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Novel Multi-Mobility V2X Channel Model in the
Presence of Randomly Moving Clusters

Baiping Xiong
Hao Jiang™, Member, IEEE, Jian Dang

Abstract— Considering mobile terminals with time-varying
velocities and randomly moving clusters, a novel multi-mobility
non-stationary wideband multiple-input multiple-output (MIMO)
channel model for future intelligent vehicle-to-everything (V2X)
communications is proposed. To describe the non-stationarity
of multi-mobility V2X channels, the proposed model employs a
time-varying acceleration model and a random walk process to
describe the motion of the communication terminals and that of
the scattering clusters, respectively. The evolution of the model
parameters over time and the stochastic characteristics of the
phase shift caused by the time-varying Doppler frequency are
derived. The proposed model is sufficiently general and suit-
able for characterizing various V2X communication scenarios.
Under two-dimensional (2D) non-isotropic scattering scenarios,
the important channel statistical properties of the proposed model
are derived and thoroughly investigated. The impact of the
random walk process of the clusters and the velocity variations
of the communication terminals on these statistical properties is
studied. The simulation results verify that the proposed model is
useful for characterizing V2X channels.

Index Terms— Non-stationary V2X channel model, random
walk process, velocity variations, time-varying Doppler fre-
quency, statistical properties.

I. INTRODUCTION
HE development of smart cities promotes the deploy-
ment of intelligent transportation systems (ITSs). More
specifically, as a vital part of intelligent vehicular ad hoc net-
works, vehicle-to-everything (V2X) communications has been
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considered a relevant topic in fifth-generation (5G), beyond
5G (B5G), and future sixth-generation (6G) communication
systems, which have attracted considerable attention from
both industry and academia [1]-[3]. For the development,
analysis, and optimization of V2X communication systems,
a thorough understanding of the propagation characteristics
of the underlying V2X channels is indispensable. This has
motivated the development of adequate channel models.

A. Prior Work

In V2X communications, a vehicle can communicate with
another moving vehicle (V2V), with stationary roadside
infrastructures (V2I), and with slowly moving pedestrians
(V2P) via directly established communication links at a ded-
icated frequency band of 5.9 GHz [1], [2]. The communi-
cation terminals are generally equipped with low-elevation
antennas, and may also have moving clusters, thus making it
totally distinguishable from conventional cellular-based fixed-
to-fixed (F2F) [4] and fixed-to-mobile (F2M) [5] channels.
To cover all these scenarios, a more general model for V2X
channels is necessary. In recent years, various V2V channel
models have been studied [6]-[9]. Thus far, different modeling
approaches have been introduced for V2X channel modeling,
including cluster-based models [10], geometry-based deter-
ministic models (GBDMs) [11], geometry-based stochastic
models (GBSMs) [12], [13], non-geometrical stochastic mod-
els (NGSMs) [14], [15], and ray tracing models. The deter-
ministic models have high accuracy, but they require a detailed
digital map with specific trajectories; moreover, they are
computationally expensive. Although NGSMs can achieve rel-
atively low computational complexity, they do not include any
geometrical information and cannot be used for system level
simulations. GBSMs have a better tradeoff between accuracy
and complexity, and can be easily adapted to diverse scenarios
by exploiting available geometrical information. Moreover,
GBSMs have been widely accepted in standardized protocols
[16]-[19]. 3GPP applied a GBSM-based method to develop
a three-dimensional (3D) spatial channel model (SCM) for
sub-6 GHz band [16] and the frequency band from 0.5 to
100 GHz [17], where the angular/distance/delay parameters
can be obtained by exploiting the geometric relationship
between the transmitter/receiver and the first/last bounce scat-
terers. IST defined a GBSM-based non-stationary WINNER II
channel model for link and system level simulations [18],
where the multipath propagations from the transmitter to
the receiver can be determined once the geometric setup is
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fixed. Based on the WINNER II channel model [18], ITU-R
developed a 3D wideband double direction model, that is,
the IMT-Advanced (IMT-A) channel model [19], by specifying
the directions of rays. Furthermore, the measurement results
in [20] also motivate us to focus mainly on GBSMs.

Owing to the mobility of the communication terminals
and clusters in V2X channels, the model parameters and
the underlying propagation characteristics can vary rapidly
over time. One of the major challenges in the develop-
ment of high-mobility communications, such as V2X and
high speed train (HST) communications, is the acquisition
of accurate channel state information (CSI) under complex
and fast time-varying scenarios. Moreover, the measurements
in [21]-[23] have demonstrated that the wide-sense station-
ary (WSS) assumption adopted in V2V channel models is
only valid within a short time interval, especially for the
high-mobility scenarios in future BSG and 6G communica-
tions [24]. Therefore, it is of vital importance to consider the
non-stationarity in V2X channel modeling.

Cheng et al. [25] discussed the present-to-the-near-future
work towards intelligent vehicular networks from the aspects
of vehicular wireless channels, wireless-vehicle combination,
and wireless-vehicle integration. Li er al. [14] investigated
the frequency domain non-stationarity of an NGSM-based
V2V channel model by considering the correlations between
the amplitude and phase of different taps. In [15], the non-
stationarity in the time domain was studied by using Markov
chains to describe multipath component persistence. The
authors in [26] proposed a 3D wideband non-stationary GBSM
for multiple-input multiple-output (MIMO) V2V channels,
where the mobile transmitter (MT) and mobile receiver (MR)
were assumed to move in the same direction or in opposite
directions. Jiang et al. [27] proposed a semi-ellipsoid model
to describe the V2V communication channels in tunnel envi-
ronments, and the impact of arbitrary moving speeds and
directions of the vehicles on channel statistical properties were
thoroughly investigated. A geometrical-based MIMO chan-
nel model for millimeter-wave (mmWave) mobile-to-mobile
(M2M) communication environments based on the two-ring
reference model is proposed in [28]. However, the models in
[26]-[28] only considered the time-varying dynamic channel
characteristics induced by the moving transmit and receive
vehicles; the scatterers around the transceiver vehicles were
assumed to be stationary. By investigating the correlation
and spectral properties of the V2V channel, the authors
in [29] demonstrated that the presence of moving scatterers
can increase the temporal correlation of the channel impulse
response and hence result in the non-stationarity of the
channel. The authors in [30] studied the impact of moving
vehicles around the MT and MR on the underlying propa-
gation characteristics in a narrowband V2V channel. In [31],
the authors proposed a non-stationary IMT-Advanced MIMO
channel model for high-mobility communication channels,
where both the mobile station (MS) and the clusters are in
motion.

In general, the aforementioned models used for character-
izing V2V channels consider mobile terminals in motion with
constant speeds and directions. It is worth mentioning that
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under real-world conditions, mobile transceivers can experi-
ence variations in speeds and directions in different scenarios,
which leads to the non-stationarity of channel statistics. The
aforementioned models are, therefore, unable to describe sce-
narios where vehicles experience velocity variations, which,
in principle, leads to an inaccurate description of realistic
V2X channels. Thus far, only a few studies have investigated
the impact of the velocity variations of mobile transceivers.
Rauf in [32] proposed a two-dimensional (2D) Rayleigh fading
model, in which the transmitter remained stationary and the
receiver moved in a constant direction with time-varying
speed. Li et al. [33] proposed a novel non-stationary model
for single-antenna vehicular channels, which considered the
velocity variations of both terminals and moving scatterers
in different segments. In [34], the authors incorporated the
impact of the velocity variations of the MS in a non-stationary
multipath channel model; however, they used a narrowband
model that only considered the motion of the MS. Subse-
quently, the authors in [35] extended the model in [34] to a 3D
non-stationary wideband MIMO channel model. Nevertheless,
in [35], the impact of the motion of the transmitter on channel
statistic properties was not studied. The authors in [36] pre-
sented a non-stationary channel model based on the two-ring
model for M2M scenarios, in which both the variations in
the velocity and the trajectory of the transmitter/receiver were
considered. However, in [36], the model was dedicated to
narrowband single-antenna systems and the impact of moving
clusters on channel statistic properties was not investigated.
By considering the moving scatterers and velocity variations
of the terminals, a closed-form expression of the temporal
correlation property of a non-stationary V2V channel model
was derived and analyzed in [37]. Overall, the aforementioned
channel models mainly adopt over-simplified mobility trajec-
tories to describe the motion of the terminals and the cluster
mobility model is not well considered, which will, in principle,
lead to inaccurate analysis of channel statistical properties.
Therefore, these channel models cannot efficiently describe
the non-stationarity in realistic V2X communication scenarios,
especially for complicated conditions such as S-shaped paths,
crossroads, and time-varying traffic.

B. Motivations

The aforementioned channel models are mainly designed for
specific rather than general scenarios, which will, in principle,
lead to their relatively low accuracy in describing realistic
V2X communication channels. In general, V2X channels can
exhibit different properties in different scenarios, and the
non-stationary properties have not been sufficiently investi-
gated in the existing channel models because of the use of
over-simplified mobility models. This motivates us to study
the non-stationarity of the V2X channels in greater depth and
propose more general channel models to effectively describe
realistic V2X communication scenarios.

C. Main Contributions

In this paper, we propose a general wideband non-stationary
MIMO channel model for V2X communications. The main
contributions of this study are summarized below:
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Fig. 1. Illustration of the system parameters of the proposed multi-mobility
V2X channel model.

e We propose a novel general non-stationary wideband
MIMO GBSM with time-varying model parameters for
future intelligent V2X communications in the presence of
randomly moving clusters. The proposed GBSM is help-
ful in describing different V2X communication scenarios
by appropriately adjusting the model parameters.

o Unlike conventional V2X channel models, the proposed
novel GBSM considers a time-varying acceleration model
to describe the velocity and trajectory variations of the
mobile terminals. This means that the terminals can move
with not only time-varying speeds and trajectories but
also with time-varying speed and angular accelerations,
thus making the proposed model a more general and
realistic description of the movements of the MT and MR,
especially for complicated scenarios such as S-shaped
paths, crossroads, and time-varying traffic. Moreover,
the proposed model can be adapted for different scenar-
ios requiring V2X communications, such as M2M with
constant moving, F2M, F2F, etc.

o Considering the non-stationarity caused by the moving
clusters, we adopt a random walk process to describe the
movements of the clusters. This introduces an additional
dimension of randomness to the V2X channel, which has
a significant impact on channel non-stationarity. Under
this condition, we find that the Doppler phase shift
follows a Gaussian random process.

The remainder of this paper is organized as follows.
Section II presents the system model, where a novel
non-stationary V2X channel model with randomly moving
clusters, which follow random walk processes, is proposed.
In Section III, the important statistical properties of the
proposed V2X channel model are derived and analyzed. The
simulation results and discussion are presented in Section IV.
Finally, our conclusions are presented in Section V.

II. SYSTEM MODEL

A geometrical description of the proposed non-stationary
multi-mobility V2X channel model is presented in Fig. 1.
In this study, we consider single reflection clusters and neglect
multiple reflections because of their very large reflection
loss [13]. Then, the signals transmitted by the MT experience
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single reflection via the clusters before arriving at the MR;
hence, the departure angles at the MT are related to the
arrival angles at the MR. For multiple reflections, however,
the departure angles are independent of the arrival angles;
thus, the derivations and expressions of the model are also
different. Vehicular channel models that consider multiple
reflection clusters are described in our previous paper [38].
In the proposed model, we assume L clusters surround the
MT and MR, in which we denote the ¢-th (/ = 1,2,...,L)
cluster by s("¢), Different clusters are modeled as resolvable
paths with distinguishable propagation delays. For a single
cluster, the cluster is modeled as a superposition of many
unresolvable rays (subpaths). Here, we only depict the /-th
cluster. Other clusters can be depicted similarly but are omitted
in this paper for brevity. Before proceeding, we specify the
coordinate system and define the model parameters. At the
initial instant, that is ¢ = 0, the location of the MT (the black
dot on the left) is assigned as the origin of the coordinate
system, the line connecting the MT and the MR (the black
dot on the right) is assigned as the x-axis, and the y-axis is
chosen based on the right-hand rule. It is worth mentioning
that ¢ = 0 in [39] refers to a time interval during which the
mobile terminals are stationary. In this study, however, the MT
and MR are always in motion during the time interval of
interest, and ¢ = 0 only indicates a time instant from which we
begin to observe the channel. Note that the coordinate system
remains unchanged even though the MT, MR, and clusters
move in the proposed model.

A. Complex Channel Impulse Response

In the proposed model, both the MT and MR are equipped
with uniform linear arrays (ULAs), which consist of My
and My omnidirectional antennas, respectively. The antenna
inter-element spacings of the MT and MR arrays are denoted
by o and d g, respectively. The orientations of the ULA of the
MT and MR with respect to the positive z-axis are denoted
by Y7 and ¥R, respectively. Therefore, the complex channel
impulse response (CIR) of the proposed MIMO channel model
can be described by a matrix of size Mpr x My, that is,
H(t,7) = [hpg(t,T)|asxrip, Where hpq(t,7) denotes the
complex CIR between the p-th (p = 1,2,..., Mp) trans-
mitting antenna and the ¢-th (¢ = 1,2,..., Mp) receiving
antenna, which can be expressed as [40]

hag(t,7) = 5503 (r = 75(1))
L
+ 3 Xehepg (DO (T — 7(1)), (1)
=1

where y, is the complex gain of path ¢ (cluster s(")).
TLoS(t) = D(t)/c is the time-varying propagation delay of
the line-of-sight (LoS) component, where D(t) designates
the time-varying direct propagation path length between the
centers of the MT and MR arrays, and ¢ = 3.0 x 10% m/s
is the speed of light. 74(¢) denotes the time-varying propa-
gation delay of the /-th non-LoS (NLoS) path, which can be
expressed as 7¢(t) = (Dr,(t) + Drye(t))/c, where Dy (t)
and Dp ¢(t) denote the time-varying propagation path lengths
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from the centers of the MT and MR arrays to cluster s(™¢),
respectively. It should be noted that for the NLoS components,
the delays of different paths are distinct. Moreover, for each
single path, the propagation delay can vary continuously over
time owing to the motion of the MT, MR, and clusters.
Therefore, the complex channel responses of the LoS and
NLoS propagation links, denoted by hpo3(t) and he,pg(t),
respectively, can be expressed as

Q 0. 7
hLos( ) =4/ O 16*] ZED(t) gi2m fo f5°(t")dt

j 2% kg cos (alﬁs(t)fl/}R) ’

)

—6] 00— 3T DT/n(t)JFDR[ﬂ(t)))
\/ Q—l—l \/

X 6] >\ k cos (aT e, W(t) wT)ejowkq cos (O‘R,Z,n(t)wa)

« e] )\ T kp cos (a%ﬁ‘g(t)fwT)

hf,pq

« 327 o fD,zz,n(t/)dt'7 3)
where N, denotes the number of subpaths with unresolv-
able propagation delays for cluster s, Q is the Rice
factor, A denotes the wavelength, k, = %%,
ky = w&g, and Drp g n(t) and Dpggn(t) denote
the time-varying propagation path lengths of the ¢-th NLoS
component from the centers of the MT and MR arrays to the
cluster s("*) via the n-th subpath, respectively. In addition,
ak®S(t) and ok95(t) denote the angle of departure (AoD)
and angle of arrival (AoA) of the LoS component, whereas
aren(t) and apen(t) denote the AoD and AoA of the
waves from the MT and MR to cluster s(™) via the n-
th subpath, respectively, both are time-varying. Moreover,

LoS(¢) and fp .. (t) denote the Doppler frequencies of the
LoS component and that of the n-th ray in cluster s("),
respectively. Note that the time-varying properties of the
Doppler frequencies are caused by the time-varying moving
speeds and directions of the mobile transceivers and clusters.
In this case, the phase shifts caused by the Doppler frequencies
should be calculated by integrating f5°5(¢) and fp ¢, (t) with
respect to time ¢ instead of multiplying f°5(¢) and fp ¢, (t)
by t, as in the conventional models [31], [40], and [41].
It should be noted that for the NLoS components, the wave
traveling distances from the centers of the MT and MR arrays
to different scatterers in the same cluster are approximately
equal. Hence, it is reasonable to use the cluster delay to model
the propagation delay of the subpaths in the same cluster, that
is, 7¢(t) = 7¢,1(t) - - - = 7N, (t). Finally, ¢ is a random phase
angle that follows a uniform distribution in the interval from
—m to 7, i.e., po ~ U[—m, 7).

At the initial time instant ¢ = 0, the propagation delay,
propagation path length, AoD, and AoA of the LoS component
are denoted by 7°5(0), D(0), o5°5(0), and o5(0), respec-
tively. For the NLoS components, they are denoted by 74(0),
Dr,6n(0), Dr.en(0), are,(0), and ap e (0), respectively.
It is worth mentioning that 7°5(0) = D(0)/c, a%°5(0) = 0,
o'95(0) = 7, and 74(0) = (D71(0) + Dr(0))/c at the
initial instant. Then, by exploiting the geometrical relationship
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among the MT, MR, and clusters, we can obtain the propa-
gation path lengths of the waves from the centers of the MT
and MR arrays to cluster s(") via the n-th subpath at the
initial instant, which are denoted by D7 ,,(0) and Dg ¢, (0),
respectively, and expressed as

(em(0))” — D*(0) @
2¢70(0) 4+ 2D(0) cos ar e, (0)’
(e1¢(0))?4 D?(0)+2¢7¢(0)D(0) cos ar ¢, (0)
2¢14(0) + 2D(0) cos g e,n(0) ’
(5)

and the corresponding AoD of the waves impinging on cluster
5(") via the n-th subpath in the representation of the AoA
ar,.n(0) can be expressed in (6), as shown at the bottom of
the next page.

Note that the initial distances D(0), Dt ,(0), and D ¢(0)
as well as the received signal direction ap ¢ ,(0) can be
obtained by practical measurements or generated by some
specific distributions. In the following section, we consider the
non-stationary properties of the proposed V2X channel model
introduced by the moving transceivers and clusters.

DR,E,n(O) =

DTE n(o)

B. Motion of the MT, MR, and Clusters

Regarding the motion of the MT and MR, most of the
existing V2X channel models used over-simplified mobility
trajectories, that is, constant speed and direction or simple
first-order linear functions, which limit the scope of the models
and hence cannot be used to describe complicated scenarios
such as S-shaped paths, crossroads, and time-varying traffic
in realistic V2X communications. To address this limitation,
we define the MT and MR in motion with time-varying accel-
erations, which means that the terminals in the proposed model
can change their velocities and trajectories in a more gen-
eral way, i.e., time-varying speed/angular accelerations, thus
making the model more appropriate for describing realistic
V2X communication scenarios. Nevertheless, by relaxing the
motion model, i.e., setting some parameters as zeros, the pro-
posed model can cover all the scenarios that the existing V2X
channel models are available. To reduce the computational
complexity of the model, we adopt linear functions to model
the time-varying accelerations of the MT and MR. Specifically,
the time-varying speed accelerations of the MT in the x and
y directions can be expressed as v, (t) = v$ . (0) + v§,t
and vy, (1) = vg,(0) + 0F t respectively, where v, (0)
and v y( ) denote the 1n1t1al speed acceleratlons of the MT
in these two directions, and vT . and v y are the gradients
of v . (t) and v} (2), respectively. Then, the moving speeds
of the MT in these two directions, denoted by vr ,(¢) and
vr,y (), respectively, can be expressed as

t
ora(t) = vr(0) + / ol (), ™
0

t
o1y () = vy (0) + / ol (), ®)
0

where vr,(0) and vr,(0) are the initial speeds of the MT
in the = and y directions, respectively. Similarly, at the
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MR, the moving speeds are denoted by vg ,(t) and vg ,(t),
respectively, and are expressed as

t
URJ(t) = UR’I(O) +/ (U%’I(O) + U%%zt/)dt/, )
0

t
Oy (1) = vy (0) + / (v, (0) + 032, )de,  (10)
0

where vg ,(0) and vg ,(0) are the initial speeds of the MR
in the x and y directions, respectively. Moreover, v%, ,(0) and
v% ,(0) denote the initial accelerations of the MR in the x
and y directions, respectively, and v‘ll%%x and 1)‘}%271} represent the
gradients of the accelerations v%, . (t) and v , (), respectively.
According to Newton’s second law of motion, the time-varying
nature of the accelerations indicates that the force applied
on the terminals has time-varying properties. Furthermore,
the gradient v*? implies that the force applied to the terminals
increases or decreases over time, which generally accounts
for the variation of the accelerations. As the values of the
parameters in (7)-(10) can be arbitrarily chosen, the proposed
multi-mobility model can describe different moving scenarios
of the V2X channel, that is, M2M with constant velocity

ot : : 2 _ a2 _ a2 _ a2 _
variations by'lmposmg i = v%y = U?%,x_ = Vg, =0
and M2M with constant velocities by imposing v5 . (t) =
v, (t) = vk, (1) vg,(t) = 0, etc. Other moving

scenarios of the proposed V2X channel model can be obtained
by imposing appropriate values for the motion parameters.
A detailed discussion is presented in Section IV.

Therefore, based on the mobility model presented in (7) and
(8), the updated motion of the MT in the = and y directions
at time ¢ can be, respectively, expressed as

t t  pt!
ri(t) = /O vr . (t)dt =vr . (0)t+ /0 /0 v, (t")dt" dt’,
(11)

t t ot
P = / oy (#)dt’ = (0)1+ / / ol (¢)dt"d,

0 0o Jo

(12)

where 7%.(t) and r¥%(t) denote the moving displacements of the
MT in the = and y directions, respectively. Then, the time-
varying location of the MT can be denoted by the vector
rr(t) = [r5(t),r%(t)]", where the superscript [-]7 is the
transpose operator. Similarly, based on the mobility model
presented in (9) and (10), the moving displacements of the
MR in the  and y directions, denoted by r%(t) and r%(t),
respectively, can be expressed as

t t et
(0= [ ona@)t om0t [ [ earar,
(13)

t t et
r%(t):/o UR7y(t/)dt/:UR7y(O)t+/0/0 v, (t")dt"dt'.
(14)
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As demonstrated in [42], the movements of the clusters can
also result in non-stationarity of the V2X channels. It should
be noted that when modeling the motion of the clusters, most
of the existing literature applied an over-simplified mobility
model, that is, a model with a constant velocity and direction
[36], [40], and [43]. However, the motion of the clusters is
generally complicated and difficult to determine in practice.
For example, let us consider a UAV hovering at a low altitude
as a cluster in the proposed V2X communication scenario.
The cluster can experience random perturbation owing to the
effects of the environment, such as wind. Consequently, it is
generally difficult to define and acquire the actual moving
speeds and directions of the clusters. Thus, the existing models
will, in principle, lead to inaccurate description of the channel
statistical properties. A few studies have introduced random
mobility models in non-stationary channel modeling [44], [45].
In contrast, random walk, is considered an effective model
for characterizing the random position of the mobile objects
induced by unpredictable factors and can achieve a reasonable
tradeoff between accuracy and analytical tractability [46].
Under these considerations, we model the motion of the
clusters by random walk and the time-varying positions of
the clusters by random variables to investigate the impact
of the randomness of cluster motion on channel statistic
properties. It should be noted that when modeling the motion
of the clusters, the scatterers in the same cluster are generally
assumed to have the same kinematic properties, which means
that the scatterers in the same cluster can be regarded as a unit
when they are in motion. The movements of the clusters in the
proposed multi-mobility V2X channel model are decomposed
into two independent random walks with the same kinematic
properties along the z-axis and y-axis. Let Ax,(t) and Ayy(t)
be the moving displacements of the cluster s(™¢) in the z
and y directions after a time interval ¢, respectively. Then,
the displacements Az (t) and Aye(t) can be modeled as two
zero-mean Gaussian random processes with the same variance,
and the corresponding probability density function (PDF) of
the moving displacements for the cluster s(") is given by

£i6,8) = —mme™ /210

—_— 15
2mo(t) ’ ()

for i € {Azy, Ay}, where 0Rs, (1) = UQAW (t) = wiet
denotes the time-varying variance of the displacements Ax(t)
and Ayy(t), and w, is a constant value. Figure 2 presents
four possible trajectory variations of cluster s(™¢) following a
random walk process.

C. Updated Model Parameters

As shown in Fig. 1, after a time interval ¢, the MT and MR
move from the locations of the black dots to the locations of
the red dots. Generally, the clusters in the channel can exist
over a certain time period, which means that the number of

aren(0) = arccos{

2¢14(0)D(0) + D?(0) cos ag,e,(0) + (cng(O))2 cosar,¢,n(0) }
(e70(0))? + 2¢74(0)D(0) cos ap . (0) + D2(0)

(6)
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—0O— Trajectory 1
—D— Trajectory 2
— A— Trajectory 3 5
|| — »— Trajectory 4

Moving dispacement, Ay, (t)

Moving dispacement, Ax,(t)

Fig. 2. TIllustration of the possible trajectories of the random walking clusters.

clusters does not change frequently and can be regarded as
constant during this period. Therefore, only the time-varying
parameters are updated as follows. To acquire the time-varying
model parameters, we introduce the vector representation in
Cartesian coordinates. The real-time direct distance vector
from the center of the MT array to that of the MR array can
be expressed as

D(0) = r7(t) + ()
rr(t) = ()

In this way, the time-varying propagation delay of the LoS
propagation link can be derived as 7-°5(t) = ||d(t)||/c, where
|| - || denotes the ¢5-norm of vector.

It is worth mentioning that the motion of the clusters follows
a random walk process and the moving displacement of the
clusters can be decomposed into two independent zero-mean
Gaussian random processes with the same time-varying vari-
ance. Moreover, the time interval of interest is generally a
short duration and the displacements of the clusters are short
with respect to the propagation path lengths. As a result,
the perturbations of the propagation path lengths and angular
parameters induced by the random movements of the clusters
can be neglected, which means that the location variations of
the clusters are negligiable as compared to those of the MT and
MR. Therefore, the real-time distance vector from the center
of the MT array to cluster (™) via the n-th subpath can be
expressed as

d(t) = (16)

Dr1.4.1(0) cosar,en(0) — (1)
D0, (0) sinar ., (0) — r4(t)

Then, the averaged real-time propagation path length from the
center of the MT array to cluster s(") can be calculated by

Z HdT€ n

Similarly, the real-time distance vector from the center of
the MR array to cluster s("¢) via the n-th subpath can be
expressed as

dren(t) = [ ] V)

Dr(t (18)

Dprn(0)cosar,en(0) —r5(t)
Dpyn(0)sinag,n(0) — % (t)

dmm%{ (19)
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Meanwhile, the corresponding averaged real-time propagation
path length from the center of the MR array to cluster s()
can be calculated by

Dro(t

N Z HdRén

Furthermore, the time-varying AoD and AoA for the LoS
link can be derived as

(20)

oS (1)
= arcsin r%(t) — r%(t)
V(D) = r5:(0) + r3(0)” + (r4(t) — (1))
20
alﬁ)s (t)L S LoS
oSy — 7, if akS(t) > 0
) { o#S(t) + 7, if al¥S(t) < 0 @y

Finally, the time-varying AoD a7, (t) and AoA ag ¢ (t)
can be expressed as (23) and (24), as shown at the bottom of
the next page.

D. Doppler Frequency Analysis

Owing to the velocity variations of the MT and MR as well
as the random motion of the clusters, the Doppler frequen-
cies fE°5(t) and fp ¢ (t) can vary over time. Consequently,
the Doppler phase shifts, that is, ¢'¥5(¢) and ¢ p ¢, (t), should
be carefully calculated instead of simply multiplying the
Doppler frequencies by time.

For the LoS component, the time-varying nature of fx°5(t)
is caused by the motion of MT and MR, and not by the
motion of clusters. Therefore, f5°5(¢) can be expressed as
(25), as shown at the bottom of the next page. Then, by sub-
stituting (21) and (22) into (25), we can further derive the
Doppler phase shift of the LoS component by ¢%5(¢) =
2m [7 FS(¢)dt.

For the NLoS components, the Doppler frequency fp ¢, (%)
is related to the velocity variations of the MT and MR as well
as the random motion of the clusters. Furthermore, deriving
the instantaneous moving speeds of the clusters is challenging.
As a result, the expansion form of fp,,(t) is complicated,
and the integration process to obtain the Doppler phase shift
©p,en(t) has high computational complexity. To address this
issue, the time interval [0,¢) is divided into I' slots with the
same slot duration, that is, I' = t/At. During each slot,
the time-varying Doppler frequency can be approximated by
a constant value as the slot duration At is sufficiently small.
To some extent, the channel stationary time intervals can be
used as a metric of slot duration. For example, the channel sta-
tionary intervals are approximately 39 ms at a speed of 30 m/s
and 292 ms at a speed 5 m/s [41]. Then, the slot durations
can be set as 10 ms and 70 ms, respectively, which are a
quarter of the stationary intervals. In this case, the integrated
phase ¢p ¢ (t) during the interval from ¢’ = 0 to ¢t can be
approximated as

@m"—%/mm>w~%ZmMmMA

m=1

(26)
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where fp ¢ (mAt) = ff, (mAt) + f, (mAt) denotes
the Doppler frequency during the m-th (m = 1,2,...,T)
slot, which is approximated by the value at the instant .
Moreover, fg’ ¢.n(mAL) and fg} ¢.n(mAt) denote the Doppler
frequencies observed at the cluster and MR during the m-th
slot, respectively. As shown in (15), the moving displacements
of cluster (") in the 2 and y directions during the time
interval from the instant of (m — 1)At to the instant of mA¢
are denoted by Az, (At) and Ayyg, ., (At), respectively, and
both of them are zero-mean Gaussian random variables with
variance wyAt. It is assumed that the slot duration At is
sufficiently small, and hence the time-varying moving velocity
of the cluster in the m-th slot can be approximated by the
average moving speeds in the = and y directions, and they
can be calculated by A”K’t(m) and Ay"g’t(m), respectively.
Therefore, the Doppler frequency observed at the cluster
during the m-th slot can be expressed as

1
fg’&n(mAt) =5 [cos a7 ¢.n(mAL), sin aT,g,n(mAtﬂ
_ Azy i (At)
% ’UT,x (mAﬁ) AyléLt(At) (27)
UT7y(mAt) — T

where vr ,(mAt) and vy, (mAt) denote the moving speeds
of the MT in the x and y directions at the instant T,
respectively, which can be derived from (7) and (8), and
ar,en(mAt) denotes the AoD at the instant ¢, which can
be derived from (23).

Similarly, the Doppler frequency observed at the MR during
the m-th slot can be expressed as

1
fg%n(mAt) =5 [cos aR.en(MAL), sin aR}g,n(mAt)}

Azp (A
X UR,a(MAE) = K'At( . (28)
Ay()m,(At)
vR,y (MAL) — Al

where v ,(mAt) and vg ,(mAt) denote the moving speeds
of the MR in the z and y directions at the instant Ft,
respectively, which can be derived from (9) and (10), and
ag,e,n(mAt) denotes the AoA at the instant ¢, which can
be derived from (24).

By substituting (27) and (28) into (26), the Doppler phase
shift ¢p ¢ (t) caused by motion of the MT, MR, and cluster
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Fig. 3.  Time-varying properties of ¢ p ¢ ,(t), (a) normalized mean value
Hop g (1), (b) normalized variance USQOD,k,n (t).

5(™) can be approximated by

r
Ypen(t) = TW zz: {va mAt) cos ar g, (mAL)

+oR o (MAL) cos ar ¢ n(MmAL)
+ v,y (MAE) sin ap o, (MAL)

r
2
- mzz:l |:A£L’g’m (At)(cos ar,gn(mAL)
+ cos R ¢, (MAL))
+Ayr m(AL) ( sin ar g, (MAL)

-+ sin aij,(mAt))] (29)

Because of the random properties of the displacements
Axem(At) and Aye ,,(At), the second summation term in
(29) is a random process, while the first summation term
in (29) is a deterministic process. It has been assumed
that the displacements Axy , (At) and Ayp ,(At) are two
independent zero-mean Gaussian random variables with the
same variances wpAt. In addition, the displacements of the
clusters in different slots are also independent of each other.
Therefore, the second summation term in (29) can be modeled
as the sum of 2I' independent Gaussian random variables.
Consequently, the Doppler phase shift ¢p ¢, (t) is also a
Gaussian random process. As the slot duration is sufficiently
small, the time-varying mean value of the phase ¢p ¢, (t),

Dr1.4.,(0) cosar e n(0) — (1)

ar,¢.n(t)=arccos

AR, (t)=arccos

1
5 (t)== [cos a5 (1),

) (23)
\/(DT’z’n(O) cosar n(0) — 7’%@))2 + (DT,g,n(O) sin g g, (0) — r%(t))2
Dp.en(0)cosar,en(0) —rE(t) . (24)
V (Drt.n(0) 08 @, (0) = r,(8))” + (D, (0) sin g e (0) — 74(1))°
sin S (t)] [Zizgﬂ + % [cos a5 (t), sin a5 (t)] {Z;;Eg]
(25)

>/I>—* >/

(’UT 2(t) cos 55 (1) + vr,y(t) sin a%’s( ) + vR (L) cos a%’s( ) + vR,y(t) sin a%’s (t))
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denoted by 11y, , . (t) = E{¢D.¢n(t)}, can be expressed as

MwD,z,n (t)
_ o (1

- [vnx (t") cosaron(t') + vrL(t') cosaren(t’)
0

’

+vry () sinaren(t') + vr .y () sinage,(t')|dt,
(30)

and the corresponding variance, denoted by aiD‘ L () =
Var{gopyg,n(t)}, can be expressed as

82wy
2 _
U@D,z,n( ) - 22

¢
(t+/ (cosar,en(t') cosap,eqn(t)
0

+ sinar,,(t') sin aij(t'))dt’). (31)

Therefore, the PDF of the time-varying random phase
©p.en(t), caused by the movements of the MT, MR, and the
clusters, can be expressed as

1
. (32)

exp{ - (@D’Kz’;;“w’/'(f w)

YD,t,n
Figure 3(a) shows the time-varying property of the normalized
mean value fi,,, , . () in (30) and Fig. 3(b) shows that of the
normalized variance oiD)M (t) in (31). They show that the
mean value and variance of the Gaussian distributed Doppler
phase shift ¢p ., (t) can vary rapidly over moving time ¢,
owing to the velocity variations of the MT and MR as well as
the random motion of the clusters. Note that the approximated
closed-form expressions of i, ,  (t) and 0, e, (1) are given
in Appendix A.

fopen (@Dent)=
o 2mo2 (t)

YD,t,n

III. STATISTICAL PROPERTIES OF THE
PROPOSED CHANNEL MODEL

In this section, we describe the channel character-
istics of the proposed channel model, including the
local spatial-temporal (ST) cross-correlation function (CCF),
the temporal auto-correlation function (ACF), the frequency
correlation function (FCF), and the power delay profile (PDP).

A. Time-Varying Local ST CCF

As shown in [26], [47], the local correlation properties
of a MIMO V2V channel are completely determined by the
correlation properties between hy ,q(t) and hg (6 + 7') in
each tap. Furthermore, it is generally assumed that there is no
correlation between different links; meanwhile, the local ST
correlation properties of the non-stationary MIMO channel are
jointly dependent on time ¢ and the relative antenna element
spacing at the MT and MR arrays. Therefore, the normalized
local ST CCF between hy ,q(t) and hg g (t + 7') can be
defined as [41]

P(p.a). (o sa).0(t Ap, Ag, ')
_ E [hg’pq (t)th,q, (t + 7_/)}
VEIe a0 P]E [ g (¢ 4 7))

; (33)
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where 7/ denotes the time difference, E[-] is the statistical
average, the superscript [-]* is the complex conjugation oper-
ator, and Ap = |p’ — p|dr/\ and Aq = |¢' — q|dr/) denote
the normalized antenna spacings of the MT and MR arrays,
respectively, where p, p/, ¢, and ¢’ are the antenna indexes.
In addition, hype(t) and hy e (t + 7') denote the complex
channel coefficients of the (p — ¢)-th and (p’ — ¢)-th
transmit-receive antenna pair, respectively.

It is worth mentioning that the LoS component hL%%(¢) and
NLoS components hy p, (%) of the proposed model are assumed
to be independent of each other; hence, there is no correlation
between h05(t) and hy g (t) [13]. Then, by substituting (1)
into (33), we get the local ST CCF as

Pp.a). (o a). (L Ap, Ag, ')

= p%;?Q),(p’,q’)(ta Ap, Ag, 7'/)

+ p?gjz%}(p’,q’)’é(ta Apa Aqa T/)a (34)
where p(Lz()),Sq),(p’,Q’)(t’ Ap, Ag,7') and pI(\IpL,?zi(p’,q’),f(t’ Ap, Ag,

7') are the local ST CCFs of the LoS and NLoS components,
respectively, and are expressed as
p%;)?q),(p/,q/) (tv Ap? AQ7 Tl)

_ % (pe+r)-Do)

61 % (Jop cos(alS (6) =)~y cos(al (t+7")— 1))
Xejo“ (kq cos(alﬁs(t)wa)fqu cos(a'j%’s(tJr‘r')fd)R))

w el (@LD“S(t)ﬂPLD“S(tJrT/)) , (35)

pl(\lpL,gi(p’,q’),f(t’ Ap, Ag, T/)

1 &
-~ SY'E
3
=1
32 (Droon (t47) = D0, ()+D o (t47) =D, (1) )

xXe

27

s o3 5 (R cO5(@,,n () =)~y cOS(arr, e, (447" 7))

s o 5 (ka cos(@r.e.n () =) ~kys cOs(@r.e.n (t+7) =)

xej(wn,z,n(t)—wn,z,n(t-i-T/)) } (36)

By setting the time difference 7" = 0 in (35), we can obtain
the following spatial CCF for the LoS component:
p%;)?q),(p/,q/) (tv Ap? Aq)

_ ej27rApcos (a%ﬁ‘s(t)fwT) 6j271'Aq cos (a'ﬁs(t)wa) . (37

For the NLoS components, the corresponding spatial CCF can
be derived by imposing 7/ = 0 in (36), which yields

P(p.a).(p'a).e(t AP, Ag)
_ /71' ejQwApCOS (OLTyg(t)f’L/}T)

—T

% ej27rAq cos (aR,z(t)*wR)f( (38)

aR)dag,
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where f(apg,) denotes the PDF of the received signal direc-
tion apr of cluster s n general, the AoA and AoD
of the waves are dependent on each other in the proposed
single-bounced channel model, and this relationship can be
seen in (6). It is worth mentioning that in the cluster-based
model, one cluster corresponds to one path; hence, the values
of the signal directions are limited to a certain range. Here,
we adopt the truncated Gaussian PDF to characterize the
angular distribution. In this case, the PDF for the waves with
the direction of o, whereby « varies in the interval from ay,,,
to vy, that is, a € ey, Quyp), can be expressed as

o(25)
q)(aup uo) _ @(O(Iow_“d) ’

Oo O

f(a, Has Oay Alow, Oéup) = (39)

where i, and o, denote the mean value and angle spread
of the signal direction «, respectively, and oy, and oy,
denote the lower and upper bounds of the truncated Gaussian
distributed signal direction «, respectively. Moreover, ¢(¢) is
the PDF of the standard normally distributed random variable
€, which can be expressed as ¢(e) = —exp{ } whereas

€)= [ o(e)de = (1 + erf(=S denotes the cumu-
lative distribution functlon (CDF) )r[the standard normally
distributed random variable €, and erf(-) is the Gaussian error
function.

Furthermore, by imposing Ap = 0 in (38), which means
that the two links share the same transmit antenna, we can
further obtain the spatial CCF observed at the MR as

P(p.a). (o a).(t Q)

up

YRe
= e
alow
Rt

where f(ap/) denotes the marginal PDF of AoA for
the cluster s(™), which is defined by (39) and can be
obtained by replacing the parameters (c, fiq; Ta, Qiow, Qup)
with (agr g,/j,aR[,O'aR[,OthZ,OtR ) for the initial AoA dis-
tribution. Similarly, by setting Ag = 0 in (38), which means
that the two links share the same receive antenna, the spatial
CCF observed at the MT can be obtained.

j2mAq cos (O(R,é(t)_wR) f(aR7€)daR7€7 (40)

B. Time-Varying Temporal ACF

The temporal ACF of the proposed channel model can be
obtained from the local ST CCF pp ¢),(p,q').,¢(t, Ap, Aq, ')
in (33) by setting Ap = 0 and Aq = 0, that is, p = p’ and
q = q¢', which can be expressed as [41]

pe(t, ) = ptS(t, ) 4+ PRt ),
NLOS(

(41)

where pt°S(t,7') and p t,7') denote the temporal ACF
of the LoS and NLoS components, respectively, which are
expressed as

ps(t,7")
_ 1% (Put)-D0) i (P8 -0 r))
p%“s(t T’)

ZE{ej(sODin(t) @D, en(t+T’ ))

n=1

(42)

Ny
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% ejoW (DT,z,n(tJrT')*DT,z,n(t)JrDR,z,n(tJrT/)*DR,z,n(t)) }
43)

It can be seen from (41)-(43) that the temporal ACF py(t, 7’) of
the proposed channel model depends on time ¢, which means
the channel is non-stationary. Thus, the WSS assumption that
the temporal ACF only depends on the time difference 7/ is
no longer valid. Therefore, the proposed multi-mobility V2X
channel model can characterize the non-stationary properties
of mobile channels in B5G and 6G V2X communication
environments.

C. Time-Varying FCF and PDP

The time-varying transfer function of the proposed channel
model is defined as the Fourier transform of the complex CIR
hpq(t, T) with respect to the propagation delay 7, which can
be expressed as [48]

Hpq(t7f) _ hlx;ZS(t)e—jQTrfTLos(t)
L
+ > xe(t)hepg(t)e
=1
Based on (44), the normalized FCF of the proposed channel
model is defined as [13]
E[Hyq(t f)Hp, (1, [ + AS)]
VE[Hyg(t, NZIE[| Hy(t, f + AF)2]

where A f denotes frequency separation. With the uncorrelated
scattering (US) assumption [47], the substitution of (2), (3),
and (44) into (45) can result in the following FCF:

—2m fre(t) (44)

PH,, (t Af)= CS)

Q . Los
PH,, (t,Af) = Q__HegzwAfr (t)

L
Z X?ej%ﬁfw(t) . (46)

4+
Q+1 —

Then, by applying the inverse Fourier transform to the FCF
pH,, (t, Af) with respect to frequency separation A f, we can
further derive the PDP of the proposed channel model as [26]

T) = Lé(T - TLOS(t))

t
S, (b7) = G731

Q+1ZX’ (1 —7e(t)). (47)

From (46) and (47), we observe that the FCF and PDP of
the proposed channel model are dependent on time ¢, which
conforms to the non-stationarity of the proposed model, and
they can be determined by four parameters, that is, the Rice
factor €2, cluster number L, path gains xy, and delays 7.
Alternatively, by setting the LoS component hL9%(t) in (1) as
zero and ignoring the corresponding derivations and analysis
for the LoS component, that is, CIR in (2), distance and angles
in (16), (21), and (22), Doppler frequency in (25), and channel
statistical properties in (35), (37), (42), (44), (46), and (47),
the proposed model can be used to model the scenario with
the LoS path obstructed.
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IV. RESULTS AND DISCUSSIONS

In this section, we investigate the impact of the velocity
variations of the mobile terminals as well as the random walk
of the clusters on the channel statistical properties of the
proposed non-stationary multi-mobility V2X channel model.

A. Simulation Setup

The proposed V2X channel model is operated at a carrier
frequency of f. = 5.9 GHz. The parameters used in the
simulations are listed here or specified otherwise: Mp =
MR = 4, 6T = 53 == )\/2, Q/JT == 71'/4, ’L/)R == 7T/3,
D(0) =120 m, D74(0) = Dg¢(0) = 120 m, uam = 2.095
rad, o4, , = 0.524 rad, o/”” = 1.571 rad, and aRe = 2.619
rad. For the random walk of the clusters, we assume that
wye = 0.01. For the velocity variations of the mobile terminals,
the motion parameters of the MT and MR are specified under
specific V2X communication scenarios. By setting different
values to the motion parameters of the MT and MR, we can
describe different V2X communication scenarios based on the
proposed V2X channel model.

Case I: Velocity variations with time-varying accelerations
The MT and MR both move with time-varying accelerations;
hence, the mobile terminals can experience accelerations and
decelerations, which makes the model more applicable to
general and realistic V2X scenarios.

Case II: Velocity variations with constant accelerations The
terminals experience velocity variations only in one direction,
which means the speeds of the MT and MR either increase or
decrease during the time period of interest [36]. This can be
obtained by setting the accelerations as time-invariant, that is,
0 (8) = Vg v (1) = v and (1) = 0 (1) =
VT -

Moreover, if the values of the accelerations v% o v%y, 1)?%7 .
and v, , are appropriately selected, Case II can also model the
scenario of time-varying speeds but with constant directions.

Case III: M2M with constant velocities The MT and MR
do not experience velocity variations but move at particular
speeds and directions. This can be derived by setting the
accelerations of the MT and MR as zeros, that is, v$. . (t) =
v, (t) =0 and v} (t) = vg ,(t) = 0. /

Case IV: F2M or mobile to fixed (M2F) The MT is
stationary but MR moves at a constant speed and direction,
or vice versa, that is, fixed base station to mobile vehicles
or mobile vehicles to roadside infrastructures [5]. This can be
derived by setting the velocity of MT (MR) to zero and that of
MR (MT) as a constant value, that is, vy ,(t) = v (t) =0
and vg 4 (t) = VR4, VR, (t) = vR,y for F2M, while vy ,(t) =
VP2, T,y (t) = vy and Vg () = VR4 (t) = 0 for M2F.

Case V: F2F The MT and MR are both stationary. In this
scenario, the MT and MR can be viewed as two parked or
slowly moving vehicles [4]. This can be derived by setting the
velocities of MT and MR as zero, that is, vp ; () = vr,(t) =
0 and ’URx(t) = Uphy(t) =0.

B. Performance Analysis

Figure 4(a) shows the spatial CCFs of the proposed channel
model for different time instants. It can be seen that as the
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Fig. 4. Spatial CCFs of the proposed channel model. (a) Case I, vr (0) =
5m/s, vr,y(0) = =5 m/s, vg (0) = =3 m/s?, vg,(0) = =2 m/s?,
vi2, =2 m/s%, vi? = =2 m/s> for MT, and URI(O) = 10 m/s,
vRy(O) =10 m/s, v} ,(0) =4 m/s2, Ly (0) = —4 m/s?, v}‘f =
2 m/s3, UR y =2 m/s3 for MR. (b) For Caqu the same as (a); for Case II:
vr(0) =5 m/s vry(0) = =5 m/s, v} (0) = =3 m/s?, v, (0) =
—3m/s® for MT, and vp ;(0) = 10 m/s, vgr,y(0) = 5 m/s, v} . (0) =
4 m/s?, vy (0) = —4 m/s* for MR; for Case IIl: vr,;(0) = 5 m/s,
vr,y(0) = 5m/s for MT, and vg ., (0) = —8 m/s, vgr,,(0) = 8 m/s for
MR; for Case IV: fixed MT, and vg . (t) = 10 m/s, vg,,(t) = 5 m/s for
MR; for Case V: fixed MT and MR.

normalized antenna element spacing dz/\ gradually increases,
the absolute values of the spatial CCF show a decreasing trend,
which conforms with the results in [49]. Furthermore, the fluc-
tuations of the spatial CCFs gradually become slower as time
increases. In Fig. 4(b), we note that the spatial CCFs exhibit
different non-stationarity under different moving scenarios.
Figure 5(a) shows the absolute values of the normalized
FCF of the proposed multi-mobility V2X channel model at
different times ¢. We can observe that the absolute values of
the normalized FCF gradually decrease and then experience
fluctuations when the frequency separation Af increases,
which is in agreement with the results in [13]. We can also see
that as the moving time ¢ increases, the normalized FCFs
vary more rapidly. These results can be interpreted by the
fact that, as the moving time t increases, the total propa-
gation path lengths increase under the investigated moving
conditions; hence, a small change in frequency separation
Af can result in large values of Af7y(t), which makes the
FCFs vary rapidly. Furthermore, under the investigated moving
scenarios, Fig. 5(a) indicates that the coherence bandwidth
of the proposed channel model is approximately 3 MHz
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Fig. 5. FCFs of the proposed channel model. (a) Case I: v ,(0) =5 m/s,
vry(0) = =5 m/s, v§ (0) = v, (0) = 1 m/s?, v‘;?z = v‘;? =
1 m/s3 for the MT; and vp I(O) =5 m/s vRy(0) =5m/s, v}, (O)

vy, (0) =1 m/s?, UR . =V "y =1 m/s3 for the MR. (b) For Case I:
vp(0) =5 m/s vT,y(O) = —5m/s, v} ,(0) = —1 m/s?, v, (0) =
-1 m/s? v§?, =1 m/s°, vaT?y = —1 m/s? for MT, and vg ,(0) =
—5m/s, vp y(O) =5 m/s, vy ,(0) =2 m/s?, v, (0) = =2 m/s?,

a2

vEE, = —1m/s? v, = —1 m/s3 for MR; for Case III: v () =
4 m/s vry(t) = =8 m/s for MT, and vg o (t) = —6 m/s, vR () =
4 m/s for MR.

when t = 0 s and reduces to approximately 1.2 MHz when

= 5 s as the threshold FCF value is set to be 0.5. The
time-varying property of the coherence bandwidth of the
channel also reveals the non-stationarity of the proposed V2X
channel model, thus validating the effectiveness of the model.
In Fig. 5(b), we observe that when the cluster number L
increases, the channel decorrelates faster as the frequency
separation Af increases and the channel shows more rapid
fluctuations. In Fig. 6, we observe that different movements of
the mobile terminals can have different impacts on the channel
frequency correlation properties.

By setting Ap = Aq = 0 in (33), the temporal ACFs of the
proposed channel model for different time differences 7/ are
illustrated in Fig. 7. It should be noted that the temporal ACFs
decrease as the time difference 7’ increases gradually. More-
over, we can see that the temporal correlations of the proposed
channel model decorrelate faster with the time difference 7’
when the time ¢ is larger, which is consistent with the results
in [36]. Therefore, the temporal ACF of the proposed channel
model is also related to the moving time ¢, which implies that
the WSS assumption adopted in conventional stationary V2V
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gains x, under different moving scenarios, L = 4, t = 4 s, for Case I:
vr2(0) =5 m/s vr,y(0) = =5 m/s, v} (0) = —2 m/s2, v, (0) =
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viE, = =2 m/s3 vi2 = —2 m/s? for MR; for Case I vp . (0) =

5m/s, vry(0) = =5 m/s, vg () = =3 m/s?, vg () = =3 m/s?
for MT, and vg 5 (0) = 10 m/s, vr,y(0) = 5 m/s, vy ,(t) = 4 m/s?,
v}, (1) = —4 m/s? for MR; for Case IIl: v, (t) = 6 m/s, vy (t) =
—3 m/s for MT, and vg . (t) = —3 m/s, vg,y(t) = 4 m/s for MR; for
Case IV: fixed MT, and vg (t) = 4 m/s, vgy(t) = 1 m/s for MR; for
Case V: fixed MT and MR.

—&-t=0s
—&-t=15s

Q —w-t=3s

08 % —B-t=5s

Temporal ACF
s o
oo

R
P
V*/V
»;’/foﬂﬁ

x
T ki SRR S

0.025 0.03

0.015 0.02
Time difference, 7’ [s]

0 0.005 0.01

Fig. 7. Temporal ACFs of the proposed channel, where we = 0.01,
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va*Im/s vRy*Im/ssforMR Y

channel models is no longer valid; thus, the non-stationarity of
the proposed multi-mobility channel model is validated [37].

The non-stationarity of the proposed channel model is also
investigated in Figure 8. From Fig. 8(a), we observe that the
temporal correlation decreases faster with time, as the channel
involves more dynamics. It should be noted that the temporal
ACF in Case V, that is, the scenario of F2F, is a constant
value and is independent of the time difference 7’. This phe-
nomenon can be interpreted by the random motion of clusters.
In Fig. 8(b), we notice that an increase in wy can result in a
decrease in temporal correlations. It is worth mentioning that
the results in Figs. 7 and 8 reveal that there is a sharp transition
for the temporal ACF from 7/ = 0 to 7/ # 0. As shown in (43),
we can observe that ¢p ¢, (t) — ¢pen(t + 7') equals zero
when the time difference 7/ = 0, while for 7/ # 0, vp ¢, (t)
and ¢p ¢ n(t + 7') are two independent Gaussian variables.
Therefore, the transition occurs when 7" # 0 because of
the randomness of the independent phases ¢p ¢, (f) and
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Fig. 8. Temporal ACFs of the proposed channel model. (a) For Case I:
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vE2, =2m/s% vi? =2 m/s? for MR; for Case II: vr,;(0) = 8 m/s,
vry(0) = —4 m/s, v} (1) = —4 m/s?, vg () = =5 m/s? for
MT, and vR.(0) = =5 m/s, vr,y(0) = 5 m/s, v} (1) = 4 m/s?,

vy, (1) = —4 m/s? for MR; for Case IIl: vr . (t) = 4 m/s, vr () =
6 m/s for MT, and vg 5 (t) = —5 m/s, vr,y(t) = 5 m/s for MR; for
Case IV: fixed MT, and vg () = —5 m/s, vry(t) = 5 m/s for MR; for
Case V: fixed MT and MR. (b) Parameters for Cases I and III are the same
as Fig. 8(a).
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Fig. 9. Normalized PDP of the proposed V2X channel model in different
communication scenarios.

©p,en(t + 7'), which is the same result that was obtained
for Case V in Fig. 8(a).

By using (47), Fig. 9 illustrates the normalized PDPs of
the proposed V2X channel model in different communication
scenarios, such as V2V on a highway, V2V in urban streets,
and V2I in urban streets, which are typical V2X communica-
tion scenarios [1]. It can be seen that in different scenarios,
the PDPs of the proposed channel model show different
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properties; generally, the PDPs show higher values in the dense
scattering scenario (V2V Urban) as compared to relatively
nondense scattering scenario (V2I Urban) [50]. Moreover,
we compared the PDPs of the proposed channel model for
the scenario with existing and obstructed LoS. It can be seen
that when the LoS path is obstructed, the normalized PDPs
of multipath components are more comparable with respect to
the first path. In contrast, when the LoS path exists, the power
is more centered in the first path, which conforms with the
results in [15].

V. CONCLUSION

This paper has proposed a novel general multi-mobility
MIMO GBSM for future intelligent V2X channels, which
can capture the non-stationarity caused by the velocity and
trajectory variations of the terminals and random motion of
the clusters, making it more applicable to realistic scenarios
than existing models. The proposed modeling solution can
provide a general and accurate description of the physical
propagation characteristics of realistic V2X channels, which
can help researchers to conduct physical and network layer
algorithm validations and system performance analyses via
simulations. The results demonstrate that the Doppler phase
is a Gaussian random process with time-varying mean value
and variance under the assumption of the random walk of
the clusters. Based on the non-isotropic scattering assumption,
important statistical properties of the proposed channel model,
such as spatial CCF, temporal ACF, FCF, and PDP, have been
derived and thoroughly investigated. The results revealed that
the temporal correlation of the channel decreases faster with
time when the channel involves more dynamics. Furthermore,
they can also inform the design of the system level trans-
mission scheme, such as transmission bandwidth and symbol
duration. Finally, the agreement between the simulation and
measurement results validates the effectiveness of the proposed
model. In a future study, the birth and death of clusters will
be considered. Moreover, we aim to conduct measurements
in realistic V2X scenarios to further validate the proposed
non-WSS channel model.

APPENDIX I

Owing to the nonlinear nature of the angles ar ¢, (t) and
ap.en(t), it is impossible to obtain the analytic results of
fop.., (t) and o2 b.¢. (1) by directly substituting (23) and (24)
into (30) and (31). Therefore, we need to represent the sine and
cosine of the time-varying angles as linear polynomials of time
t by a Taylor series expansion. Let us take the time-varying
AoD as an example. The sine and cosine values of ar ¢ (%)
can be expressed as (48) and (49), respectively, as shown at
the bottom of the next page.

Let g(t) = [ (D1 (0) cos ar,0 (0) =r%(1)*+ (D10 0)

_1
sin ar ¢, (0) — r%(t))z} *, based on the results in (11) and
(12), and by extracting the factor 1/ D7 ¢ ,,(0), we can express
g(t) as (50), as shown at the bottom of the next page. Then,

let g(t) m[l + A(t)] * and A(t) = —ki t —

ko t2 — k3 t3 + kg t* + ks t° + kg t0. It should be noted
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that the propagation path length Dy ,,(0) is generally on
the order of 10> m in practice, while the motion parame-
ters 7.2 (0), v1,4(0), v . (0), v, (0), vT > and va, etc., are
much smaller than Drp ¢ ,(0); conseguently, the coefficients
{k4, ks, kg are much smaller than {ki, ko, k3} and hence

can be neglected. Moreover, by taking the observation time
t as a small value, i.e., several seconds, we find that A(t) is

smaller than 1. Therefore, g(¢) in (50) can be approximated
by its first-order Taylor series expansions as

g9(t)
~ (1 0.5A(t)) /D100 (0)

1 . cos ar,e.n(0)vr 4 (0) + sin g ¢, (0)vr,, (0)

~ t
Dr,0.1(0) D7, .,(0)
A
010 011
ooono .
i cos ar,r,n(0)vf ,.(0) + sinar,e,, (0)ve , (0) 2
2D?2 0
00 T,f,n( )
oooo o
cos ag ¢ (0022 + sin ag g, (0)ve2
T, 1( ) T,:g2 T,Z,n( ) Ty t3 (51)
6DT,Z,n(0)
013

Similarly, for the sine and cosine of the time-varying AoA
ap.en(t) in (24), we can obtain the approximation in (52),
shown at the top of the next page, where the coefficients {02,
091, 092, 023} have the same form as {019, 011, 012, 013}
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in (51) only with the subscript 7" of the parameters replaced
by R.

Therefore, based on the results from (11) and (51), we can
approximate (48) as (53), as shown at the top of the next page.
Similarly, we have the following approximations:

sin o . (t)

A Pyg + Port + Post® + Past® + Paut* + Post® + Pagt,
(54)

cosapen(t)

~ Qi+ Quit + Q1at” + Q131 + Quat* + Q15t° + Q16t°,
(55)

sinag ¢n(t)

~ Q20 + Qa1t + Q2at” + Qa3t® + Qaat™ + Qa5t® + Qa6t°,
(56)

By substituting (7)-(10) and (53)-(56) into (30), the closed-
form solution to the time-varying mean value i, , , (f) can
be approximated as

MQOD e,n (t)
[(b1o+b20+d1o+d20)

(br1+ba1+dii+dor )2 += (b1z+522+d12+d22)

,&T»—\ wT»—l >/|w

(bis+bas+diz+das)t* += (b14+b24+d14+d24)

cosar,on(t)=

sinap o (t)=

DT,Z,n(O) Cos g n( ) T (t) , (48)
\/(DT,e,n(O) cos ar,g,n(0) — 1 (t)) (Dre.(0) sinar,¢.n(0) - r%(t))Q

Dr4.,(0) sinar ¢, (0) — 74.() _ (49)
\/(DT,Z,n(O) COS aT,é,n(O) — T (t)) (DT ¢, ”(O) sin o n( ) B r%(t))

g(t)
_#{1 ~ 2cosar,e,n(0)vr,2(0) + 2sin ar,e,n(0)vr,y (0) ;
DT,Z,n(O) DT,Z,n(O)
k1
| (0r 005 0) | nor 00,0 R0 chyl0)
DT,Z,TI(O) DT,Z,TI(O) D%/n(o) D%/n(o)
ka
B (cos aren(0)v§?,  sinare.(0)vg, B vr.(0)vg . (0) B UTW(O)U%y(O)) 3
3Dr,0n(0) 3D1,6,n(0) D7, (0) D7.,.,(0)
ks
_1
N ( (v7.,(0)%  vrL (0§,  (vg,(0)) UT,y(O)U%?y) t4 vg , (0)vi?, +vg (00082, o (v52)” + (v7,)? tﬁ} >
4D%,Z,n(0) 3D%,€,n(0) 4D%,Z,n(0) 3D%,£,n(0) GD%,Z,n(O) 36D%,€,n(0)
kg ks ke

(50)
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2 2 : v 2] 2
[(Dm,n(o) cos @g,n(0) = %(t))" + (Dr,e,n(0) sin g e, (0) = 1%(t)) }
~090 + 0211 + 092t? + 093>, (52)
cos OéT7g7n(t)%(DT7g7n(O) cosar,en(0) — 17 (t)) (010 + 011t + 010t% + 015t%)
=D ¢.,(0) cosar,(0)o10 + (DT%n(O) cosar,en(0)o11 —vr g (0)010) t
Pio Py
1
+ (DT,g,n(O) cos o ¢.n(0)012 — v7,4(0)011 — 51}%@(0)010) 12
P2
1 a 1 a2 3
+ (D1,0n(0) cos ar ¢.n(0)013 — vr,2(0)012 — 3V (0)o11 — gvT,zolo)t
P13
o la laQ 4_1(1 1(12 5_la2 6
(UT’I(O)OB + 2UT,x(O)012 + GUT’xOH) t (2vT7x(0)013 + 6vT’x012) t 6UT’x013 to. (53)
——
Py P15 Pig

1
(bis+bas+dis+das)t®+ - (bis+bag+dig+das )t

ool alm

1
(bir+bar+dir+dar )t + 9 (b18+b28+d18+d28)t9} ;
(57)

where the coefficients {by¢,b11,---,big} are constant para-
meters, which can be expressed as big = Piovr,.(0), b11 =
Privr(0) + Piovg ,(0), biz = Pravr 2 (0) + Pr1vg ,(0) +
Piov§?, /2, biz = Piavr . (0)+Pigv$, . (0)+ Priv§?, /2, by =
Pryvr ,(0) + Pigvg . (0) + P12U%?x/2, bis = Pisvrz(0) +
Piyv$ ,(0) + Pi3v§2, /2, big = Piovr.e(0) + Pisvg (0) +
P, /2, bir = Pigvg,(0) + Pisv? /2, and bis =
Pwv%x /2, respectively. Moreover, other coefficients in (57),
such as {b2o, - ,b2g}, {d10," - ,dig}, and {d20,-- ,dog},
can be derived in a similar way.

By substituting (53)-(56) into (31), we can obtain the
approximated closed-form solution to the time-varying vari-

ance o> (t) of the random phase wp ¢, (t) as

PD.t,n

open ()
872 872 1 9
N g weet + sz,c{(uo + o)t + 5 (ur + o)t

. 1 1
+ = (ug 4 v2)t® + Z(“3 + vg)tt + 5(u4 + vg)t°

1 1
+ = (us + vs)t + = (us + v )t" + glur+ o7 )t®

—_o | =

(=}

1 1 1
+§(U8 + Us)tg + 1—O(Ug + Ug)tlo + ﬁ(um + Ulo)tll
1 )
+ﬁ(u11 + vt + E(um + ’012)t13}, (58)
where  coefficients {uo, w1, ,u12} are  constant
parameters, and they can be expressed as uy = Pi1oQ1o,

up = PoQu1 + P11Q1o0, u2 = P1oQ12 + P11Q11 + P12Q10,
uz =  PoQiz + Pr1Qiz + PirQu + Pi3Qio,
uy = P1oQa + P11Q13 + Pr2Q12 + P13Q11 + P1aQuo, us =
P1oQ15 + P11Q14 + P12Q13 + P13Q12 + P14Q11 + Pi5Q10.

ug = PioQis + P11Qis + Pr2Qua + Pi3Q13 +
P1aQi2 + Pi5Q11 + PiQio, ur = P11Qie + PisQu1,
ug = PpoQie + PisQi2, u9g = Pi3Qie + PisQis,
u = PuQis + PisQua, ui1 = Pi5Qis + PisQ1s,
and w12 = PigQis + PisQ16, respectively. Finally, other
coefficients in (58), that is, {vg,v1,- -+ ,v12}, can be derived
in a similar manner. We omit them here for brevity.
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