval
is defined as the maximum time duration within which the
relative error of Doppler spread beyond a certain threshold,
ie.,

T, = max{At | €(At) > c} (85)

where
|Bp(At) — Bp(0)|

€(At) = B (0) . (86)
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FIGURE 3. Absolute value of the local temporal ACFs of the
multi-mobility channel model (VJ(R) =30 km/h, a;(k) =n/4,
a’®) = 1 m/s?, and TR = /20 s71).

IV. RESULTS AND ANALYSIS
In this section, the theoretical results of the statistical prop-
erties are compared with approximate and simulated results
and validated by the corresponding measurement data. In
the simulation, the observation time interval is [0, 5 s]. For
simplicity, uniform linear arrays are used in analysis. The
antenna spacings of the Tx and Rx arrays are 87 and 8%,
respectively. Thus, the distances of A]T-AZ and Af-Af; are
8p = 8T(p — 1) and 8, = 8R(g — 1), respectively. Unless
otherwise stated, both the Cf‘ and CIZ are moving with the
speed of 30 km/h along the x-axis. Other basic parameters
are set as follows: f, = 5.9 GHz, TR — A2, p(g) = 2,
pa) =1, ® = 7/3, kTR = 153" =n/6,¢" =213,
dT® = 200 m. Besides, the horizontal propagations are
assumed in the simulation. For simplicity, omnidirectional
antennas are used and only vertical polarization is considered.
Fig. 3 illustrates the absolute value of the time-varying
local temporal ACFs. Both the Tx and Rx are moving with
an acceleration, i.e., a’® = 1 m/s> and angular speed,
ie., o ® = /20 s~!. It is obvious that the temporal cor-
relation of the proposed channel model decreases over time,
which is in contrast to the WSS case. The time variations of
the temporal correlation are caused by the relative movements
of the Tx and Rx with respective to the first and last bounce
clusters, respectively. In order to illustrate more clearly, Fig. 4
shows the theoretical, approximated, and simulated absolute
values of the local temporal ACFs for three scenarios at ¢ =
1 s.In scenario I, the Tx and Rx travel with constant velocities
in given directions, i.e., al® =0 m/sz, oT® — 01,
In scenario II, the Tx and Rx travel with constant velocities
but time-varying moving directions, i.e., a’® = 0 m/s?,
oT® = 7720 s~!. For scenario III, both the speeds and
moving directions of the Tx and Rx are changing, i.e., a’ ® =
1 m/sz, wT® — /20 s~ Compared with the constant
velocity case, i.e., scenario I, time-varying travel angles of
the Tx and Rx result in weaker temporal correlations of the
model. Scenarios III represents a high-mobility scattering
environment, where both the Tx and Rx move with acceler-
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FIGURE 4. The theoretical, approximate, and simulated absolute values of
the local temporal ACFs of the multi-mobility channel model for three

non-stationary scenarios (f = 1s, VJ(R) =30 km/h, and a;’(R) = /4).
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FIGURE 5. Absolute value of the local spatial CCFs of the multi-mobility
channel model (vg =30 km/h, otg = /4, ak =1 m/s?, and
oR =n/10s71).

ations and angular speeds, resulting in the lowest temporal
correlations of the model. An excellent agreement between
the theoretical, approximated, and simulated results verifies
the correctness of the derivations and simulations.

Fig. 5 illustrates the absolute value of the time-varying
local spatial CCFs at the Rx side. The Rx antenna spacing
has been normalized in terms of the wavelength. On the Tx
sides, imposing p = p means two links share the same Tx
antenna. The result is obtained when the Rx moves with an
acceleration a® = 1 m/s> and angular speed w® = 7/10 s,
Equation (67) indicates that spatial correlation of the pro-
posed model depends on the time-varying AoAs (AoDs) and
the Rx(Tx) array tilt angle. In this figure, the maximum values
of the spatial correlation on time axis are obtained when
the central arrival ray and the Rx array are parallel to each
other. If the time variation of AoAs is neglected due to the
short observation interval, the maximum values of spatial
correlation appear at |$R — ,Bg |/(@®) ~ 3.33 s. Note that

32571



IEEE Access

J. Bian et al.: 3D Wideband Non-Stationary Multi-Mobility Model for V2V MIMO Channels

-
Iy

Theoretical results
- - - Approximate results |
- -O - Simulated results

o
©
T

o
=3
T
I

o
3
T
|

WwR=0s"

o
o
T
I

WwR=20s"

wR=10s"

Absolute value of the local spatial CCF
o o o o
) w ~ o

=4

=
T
|

N e :

0 0.5 1 15 2 25 3 35
Normalized antenna spacing, RN

FIGURE 6. The theoretical, approximate, and simulated absolute values of
the local spatial CCFs of the multi-mobility channel model with different
angular speeds of the Rx (t =15, vg =30 km/h, ag = /4, and

aR =1 m/s?).
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FIGURE 7. Comparison between the normalized local Doppler PSD of the
multi-mobility channel model and the measurement data in [48]

(e =52GHZL 3" ® = /5,01 = 0, f®) =z, and dT® = 100 m,
urban scenario: «7(R) = 10, v ®R) _ 3¢ km/h, vA@) _ 54 km/h, highway

scenario: «T(R) = 6, VJ(R) = 54 km/h, and v:(z =90 km/h).

the influence of the accelerations on the spatial correlation of
the model can be neglected by using approximate expressions
in (25) and (26). Fig. 6 shows the theoretical, approximate,
and simulated absolute values of the local spatial CCFs at
t = 1 s. The results are obtained with different angular
speeds of the Rx, i.e., 0 s~ /20 s~ /10 s~ The angles
between the Rx antenna array and AoAs become smaller
when using larger angular speeds, which result in stronger
spatial correlation. Again, the theoretical results match the
approximate and simulated results very well, illustrating the
correctness of derivations and simulations.

Fig. 7 shows the normalized local Doppler PSD of the
proposed channel model and the corresponding measurement
data in [48]. The V2V channel measurements were carried
out at 5.2 GHz in urban and highway scenarios. According
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FIGURE 8. Instantaneous Doppler frequencies of the multi-mobility
=30 km/h, u;’(R) =1/3,a’® =1 m/s?, and

channel model (vg (R)
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FIGURE 9. STFT of the complex channel gain of the multi-mobility
channel model (VJ(R) =30 km/h, az(R) =7/3,a’® =1 m/s2, and
oT® = 7/20s1).

to the measurement campaigns in [48], the model parameters
for urban scenarios are: k7® = 10, v ) =36 km/h, and
vé(z) = 54 km/h. For the highway scenario, the model param-
eters are set as: k! ® = 6, vg ® — 54 km/h, and vg(z) =
90 km/h. The Tx, Rx, and scatterers are assumed to move with
constant velocities. Compared with the Doppler PSD in urban
scenario, the Doppler PSD in highway is broader, which is
resulted from the larger Doppler spread and higher relative
speeds between the Tx and Rx. The close agreement between
the theoretical results and the corresponding measurement
data confirms the usefulness of the proposed channel model.

The instantaneous Doppler frequencies according to (74)
and the STFT of the complex channel gain are shown
in Figs. 8 and 9, respectively. In the STFT, the Hamming
window function was used with a window length of 0.25 s.
A total of 8 rays were generated. It can be observed that
the instantaneous Doppler frequencies drift to higher values
over time as the result of relative movements between the
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FIGURE 10. The local Doppler spread of the multi-mobility channel

model, the model in [26], and the measurement data in [49] (x7®) = 10,
# =n/3, 8% =51/6,v] ® =30 km/h, o] ®) = n/6,aT®) = 0 m/s2,

oT® 01, v(';‘ =15 km/h, and vg = 0 km/h).

Tx/Rx and scatterers, and array rotations, illustrating the non-
stationarity of the proposed model. Besides, a good con-
sistency of the instantaneous Doppler frequencies between
Fig. 8 and Fig. 9 can be observed, which verifies the correct-
ness of our derivations and simulations.

The comparison of the local Doppler spreads of the
proposed model, the model in [26], and the corresponding
measurement data [49] is shown in Fig. 10. The V2V chan-
nel measurements were conducted at 5.9 GHz in a sub-
urban scenario. It indicated that the Doppler spread illus-
trates a linear dependence on the effective speed, i.e., Bp =
0.482/ (ﬁk)veff + 11.5, where the effective speed is defined

as ver = /(D)2 + (v§)? [49]. In the simulation, the channel

parameters are chosen as: k7 ® = 10, ET = 1/3, aR =
57/6, vg® = 30 km/h, of ® = 776, T® = 0 m/s?,
o’® = 0571, v3 = 15 km/h, and v§ = 0 km/h. In this
figure, the slope of the local Doppler spread is determined by
the scatterers non-isotropic distribution. The nonzero value
when vegs = 0, i.e., both Tx and Rx are static, is resulted from
the motion of scatterers in the propagation environments.
Higher speeds of the moving scatterers lead to larger values
of the offset at veff = 0. The theoretical result of the multi-
mobility model fits the corresponding measurement data very
well, illustrating the utility of the proposed channel model.
Note that the nonzero offset of the local Doppler spread at
vetf = 0 cannot be achieved by the channel models assuming
fixed scatterers, e.g., the model in [26], which leads to a
mismatch with the corresponding measurement data.

The stationary intervals of the proposed channel model
with different velocities of the MS are shown in Fig. 11. For
the sake of analysis, the scatterers are assumed to be fixed. For
a given threshold c, the channel can be assumed as stationary
during the time interval [0, T,]. A typical threshold can be
set as ¢ = 0.2. In the first scenario, where both the Tx and
Rx move with constant speeds in given directions. Note that
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the model is still non-stationary. The small angle relative to
the y-axis is resulted from the time-varying parameters such
as AoDs and AoAs. For the second scenario, the Tx and Rx
travel with an angular speed /20 s~ !, the stationary interval
reduced to 0.483 s. In the last scenario, both the Tx and
Rx move with time-varying speeds and travel angles, which
results in the shortest stationary interval, i.e., 0.367 s. Simi-
larly, the influences of scatterer mobility on the stationarity of
the channel are shown in Fig. 12. The stationary interval of the
channel is 1.51 s when the scatterers moves with an angular
speed. When the scatterers move with time-varying speed and
travel angle, which results in a high-mobility scenario, the sta-
tionary interval of the channel reduces to 0.621 s. It is obvious
that the time-varying speeds and moving directions of the
Tx/Rx and scatterers can significantly increase the channel
non-stationarity. Note that in [26] and [29], the channel mod-
els with constant velocities of the Tx/Rx do not introduce
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non-stationarity. The close agreement between the theoretical
results and approximate results confirms the accuracy of the
approximate expressions during the observation time interval.
Furthermore, Fig. 13 shows the comparison between the pro-
posed model and the model in [26] in terms of the stationary
interval. Both the Tx and Rx move with the acceleration
of 1 m/s? and the angular speed of 7/20 s~!. The stationary
intervals of the proposed model and the model in [26] when
¢ = 0.2 are about 0.291 s and 0.361 s, respectively. The
reason for the difference is that the model in [26] neglects
the movements of scatterers, and channel parameters such as
angles and powers are time-invariant. The non-stationarity of
the model only results from the time-varying velocities of the
MSs, which may not sufficiently capture the non-stationarity
of the V2V channel.

Fig. 14 illustrates the simulation time of the 3D and the
corresponding simplified 2D multi-mobility V2V models.
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A laptop with an Intel Core i5, 2.5 GHz CPU and 8 GB RAM
was used for testing. The simulations were conducted con-
sidering a 2x2 MIMO system in the urban micro-cell (UMi)
scenario under NLoS condition [32]. A total of 16 clusters
were generated and each cluster consists of 25 rays. The
sampling interval is A /(4 * vpax), Where vmax is the maxi-
mum speed of the Tx/Rx in the simulation. The results show
that the simulation time of the simplified 2D multi-mobility
model remains nearly constant, i.e., about several tens of
milliseconds and only slightly increases as the number of
time samples increases. For the 3D multi-mobility model,
the simulation time increases significantly with the increase
of the number of time samples, i.e., about 11.12 s when the
number of time samples is 100 and increase to 52.11 s when
the number of time samples is 500. The reason is that for
the simplified 2D multi-mobility model, the phases caused
by the movement of the Tx, Rx, and scatterers, i.e., 0; jun(?),
and phases associated with the rotations of antenna arrays
on both sides, i.e., @gp i, mn(t) were obtained as closed-form
expressions. However, the above-mentioned phases of the 3D
multi-mobility model have to be obtained by carrying out
numerical integrations, which are time-consuming processes.

Although the 3D multi-mobility model is more complex
than the corresponding 2D model, it is more accurate to
capture the characteristics of realistic V2V channels. For sce-
narios with low elevation angles, e.g., SMa scenario, the 2D
multi-mobility model has similar accuracy to that of the corre-
sponding 3D model but is more efficient, and therefore is rec-
ommended to be used. Besides, compared with the 3D multi-
mobility model, the 2D multi-mobility model with closed-
form expressions can yield more insight into the relationship
between channel model parameters and statistical properties,
e.g., temporal ACF and spatial CCF.

V. CONCLUSIONS

In this paper, a 3D non-stationary multi-mobility V2V chan-
nel model has been proposed. The model considers a more
general scenario where the Tx, Rx, and scatterers are allowed
to move with time-varying speeds and along arbitrary trajec-
tories. The influences of antenna array rotations on channel
characteristics have been incorporated. The multi-mobility of
the proposed model results in time-varying angles, delays,
and powers, which make the model non-stationary. For the
scenarios such as RMa and SMa, a highly-efficient 2D multi-
mobility model has been proposed, where the closed-form
expressions of temporal ACF and spatial CCF are provided.
The proposed model can include many existing V2V channel
models as special cases or reduce to simple channel models
by adjusting channel model parameters properly. The con-
sistency among the theoretical, simulated, and approximate
results of the statistics shows the correctness of both deriva-
tions and simulations. The usefulness of the proposed model
has been validated by comparing the local Doppler PSD and
local Doppler spread with the corresponding measurement
data. It has been demonstrated that the speed and trajectory
variations of the transceiver as well as the moving scatterers
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can have remarkable effects on statistical properties of the
channel and intensify the channel non-stationarity.
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