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Abstract—In this paper, a novel three-dimensional (3D) irreg-
ular shaped geometry-based stochastic model (IS-GBSM) is pro-
posed for sixth-generation (6G) millimeter wave (mmWave) mas-
sive multiple-input multiple-output (MIMO) vehicle-to-vehicle
(V2V) channels. To investigate the impact of vehicular traffic
density (VTD) on channel statistics, clusters are divided into static
clusters and dynamic clusters, which are further distinguished
into static/dynamic single/twin-clusters to capture the mixed-
bouncing propagation. A new method, which integrates the
visibility region and birth-death process methods, is developed
to model space-time-frequency (S-T-F) non-stationarity of V2V
channels with time-space (T-S) consistency. The continuously
arbitrary vehicular movement trajectory (VMT) and soft cluster
power handover are modeled to further ensure channel T-S
consistency. From the proposed model, key channel statistics are
derived. Simulation results show that S-T-F non-stationarity of
channels with T-S consistency is modeled and the impacts of VTD
and VMT on channel statistics are analyzed. The generality of
the proposed model is validated by comparing simulation results
and measurement/ray-tracing (RT)-based results.

Index Terms—6G vehicle-to-vehicle (V2V) channel model,
space-time-frequency (S-T-F) non-stationarity, time-space (T-S)
consistency, continuously arbitrary trajectory, mixed-bouncing
propagation.

I. INTRODUCTION

ONE key technology of the intelligent transportation
system is the vehicle-to-vehicle (V2V) communication,
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which can facilitate diverse applications. In the upcoming
sixth-generation (6G) era, V2V communication system needs
to meet the demands of significantly low latency, high through-
put, as well as high reliability. Towards this objective, massive
multiple-input multiple-output (MIMO) and millimeter wave
(mmWave) technologies should be employed in the 6G V2V
system. For a proper design and performance evaluation of
6G V2V systems, realistic and easy-to-use 6G V2V channel
models need to be developed [1].

V2V communications are extremely dynamic, where trans-
mitter (Tx), receiver (Rx), and the surrounding vehicles are
moving at high speed. The actual V2V propagation environ-
ment has two unique features, i.e., various vehicular traffic
densities (VTDs) and complex vehicular movement trajecto-
ries (VMTs), and a distinctive scattering environment (SE),
i.e., the existence of mixed-bouncing propagation and ground
reflection (GR), which distinctly effect the channel statistics
according to the measurement and analysis [2]–[6]. First,
V2V channels exhibit different channel statistics in high/low
VTD, which represents the high/low ratio of the number of
mobile vehicles, i.e., dynamic clusters, to the number of static
buildings and trees, i.e., static clusters. Second, VMTs are
diverse and channel statistics are different under different
VMTs. Third, due to rapidly-changing and complicated V2V
communication scenarios, both the single-bouncing and multi-
bouncing, i.e., mixed-bouncing propagation, and the GR com-
ponent exist.

To capture the actual V2V propagation environment, many
V2V geometry-based stochastic models (GBSMs) have been
developed, which can be divided into the regular shaped-
GBSMs (RS-GBSMs) and irregular shaped-GBSMs (IS-
GBSMs). In RS-GBSMs, clusters are placed on regular shapes,
e.g., ellipsoid, cylinder, semi-sphere, etc. [7]. In IS-GBSMs,
the position of clusters follows a certain statistical distribution
[8], [9]. Owing to the excellent trade-off between complexity
and accuracy, the modeling approach of IS-GBSM has been
widely adopted in the standardized channel modeling [10].

In the V2V IS-GBSM [11], the clusters were divided into
static and dynamic clusters and the influence of VTD on
channel statistics was analyzed. Nonetheless, the VMTs of
transceivers were discontinuous, uniform, and rectilinear. To
address this limitation, a V2V IS-GBSM in [12] modeled the
continuously various VMTs by considering the acceleration
vector and integral operation, while the values of transceiver
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velocities were constant. The authors in [13] developed a
MIMO sub-6 GHz vehicular IS-GBSM, which mimicked
the arbitrary VMTs and dynamic clusters via the time-
variant acceleration and the random walk process, respectively.
However, the aforementioned IS-GBSMs in [11]–[13] cannot
model the mixed-bouncing propagation. The IS-GBSMs in
[11] and [12] exploited the method of twin-clusters to model
the multi-bouncing propagation. Nevertheless, the angle of
departure (AoD) via the twin-cluster nearby Tx and the angle
of arrival (AoA) via the twin-cluster nearby Rx were uncorre-
lated, which cannot imitate the single-bouncing propagation.
Conversely, the IS-GBSM in [13] solely captured the single-
bouncing propagation by generating single reflection clusters,
named as single-clusters in this paper. In [14], a general IS-
GBSM was proposed to attempt to imitate the mixed-bouncing
propagation, whereas the GR component was ignored. To
overcome this limitation, the IS-GBSM in [15] considered the
GR component and attempted to develop a mixed-bouncing
based IS-GBSM. However, in the IS-GBSMs [14], [15], the
effect of the ratio of single-bouncing via single-clusters to
multi-bouncing via twin-clusters on channel statistics was
ignored. Note that, the adequate modeling of mixed-bouncing
propagation needs to simultaneously capture the single/multi-
bouncing propagation and analyze the impact of the ratio
between them on channel statistics. The unique features, i.e.,
various VTDs and complex VMTs, of V2V communications
were also neglected in the IS-GBSMs [14], [15]. Therefore, a
V2V channel model, which can capture the actual V2V prop-
agation environment, including VTD, VMT, mixed-bouncing
propagation, and GR component, is still lacking.

In the upcoming 6G, when massive MIMO and mmWave
technologies are applied to highly dynamic V2V scenar-
ios, channels will exhibit space-time-frequency (S-T-F) non-
stationarity. Channel non-stationarity is an essential channel
characteristic and channel non-stationarity in a particular do-
main, such as space/time/frequency, represents that channel
statistical properties vary in this domain [16]. As mentioned
in [3], [6], channels under massive MIMO, high-mobility
communication scenarios, and massive MIMO exhibit space,
time, and frequency non-stationarity, respectively. To model S-
T-F non-stationarity, a V2V IS-GBSM was developed in [17],
which integrated the improved K-Means clustering algorithm
and birth-death process method to model the correlated cluster
based array-time evolution. However, the IS-GBSM in [17]
ignored the capturing of time-space (T-S) consistency, which
is an inherent channel physical feature. Channel consistency
in the space/time domain means that the channel varies
smoothly and consistently as the array/time evolves. When
massive MIMO and mmWave technologies are utilized in
high-mobility communication scenarios, it is exceedingly nec-
essary to capture channel consistency [6]. The emergence of
integrated sensing and communication (ISAC) systems further
results in the necessity of capturing T-S consistency [18].
Unlike [10], [19], this paper makes a more strict distinction
of channel consistency similarly to [18]. Specifically, since
the space domain refers to the antenna array domain with
the advent of MIMO technology, T-S consistency represents
that the channel changes smoothly as time-array evolves.

In [20], a general IS-GBSM was proposed to capture S-
T-F non-stationarity and time consistency by exploiting the
birth-death process and tracking the locations of transceivers
and clusters. In the European COoperation in the field of
Scientific and Technical research (COST) 2100 channel model
[21], a different method, named as the visibility region, was
proposed to mimic channel non-stationarity and consistency.
By modeling the smooth cluster evolution as clusters move
in and out of visibility region, time non-stationarity and
consistency were captured. However, both the IS-GBSMs
in [20], [21] cannot model S-T-F non-stationarity with T-S
consistency. To overcome this drawback, our previous work
in [18] developed a general S-T-F non-stationary IS-GBSM
with T-S consistency. In [18], the visibility region method
was applied to the array-time axis and a frequency-dependent
factor was developed. Nonetheless, the unique features, i.e.,
various VTDs and complex VMTs, and distinctive SE, i.e.,
mixed-bouncing propagation and GR component, of V2V
communications were disregarded, which affect the modeling
of S-T-F non-stationarity with T-S consistency. Currently, a
method that has the capability to integrate the modeling of
S-T-F non-stationarity with T-S consistency and the capturing
of actual V2V propagation environment is still lacking.

To fill the above gaps, a novel 6G V2V massive MIMO
mmWave IS-GBSM is proposed. The proposed IS-GBSM can
be regarded as a 6G channel model by modeling S-T-F non-
stationarity of channels with T-S consistency in consideration
of the impacts of VTD, continuously arbitrary VMTs, and
mixed-bouncing propagation. Based upon the proposed IS-
GBSM, the capturing and investigation of the S-T-F non-
stationarity and T-S consistency can provide valuable sug-
gestion for designing the 6G V2V system. Additionally, the
proposed IS-GBSM is used as a simulation and validation plat-
form to support the design of 6G V2V system algorithms. The
major contributions and novelties of this paper are summarized
as follows.

1) A new S-T-F non-stationarity and T-S consistency IS-
GBSM with continuously arbitrary VMTs, GR compo-
nent, and mixed-bouncing propagation for 6G massive
MIMO mmWave V2V channels is proposed. From the
proposed model, key channel statistics are obtained.

2) To model the mixed-bouncing propagation and describe
the V2V scenarios with different VTDs, clusters are
divided into static/dynamic clusters and single/twin-
clusters. Two indexes are given to quantitatively char-
acterize the ratios of the numbers of static/dynamic and
single/twin-clusters. Continuously arbitrary VMTs of
dynamic clusters and transceivers are further mimicked
by the integration of time and time-varying acceleration.

3) A new method, which can model S-T-F non-stationarity
with T-S consistency in consideration of the effects of
VTD, continuously arbitrary VMT, and mixed-bouncing
propagation, is developed for the first time. The devel-
oped method integrates the visibility region and birth-
death process methods. A soft transition factor and
a frequency-dependent factor are proposed to capture
the soft cluster power handover and frequency non-
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stationarity, respectively.
4) Simulation results show that the proposed model can

mimic S-T-F non-stationarity of channels with T-S con-
sistency, and the impacts of two indexes on channel
statistics are explored. By comparing simulation re-
sults and measurement/ray-tracing (RT)-based results,
the utility of the proposed model is verified.

The remainder of this paper is organized as follows. In
Section II, the framework of the proposed model is elaborated.
Section III describes the developed S-T-F non-stationarity of
V2V channels with T-S consistency modeling method. In
Section IV, typical channel statistical properties are given.
In Section V, the simulation result is presented and further
compared with the measurement/RT-based results. Finally,
conclusions are presented in Section VI.

II. FRAMEWORK OF THE PROPOSED CHANNEL MODEL

The V2V communication system is equipped with uniform
linear antenna array with MT/MR antennas at Tx/Rx, where
adjacent antenna spacing is δT/δR. In Fig. 1, the geometrical
representation of proposed IS-GBSM is elaborated, where the
angle information is omitted for clarity. The p/q-th antenna
in the Tx/Rx array is AT

p /AR
q . To mimic the continuously

arbitrary VMT, the time-variant acceleration is introduced in
the transceiver velocity. The corresponding velocity vector is
vT/R(t) = [v

T/R
x (t), v

T/R
y (t), 0]T with

v
T/R
x/y (t) = v

T/R
x/y (0) +

∫ t

0

a
T/R
x/y (t)dt (1)

where v
T/R
x/y (0) is the velocity of Tx/Rx at initial time. The

distance between the center of transceivers is Dcen(t).
To consider the impact of VTD, clusters are divided into

static/dynamic clusters according to whether the cluster ve-
locity is zero. To mimic the mixed-bouncing propagation,
clusters are further separated as single-clusters and twin-
clusters. In Fig. 1, the link bounces from Tx to Rx once,
i.e., single-bouncing propagation, via a single-cluster. Unlike
single-clusters, the twin-cluster consists of a sub-cluster nearby
Tx and a sub-cluster nearby Rx, which characterize the first
bounce and the last bounce, respectively. Bounces between the
twin-clusters are abstracted as a virtual link. Therefore, twin-
clusters can capture the multi-bouncing propagation. There are
four types of clusters, including static single-clusters, static
twin-clusters, dynamic single-clusters, and dynamic twin-
clusters, and their numbers are S(t), I(t), D(t), and J(t),
respectively. The s/d-th static/dynamic single-cluster is CSS

s/d,
and the i/j-th static/dynamic twin-cluster nearby Tx/Rx is
C

DM,T/R
i/j . A scattering density index ϵSDI(t) is given to

characterize the ratio of the numbers of single-clusters to twin-
clusters, i.e., ϵSDI(t) =

S(t)+D(t)
I(t)+J(t) . In the sparse SE, the value

of scattering density index is large. A vehicle density index
ϵVDI(t) is given to represent the ratio of the numbers of static
clusters to dynamic clusters, i.e., ϵVDI(t) = S(t)+I(t)

D(t)+J(t) . In
the low VTD scenario, the value of vehicle density index
is large. In addition to modeling the impacts of VTD and
SE, the proposed model also considers the mmWave com-
munication. The communication under the high frequency

band can provide high data rate transmission and has been
widely used [22], [23]. To imitate the high delay resolution
in mmWave communications, there are Ns(t), Ni(t), Nd(t),
and Nj(t) rays within the clusters CSS

s , CSM,T/R
i , CDS

d , and
C

DM,T/R
j , respectively. To support the continuously arbitrary

VMT, the time-varying acceleration is introduced into the
velocity vectors of dynamic clusters CDS

d and C
DM,T/R
j , i.e.,

vDS
d (t) and vDM,T/R

j (t), which are calculated similarly to (1).

A. Complex Channel Gain of LoS Component

The complex channel gain of line-of-sight (LoS) component
related to the sub-channel between the Tx antenna AT

p and the
Rx antenna AR

q , is given by

hLoS
qp (t) = QTE(t)exp

{
j2π

∫ t

0

fLoS
qp (t)dt+ jφLoS

qp (t)

}
(2)

where TE denotes an observation time interval and QTE(t)
represents a rectangular window function, which is given as

QTE(t) =

{
1, 0 ⩽ t ⩽ TE,
0, otherwise.

. The delay, phase shift, as well

as Doppler shift related to LoS component are τLoSqp (t) =
∥DLoS

qp (t)∥
c , φLoS

qp (t) = φ0 + 2π
λ

∥∥DLoS
qp (t)

∥∥, and fLoS
qp (t) =

1
λ

⟨DLoS
qp (t),vR(t)−vT(t)⟩

∥DLoS
qp (t)∥ , respectively. Then, c represents the

speed of light, λ is the carrier wavelength, and φ0 denotes the
initial phase shift. ⟨·, ·⟩ and ∥·∥ denote the inner product and
Frobenius norm, respectively. DLoS

qp (t) is the distance vector
from antennas AT

p to AR
q and is written as

DLoS
qp (t) = DLoS

qp (0)−
∫ t

0

vT(t)dt+
∫ t

0

vR(t)dt (3)

where DLoS
qp (0) is the distance vector from the antennas AT

p

to AR
q at initial time.

B. Complex Channel Gain of NLoS Component via Ground
Reflection

The complex channel gain of GR component is written as

h
GR
qp (t) =QTE

(t)
√

PGR(t)

× exp

{
j2π

[∫ t

0

f
GR,T
p (t)dt +

∫ t

0

f
GR,R
q (t)dt

]
+ jφ

GR
qp (t)

}
(4)

where PGR(t) is the power of GR component. The
delay, phase shift, and Doppler shift of GR compo-
nent related to the Tx antenna AT

p and the Rx an-

tenna AR
q are τGR

qp (t) =
∥DGR,T

p (t)∥+∥DGR,R
q (t)∥

c , φGR
qp (t) =

φ0 + 2π
λ

(
∥DGR,T

p (t)∥+ ∥DGR,R
q (t)∥

)
, and f

GR,T/R
p/q (t) =

1
λ

〈
DGR,T/R

p/q
(t),vT/R(t)

〉
∥DGR,T/R

p/q
(t)∥

, respectively. DGR,T/R
p/q (t) denotes the

distance vector from the Tx/Rx antenna A
T/R
p/q to the GR point

and its computation is presented below. First, based on Fig. 2,
the azimuth distance between Tx and GR point is χT(t) =

ξT
ξT+ξR

∥Dcen(t)∥, where ξT and ξR are ground clearances of
Tx and Rx. Second, based on the geometrical relationship, the
distance from Tx to GR point is ∥DGR,T

cen (t)∥ =
√

χ2
T(t) + ξ2T

and the distance from GR point to Rx is ∥DGR,R
cen (t)∥ =
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Fig. 1. Geometrical representation of the proposed 6G V2V massive MIMO mmWave IS-GBSM.

Fig. 2. Geometrical relationship related to the GR component.

√
∥Dcen(t)∥2 + (ξT + ξR)2−∥DGR,T

cen (t)∥. Third, the distance
vector DGR,T/R

cen (t) is expressed by

DGR,T/R
cen (t) = ∥DGR,T/R

cen (t)∥

 cosβGR
cen (t) cosα

GR
cen(t)

cosβGR
cen (t) sinα

GR
cen(t)

sinβGR
cen (t)

 (5)

where αGR
cen(t) and βGR

cen (t) denote azimuth and elevation
angles of the distance vector DGR,T/R

cen (t), respectively. Based
on [24], only the elevation angle of distance vector DGR

cen(t)
needs to be taken into account and is given as βGR

cen (t) =
arctan ξR

χR(t) . Fourth, the distance vectors from antennas AT
p

and AR
q to the GR point are calculated by DGR,T

p (t) =

DGR,T
cen (t)− AT

p and DGR,R
q (t) = DGR,R

cen (t)− AR
q .

C. Complex Channel Gain of NLoS Components via Static
Single-Clusters and Twin-Clusters

In this subsection, the complex channel gain of non-line-
of-sight (NLoS) components via static single/twin-clusters is
derived.

1) Static Single-Clusters: The complex channel gain of the
sub-channel related to the Tx antenna AT

p and the Rx antenna
AR

q via the ns-th ray within the cluster CSS
s is written by

h
SS
qp,s,ns

(t) =QTE(t)

√
PSS
s,ns

(t)

× exp

{
j2π

[∫ t

0
f
SS,T
p,s,ns

(t)dt +

∫ t

0
f
SS,R
q,s,ns

(t)dt

]
+ jφ

SS
qp,s,ns

(t)

}
(6)

where P SS
s,ns

(t) is the power of the ns-th ray within the cluster
CSS

s . Also, the delay, phase shift, and Doppler shift of NLoS
component via the ns-th ray within the cluster CSS

s are given
as

τSSqp,s,ns
(t) =

∥∥DSS,T
p,s,ns

(t)
∥∥+

∥∥DSS,R
q,s,ns

(t)
∥∥

c
(7)

φSS
qp,s,ns

(t) = φ0 +
2π

λ

[∥∥DSS,T
p,s,ns

(t)
∥∥+

∥∥DSS,R
q,s,ns

(t)
∥∥] (8)

f
SS,T/R
p/q,s,ns

(t) =
1

λ

〈
DSS,T/R

p/q,s,ns
(t), vT/R(t)

〉
∥∥∥DSS,T/R

p/q,s,ns
(t)

∥∥∥ (9)

where DSS,T/R
p/q,s,ns

(t) is the distance vector between the ns-th ray

within the cluster CSS
s and the antenna A

T/R
p/q . Furthermore, the

distance vector DSS,T
p,s,ns

(t) can be represented by

DSS,T
p,s,ns

(t) = DSS,T
s,ns

(0)−
∫ t

0

vT(t)dt− AT
p (10)

where AT
p is the vector of Tx antenna AT

p . DSS,T
s,ns

(0) is the
distance vector between the ns-th ray within the cluster CSS

s

and the Tx center at initial time and is given as

DSS,T
s,ns

(0) = ∥DSS,T
s,ns

(0)∥

[
cosαSS,T

s,ns
(0) cosβSS,T

s,ns
(0)

sinαSS,T
s,ns

(0) cosβSS,T
s,ns

(0)
sinβSS,T

s,ns
(0)

]
(11)

where αSS,T
s,ns

(0) and βSS,T
s,ns

(0) are the azimuth and elevation
angles of the distance vector DSS,T

s,ns
(0). Due to the single-

bouncing propagation, the distance vectors DSS,T
p,s,ns

(t) and
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DSS,R
q,s,ns

(t) are correlated. Based on the geometrical relation-
ship, the distance vector DSS,R

q,s,ns
(t) is computed as

DSS,R
q,s,ns

(t) = DSS,T
p,s,ns

(t)− DLoS
qp (t). (12)

2) Static Twin-Clusters: The complex channel gain of the
sub-channel related to the Tx antenna AT

p and the Rx antenna
AR

q via the ni-th ray within the cluster CSM,T/R
i is given as

h
SM
qp,i,ni

(t) =QTE(t)

√
PSM
i,ni

(t)

× exp

{
j2π

[∫ t

0
f
SM,T
p,i,ni

(t)dt +

∫ t

0
f
SM,R
q,i,ni

(t)dt

]
+ jφ

SM
qp,i,ni

(t)

}
(13)

where P SM
i,ni

(t) is the power of the ni-th ray within
the cluster C

SM,T/R
i . Note that the phase shift and

Doppler shift are derived similarly to the cluster CSS
s

in (8) and (9) , and are written as φSM
qp,i,ni

(t) =

φ0 + 2π
λ

[∥∥∥DSM,T
p,i,ni

(t)
∥∥∥+

∥∥∥DSM,R
q,i,ni

(t)
∥∥∥+ cτ̃SMqp,i,ni

(t)
]

and

f
SM,T/R
p/q,i,ni

(t) = 1
λ

〈
DSM,T/R

p/q,i,ni
(t),vT/R(t)

〉
∥∥∥DSM,T/R

p/q,i,ni
(t)

∥∥∥ , respectively. However,

unlike static single-cluster CSS
s , the distance vectors

DSM,T
p,i,ni

(t) and DSM,R
q,i,ni

(t) of static twin-clusters C
SM,T/R
i are

uncorrelated, which should be calculated separately. The
calculation of distance vectors DSM,T

p,i,ni
(t) and DSM,R

q,i,ni
(t) is

similar to that of the distance vector DSS,T
p,s,ns

(t) in (10) and
(11). Furthermore, in the multi-bouncing propagation, the
delay of virtual link between twin-clusters, named as the
virtual delay, needs to be considered and the delay of NLoS
component via the ni-th ray within the cluster C

SM,T/R
i is

expressed as

τSMqp,i,ni
(t) =

∥∥∥DSM,T
p,i,ni

(t)
∥∥∥+

∥∥∥DSM,R
q,i,ni

(t)
∥∥∥

c
+ τ̃SMqp,i,ni

(t) (14)

where τ̃SMqp,i,ni
(t) is the virtual delay of the twin-clusters CSM,T

i

and CSM,R
i and follows the exponential distribution [25].

D. Complex Channel Gain of NLoS Component via Dynamic
Single-Clusters and Twin-Clusters

Similar to static clusters, the complex channel gain of NLoS
components via dynamic single/twin-clusters is obtained.

1) Dynamic Single-Clusters: The complex channel gain of
the sub-channel related to the Tx and Rx antennas AT

p and
AR

q via the nd-th ray within the cluster CDS
d is written by

h
DS
qp,d,nd

(t) =QTE(t)

√
PDS
d,nd

(t)

× exp

{
j2π

[∫ t

0
f
DS,T
p,d,nd

(t)dt +

∫ t

0
f
DS,R
q,d,nd

(t)dt

]
+ jφ

DS
qp,d,nd

(t)

}
(15)

where PDS
d,nd

(t) is the power of the nd-th ray within the
cluster CDS

d . Similar to the static single-cluster CSS
s , the

delay and phase shift of NLoS component via the dynamic

single-cluster CDS
d are τDS

qp,d,nd
(t) =

∥∥∥DDS,T
p,d,nd

(t)
∥∥∥+∥∥∥DDS,R

q,d,nd
(t)

∥∥∥
c

and φDS
qp,d,nd

(t) = φ0 + 2π
λ

[∥∥∥DDS,T
p,d,nd

(t)
∥∥∥+

∥∥∥DDS,R
q,d,nd

(t)
∥∥∥].

Nonetheless, the Doppler shift of NLoS component via rays
within dynamic clusters is different from that of NLoS com-
ponent via rays within static clusters and is given as

f
DS,T/R
p/q,d,nd

(t) =
1

λ

〈
DDS,T/R

p/q,d,nd
(t), vT/R(t)− vDS

d (t)
〉

∥∥∥DDS,T/R
p/q,d,nd

(t)
∥∥∥ (16)

where DDS,T/R
p/q,d,nd

(t) is the distance vector between the nd-th ray

within the cluster CDS
d and the antenna A

T/R
p/q . The distance

vector DDS,T
p,d,nd

(t) is expressed as

DDS,T
p,d,nd

(t) = DDS,T
d,nd

(0)−
∫ t

0

vT(t)dt+

∫ t

0

vDS
d (t)dt− AT

p (17)

where DDS,T
d,nd

(0) is the distance vector between the nd-th ray
within the cluster CDS

d and the Tx center at initial time.
Also, the distance vector DDS,R

q,d,nd
(t) can be calculated by

DDS,R
q,d,nd

(t) = DDS,T
p,d,nd

(t)− DLoS
qp (t).

2) Dynamic Twin-Clusters: The complex channel gain of
the sub-channel related to the Tx and Rx antennas AT

p and
AR

q via the nj-th ray within the cluster CDM,T/R
j is given by

h
DM
qp,j,nj

(t) =QTE
(t)

√
PDM
j,nj

(t)

× exp

{
j2π

[∫ t

0
f
DM,T
p,j,nj

(t)dt +

∫ t

0
f
DM
q,j,nj

(t)dt

]
+ jφ

DM
qp,j,nj

(t)

}
(18)

where PDM
j,nj

(t) is the power of the nj-th ray within
the cluster C

DM,T/R
j . Based on the aforementioned

analysis, the delay, phase shift, and Doppler shift of
the NLoS component via the nj-th ray within the cluster
C

DM,T/R
j are analogously computed by τDM

qp,j,nj
(t) =∥∥∥DDM,T

p,j,nj
(t)

∥∥∥+∥∥∥DDM,R
q,j,nj

(t)
∥∥∥

c + τ̃DM
qp,j,nj

(t), φDM
qp,j,nj

(t) =

φ0 + 2π
λ

[∥∥∥DDM,T
p,j,nj

(t)
∥∥∥+

∥∥∥DDM,R
q,j,nj

(t)
∥∥∥+ cτ̃DM

qp,j,nj
(t)

]
, and

f
DM,T/R
p/q,j,nj

(t) = 1
λ

〈
DDM,T/R

p/q,j,nj
(t),vT/R(t)−vDM,T/R

j (t)

〉
∥∥∥∥DDM,T/R

p/q,j,nj
(t)

∥∥∥∥ . Based on

the geometry relationship, transmission paths of antennas and
rays within clusters are computed, where the different angular
parameters of transmission paths are imitated. Hence, the
spherical wavefront propagation in massive MIMO channels
is mimicked sufficiently.

The channel impulse response (CIR) of the developed IS-
GBSM with delay τ at time t can be represented as a
matrix H(t, τ) = [hqp(t, τ)]MR×MT

with q = 1, 2, ...,MR

and p = 1, 2, ...,MT. H(t, τ) contains the LoS, GR, as
well as NLoS components. The CIR hqp(t, τ) related to the
Tx and Rx antenna element pair p and q can be expressed
as (19), shown at the top of the next page, where K(t)
denotes the Ricean factor. ηGR(t), ηSS(t), ηSM(t), ηDS(t),
and ηDM(t) represent the power proportions of the GR com-
ponent, component via static single-cluster, component via
static twin-cluster, component via dynamic single-cluster, and
component via dynamic twin-cluster. These power proportions
have ηGR(t)+ηSS(t)+ηSM(t)+ηDS(t)+ηDM(t) = 1. Finally,
it is noteworthy that the integration of time and time-variant
acceleration are essential for the capturing of continuously ar-
bitrary VMTs, where the numerical calculation of the integral
can be efficiently computed by the method of superposition
calculation. As a result, by modeling continuously arbitrary
VMTs, it is possible to acquire the CIR and investigate channel
properties under all positions on the track.
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hqp(t, τ) =

√
K(t)

K(t) + 1
hLoS
qp (t)δ

(
τ − τLoS

qp (t)
)

︸ ︷︷ ︸
LoSComponent

+

√
ηGR(t)

K(t) + 1
hGR
qp (t)δ

(
τ − τGR

qp (t)
)

︸ ︷︷ ︸
GRComponent

+

√
ηSS(t)

K(t) + 1

S(t)∑
s=1

Ns(t)∑
ns=1

hSS
qp,s,ns

(t)δ
(
τ − τSSqp,s,ns

(t)
)
+

√
ηDS(t)

K(t) + 1

D(t)∑
d=1

Nd(t)∑
nd=1

hDS
qp,d,nd

(t)δ
(
τ − τDS

qp,d,nd
(t)

)
︸ ︷︷ ︸

NLoSComponent via Single−Clusters

+

√
ηSM(t)

K(t) + 1

I(t)∑
i=1

Ni(t)∑
ni=1

hSM
qp,i,ni

(t)δ
(
τ − τSMqp,i,ni

(t)
)
+

√
ηDM(t)

K(t) + 1

J(t)∑
j=1

Nj(t)∑
nj=1

hDM
qp,j,nj

(t)δ
(
τ − τDM

qp,j,nj
(t)

)
︸ ︷︷ ︸

NLoSComponent via Twin−Clusters

(19)

III. A NEW S-T-F NON-STATIONARITY OF V2V
CHANNELS WITH T-S CONSISTENCY MODELING METHOD

In the upcoming 6G, S-T-F non-stationarity of V2V chan-
nels with T-S consistency needs to be modeled. In V2V com-
munication scenarios, it is necessary to consider the effects of
mixed-bouncing propagation, i.e., single/twin-clusters, VTD,
i.e., static/dynamic clusters, and continuously arbitrary VMTs.
In this section, a new method, named as the S-T-F non-
stationarity of V2V channels with T-S consistency modeling
method, is developed, which can model S-T-F non-stationarity
with T-S consistency in consideration of mixed-bouncing
propagation, VTD, and continuously arbitrary VMTs.

A. Modeling of Space Non-Stationarity and Consistency by
Observable Semi-Spheres Assigned to Antennas

For channel models in [26], [27], the visibility region
method is employed to model channel non-stationarity. In the
visibility region method, only clusters in the visibility region
are observable clusters. Since the models in [26], [27] are two-
dimensional (2D), the visibility region is modeled as circles.
Nonetheless, in the three-dimensional (3D) channel model,
the visibility region needs to be modeled as spheres instead
of circles. Further considering that vehicles move on the 2D
ground, the visibility region is modeled as semi-spheres in
the proposed 3D V2V channel model. The semi-sphere is
constructed with each antenna as the center. By developing
observable semi-spheres, different antennas with different ob-
servable semi-spheres have different sets of array observable
clusters, hence modeling space non-stationarity. For adjacent
antennas, they share many clusters, namely the shared array
observable clusters, as their observable semi-spheres have the
overlap area, thus capturing space consistency. To avoid the
repetition, the Tx side is taken as an instance for analysis and
the Rx side follows the same procedure.

The number of shared array observable clusters strongly
depends on the overlap area. The overlap area of observable
semi-spheres of two adjacent antennas AT

p and AT
p+1 with

spacing δT is a spherical crown, whose volume V T
share can

be calculated based on [18]

V T
share =

π
(
16rTa

3 − 12rTa
2
δT + δ3T

)
24

(20)

where rTa denotes the radius of observable semi-sphere. At
the Tx side, since antennas are uniformly distributed on the
array with spacing δT, the radius rTa of each observable semi-
sphere is the same. To quantitatively calculate the radius rTa , a
novel parameter ΓT

space is given, which represents the ratio of
volume V T

share of overlap area to volume V T
space of observable

semi-sphere

ΓT
space =

V T
share

V T
space

=
V T
space

2
3πr

T
a
3 =

16rTa
3 − 12rTa

2
δT + δ3T

16rTa
3 . (21)

Clusters in the observable semi-sphere are array observable
clusters and only clusters in the overlap area are shared
array observable clusters. Assumed that clusters are uniformly
distributed in the environment. Hence, the parameter ΓT

space

describes the probability that an array observable cluster is
a shared array observable cluster, which is simultaneously
observable to an antenna AT

p and its adjacent antenna AT
p+1. In

the cluster array evolution, the parameter ΓT
space also represents

the probability that a surviving cluster for an antenna AT
p is

still surviving when it evolves to the adjacent antenna AT
p+1.

This is consistent with the spatial survival probability. The
spatial survival probability at Tx is given by [28]

PT
survival = exp

(
−λRδT
Da

c

)
(22)

where λR is the recombination rate and Da
c denotes the

scenario-dependent correlation factor on the array axis. Make
the parameter ΓT

space and spatial survival probability PT
survival

equal, i.e., ΓT
space = PT

survival to solve for the radius rTa

16rTa
3 − 12rTa

2
δT + δ3T

16rTa
3 = exp

(
−λRδT
Da

c

)
. (23)

Based on the Cardano formula, the radius rTa is given by

r
T
a =

 3
√

ξTspace + σT
space + 3

√
ξTspace − σT

space +
1

4

[
1 − exp

(
−λRδT

Da
c

)]
 δT

(24)
where ξTspace and σT

space are respectively written as

ξTspace =
−2

[
1− exp

(
−λRδT

Da
c

)]2
+ 1

64
[
1− exp

(
−λRδT

Da
c

)]3 (25)
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σT
space =

√√√√√√
[
1− exp

(
−λRδT

Da
c

)]2
− 1

1024
[
1− exp

(
−λRδT

Da
c

)]4 . (26)

With the help of the derived closed-form solution, the impacts
of the recombination rate λR, adjacent antenna spacing δT, and
scenario-dependent correlation factor Da

c on the radius rTa can
be investigated. By properly adjusting the recombination rate
λR and factor Da

c , the developed visibility region method in
the space domain can be applied to a variety of scenarios.

1) Conditions of Array Observable Static/Dynamic Single-
Clusters: In the proposed mmWave V2V model, the adjacent
antenna spacing is small. According to (24), the radius rTa
is proportional to the adjacent antenna spacing δT, which
leads to the small radius rTa . Consequently, it is necessary to
introduce parameters, namely shrinkage factors on the array
axis, which can shrink the distance from the antenna AT

p to
the cluster. Specifically, the distances between static/dynamic
single-clusters and the antenna AT

p are shrunk by the shrinkage
factors εSS,Tspace and εDS,T

space and can be given by D̃SS,T
p,s (t) =

DSS,T
p,s (t)

εSS,T
space

and D̃DS,T
p,d (t) =

DDS,T
p,d (t)

εDS,T
space

. Based on the shrinkage

distance and radius rTa , the clusters CSS
s and CDS

d are observ-
able to the Tx antenna AT

p that need to satisfy D̃SS,T
p,s (t) < rTa

and D̃DS,T
p,d (t) < rTa , respectively. Obviously, the values of

shrinkage factors have great impacts on the array observable
cluster condition. To properly set the value of shrinkage
factors, randomly select a Tx antenna, e.g., the antenna AT

p ,
assuming that it can observe all static/dynamic single-clusters
at initial time t0. This assumption is consistent with the
standardized channel model in [29]. Under this assumption,
shrinkage factors εSS,Tspace and εDS,T

space are given by

εSS,Tspace = max

{
DSS,T

p,s (t0)

rTa

}
, p = 1, 2, · · · ,MT, s = 1, 2, · · · , S (t0)

(27)

εDS,T
space = max

{
DDS,T

p,d (t0)

rTa

}
, p = 1, 2, · · · ,MT, d = 1, 2, · · · , D (t0) .

(28)
Note that, the conditions of the array observable static and
dynamic single-clusters CSS

s and CDS
d are that clusters CSS

s

and CDS
d are observable to both the antenna AT

p and the
Rx antenna AR

q , i.e., D̃SS,T
p,s (t) < rTa , D̃

SS,R
q,s (t) < rRa and

D̃DS,T
p,d (t) < rTa , D̃

DS,R
q,d (t) < rRa , respectively.

2) Conditions of Array Observable Static/Dynamic Twin-
Clusters: Analogous to single-clusters, the distances between
static/dynamic twin-clusters nearby Tx and antenna AT

p are
shrunk by the shrinkage factors εSM,T

space and εDM,T
space . The cor-

responding shrinkage distances are D̃SM,T
p,i (t) =

DSM,T
p,i (t)

εSM,T
space

and D̃DM,T
p,j (t) =

DDM,T
p,j (t)

εDM,T
space

. The twin-clusters nearby Tx

CSM,T
i and CDM,T

j observable to the Tx antenna AT
p have

D̃SM,T
p,i (t) < rTa and D̃DM,T

p,j (t) < rTa . Further assume that
a randomly selected Tx antenna, e.g., AT

p , can observe all
static/dynamic twin-clusters nearby Tx at initial time t0, and

thus the shrinkage factors εSM,T
space and εDM,T

space are given by

εSM,T
space = max

{
DSM,T

p,i (t0)

rTa

}
, p = 1, 2, · · · ,MT, i = 1, 2, · · · , I (t0)

(29)

εDM,T
space = max

{
DDM,R

p,j (t0)

rTa

}
, p = 1, 2, · · · ,MT, j = 1, 2, · · · , J (t0) .

(30)
Unlike single-clusters, the twin-clusters nearby Tx observable
to the Tx antenna AT

p and the twin-clusters nearby Rx ob-
servable to the Rx antenna AR

q need to be randomly paired.
Only successfully paired static/dynamic twin-clusters nearby
Tx and Rx, e.g., CSM,T

i /CDM,T
j and CSM,R

i /CDM,R
j , will form

array observable static/dynamic twin-clusters. Therefore, the
conditions of array observable static/dynamic twin-clusters are
that clusters CSM,T

i /CDM,T
j and CSM,R

i /CDM,R
j are observable

to the Tx antenna AT
p and the Rx antenna AR

q , respectively, and
then clusters CSM,T

i /CDM,T
j and CSM,R

i /CDM,R
j are paired.

B. Modeling of Time Non-Stationarity and Consistency by
Observable Spheres Assigned to Clusters

To mimic time non-stationarity and consistency, the visibil-
ity region method in the time domain is developed. Unlike
the 2D general COST 2100 channel model [21] that defined
the visibility region as circles, the proposed model is 3D
and further distinguishes static/dynamic single/twin-clusters.
These clusters are distributed in 3D space, not limited to
2D ground. In this case, the visibility region in the proposed
model is characterized as the sphere with each static/dynamic
single/twin-cluster as the center. When the center of the
transceiver antenna array is in a sphere of a static/dynamic
single/twin-cluster at time t, the static/dynamic single/twin-
cluster is observable to this time t. With the help of observable
spheres, as the transceiver and dynamic cluster move, time
observable cluster sets change over time, thus modeling time
non-stationarity. Owing to their smooth and continuous move-
ments, adjacent moments share many identical time observable
clusters, thus capturing time consistency. Also, take the Tx side
as an example for analysis.

1) Conditions of Time Observable Static Single/Twin-
Clusters: The velocity vectors of static single-cluster CSS

s

and twin-cluster nearby Tx CSM,T
i relative to the Tx array

are v’SSs (t) = v’SM,T
s (t) = −vT(t). The Tx array can be

regarded as static for the cluster CSS
s /CSM,T

i . As the cluster
CSS

s /CSM,T
i moves relative to the Tx array with the velocity

vector v’SSs (t)/v’SM,T
i (t), its observable sphere also moves. At

two adjacent moments t and t+∆t, its observable sphere has
the overlap area, which is dependable on the relative movement
distance DSS,T

s (t)/DSM,T
i (t) between this cluster CSS

s /CSM,T
i

and Tx array in a time interval ∆t. Distance parameters
DSS,T

s (t) and DSM,T
i (t) are equal, which are unified as

DS,T(t) = DSS,T
s (t) = DSM,T

i (t) =

∫ t+∆t

t

∥∥−vT(t)
∥∥dt.

(31)
The time interval ∆t is short in mmWave high-mobility
V2V communications, where channels need to be updated
frequently. The distance parameter DS,T(t) can be approxi-
mated to be equal at two adjacent moments t and t + ∆t.
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Consequently, the overlap area of observable spheres assigned
to static clusters can be regarded as consisting of two iden-
tical spherical crowns, whose volume V S,T

share(t) is computed
similarly to the volume V T

share in (20) and is expressed by

V S,T
share(t) =

π
[
16rS,Tt

3
(t)− 12rS,Tt

2
(t)DS,T(t) +DS,T3

(t)
]

12
(32)

where rS,Tt (t) denotes the time-variant radius of Tx observable
sphere assigned to the static cluster. Similarly, a new parameter
ΓS,T
time(t) is developed to denote the ratio of volume of overlap

area to the volume of observable sphere and is given as

ΓS,T
time(t) =

V S,T
share(t)

V S,T
time(t)

=
16rS,Tt

3
(t)− 12rS,Tt

2
(t)DS,T(t) +DS,T3

(t)

16rS,Tt

3
(t)

.

(33)
Only when the center of array is located in an observable
sphere of a cluster at two adjacent moments simultaneously,
the cluster is a shared time observable cluster. As the parameter
ΓS,T
time(t) represents the proportion of overlap area in the

observable sphere, it also characterizes the probability that an
observable cluster at time t will still be observable at the next
time instant t + ∆t. This is in agreement with the definition
of time survival probability in the birth-death process method
from the perspective of cluster time evolution [29]. The time
survival probability at Tx of static clusters is written as

P S,T
survival(t) = exp

[
−λR

∫ t+∆t

t

∥∥vT(t)
∥∥dt

Dt
c

]
(34)

where Dt
c denotes the scenario-dependent correlation factor

on the time axis. Make the proportion of overlap area equal
to the time survival probability, i.e., ΓS,T

time(t) = P S,T
survival(t).

Similarly, the radius of observable spheres assigned to static
clusters is calculated as (35)–(37), shown at the top of the next
page. The radius rS,Tt (t) is proportional to distance parameter
DS,T(t) and the effects of recombination rate λR and velocity
vector of Tx array vT(t) on the radius rS,Tt (t) are explored.
Note that the developed visibility region method in the time
domain can support diverse scenarios by properly setting the
recombination rate λR and factor Dt

c.
The small time interval ∆t in mmWave V2V channels also

results in the small radius rSS,Tt (t) of observable spheres based
on (35)–(37). Similar to the array axis, shrinkage factors on the
time axis εSS,Ttime and εSM,T

time are introduced, which can shrink
the distance from the center of Tx array to the static clusters
CSS

s and CSM,T
i at time t, i.e., D̃SS,T

Os (t) =
DSS,T

Os (t)

εSS,T
time

and

D̃SM,T
Oi (t) =

DSM,T
Oi (t)

εSM,T
time

. The time observable static single/twin-

cluster conditions at Tx, i.e., static clusters CSS
s and CSM,T

i

are time observable clusters, are D̃SS,T
Os (t) < rS,Tt (t) and

D̃SM,T
Oi (t) < rS,Tt (t). Also, the proper setting of shrinkage

factors εSS,Ttime and εSM,T
time is crucial. Similar to [28], assuming

that all clusters are observable at initial time t0 and the
shrinkage factors εSS,Ttime and εSM,T

time are determined by

εSS,Ttime = max

{
DSS,T

Os (t0)

rS,Tt (t0)

}
, s = 1, 2, 3, · · · , S (t0) (38)

εSM,T
time = max

{
DSM,T

Oi (t0)

rS,Tt (t0)

}
, i = 1, 2, 3, · · · , I (t0) . (39)

The condition of the time observable static single-cluster is
that the cluster CSS

s simultaneously satisfies D̃SS,T
Os (t) <

rS,Tt (t) and D̃SS,R
Os (t) < rS,Rt (t). Unlike static single-clusters,

the static twin-clusters nearby Tx CSM,T
i and Rx CSM,R

i

need to meet D̃SM,T
Oi (t) < rS,Tt (t) and D̃SM,R

Oi (t) < rS,Rt (t),
respectively. Only when they are paired can they form time
observable static twin-clusters.

2) Conditions of Time Observable Dynamic Single/Twin-
Clusters: The velocity vectors of dynamic single-cluster CDS

d

and twin-cluster nearby Tx CDM,T
j relative to the Tx array are

v’DS
d (t) = vDS

d (t)−vT(t) and v’DM,T
j (t) = vDM,T

j (t)−vT(t),
respectively. The observable sphere of the dynamic cluster
CDS

d /CDM,T
j at two adjacent moments t and t + ∆t has the

overlap area, which also depends on the relative movement
distance DDS,T

d (t)/DDM,T
j (t) between the cluster CDS

d /CDM,T
j

and Tx array in a time interval ∆t. The distance parameters
DDS,T

d (t) and DDM,T
j (t) can be written as

D
DS/DM,T
d/j (t) =

∫ t+∆t

t

∥∥∥vDS/DM
d/j (t)− vT(t)

∥∥∥dt. (40)

By considering the multi-velocity of dynamic clusters,
the relative distances DDS,T

d (t) and DDM,T
j (t) for differ-

ent dynamic clusters are different. Similarly, the volume
V DS,T
share,d(t)/V

DM,T
share,j(t) of overlap area of observable sphere

assigned to the dynamic cluster CDS
d /CDM,T

j can be obtained.
Also, a new parameter ΓDS,T

time (t)/Γ
DM,T
time (t) is introduced to

represent the ratio of volume of overlap area to the volume of
observable sphere assigned to the cluster CDS

d /CDM,T
j

Γ
DS/DM,T
time,d/j

(t)

=

16r
DS/DM,T
t,d/j

3
(t) − 12r

DS/DM
t,d/j

2
(t)D

DS/DM,T
d/j

(t) + D
DS/DM,T
d/j

3
(t)

16r
DS/DM,T
t,d/j

3
(t)

(41)

where rDS,T
t,d (t)/rDM,T

t,j (t) represents the time-varying radius of
Tx observable sphere of the cluster CDS

d /CDM,T
j . Analogously,

combined with the birth-death process, the time survival
probabilities at Tx of dynamic clusters CDS

d and CDM,T
j are

given as

P
DS/DM,T

survival,d/j(t) = exp

−λR

∫ t+∆t

t

∥∥∥vDS/DM,T

d/j (t)− vT(t)
∥∥∥ dt

Dt
c

 .

(42)
Make the proportion of overlap area and the time sur-
vival probability equal, i.e., ΓDS,T

time,d(t) = PDS,T
survival,d(t) and

ΓDM,T
time,j(t) = PDM,T

survival,j(t), to solve the radius, which is given
by (43)–(45), shown at the top of the next page. The radii
of observable spheres assigned to different dynamic clusters
are different due to the multi-velocity of dynamic clusters.
For dynamic clusters, shrinkage factors on the time axis
εDS,T
time and εDM,T

time are introduced and D̃DS,T
Od (t) =

DDS,T
Od (t)

εDS,T
time

and D̃DM,T
Oj (t) =

DDM,T
Oj (t)

εDM,T
time

. The conditions that dynamic

clusters CDS
d and CDM,T

j are time observable clusters are
D̃DS,T

Od (t) < rDS,T
t (t) and D̃DM,T

Oj (t) < rDM,T
t (t). Assuming
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rS,Tt (t) =

 3
√

ξS,Ttime(t) + σS,T
time(t) +

3
√

ξS,Ttime(t)− σS,T
time(t) +

1

4

{
1− exp

[
−λR

∫ t+∆t
t ∥vT(t)∥dt

Dt
c

]}


∫ t+∆t

t

∥∥∥vT(t)
∥∥∥dt (35)

with

ξS,Ttime(t) =

−2

{
1− exp

[
−λR

∫ t+∆t
t ∥vT(t)∥dt

Dt
c

]}2

+ 1

64

{
1− exp

[
−λR

∫ t+∆t
t ∥vT(t)∥dt

Dt
c

]}3 (36)

σS,T
time(t) =

√√√√√√√√
{
1− exp

[
−λR

∫ t+∆t
t ∥vT(t)∥dt

Dt
c

]}2

− 1

1024

{
1− exp

[
−λR

∫ t+∆t
t ∥vT(t)∥dt

Dt
c

]}4
(37)

r
DS/DM,T
t,d/j

(t) =


3
√

ξ
DS/DM,T
time,d/j

(t) + σ
DS/DM,T
time,d/j

(t) + 3
√

ξ
DS/DM,T
time,d/j

(t) − σ
DS/DM,T
time,d/j

(t) +
1

4

1 − exp

−λR
∫ t+∆t
t

∥∥∥∥vDS/DM,T
d/j

(t)−vT(t)

∥∥∥∥dt

Dt
c





×

∫ t+∆t

t

∥∥∥∥vDS/DM,T
d/j

(t) − vT(t)

∥∥∥∥ dt

(43)

with

ξ
DS/DM,T
time,d/j

(t) =

−2

{
1− exp

[
−λR

∫ t+∆t
t

∥∥∥vDS/DM,T
d/j

(t)−vT(t)
∥∥∥dt

Dt
c

]}2

+ 1

64

{
1− exp

[
−λR

∫ t+∆t
t

∥∥∥vDS/DM,T
d/j

(t)−vT(t)
∥∥∥dt

Dt
c

]}3 (44)

σ
DS/DM,T
time,d/j

(t) =

√√√√√√√√√√

{
1− exp

[
−λR

∫ t+∆t
t

∥∥∥vDS/DM,T
d/j

(t)−vT(t)
∥∥∥dt

Dt
c

]}2

− 1

1024

{
1− exp

[
−λR

∫ t+∆t
t

∥∥∥vDS/DM,T
d/j

(t)−vT(t)
∥∥∥dt

Dt
c

]}4
. (45)

that all dynamic clusters are observable at initial time t0 and
shrinkage factors are given by

εDS,T
time = max

{
DDS,T

Od (t0)

rDS,T
t (t0)

}
, d = 1, 2, 3, · · · , D (t0) (46)

εDM,T
time = max

{
DDM,T

Oj (t0)

rDM,T
t (t0)

}
, j = 1, 2, 3, · · · , J (t0) . (47)

Condition of the time observable dynamic single/twin-cluster
is similar to that of time observable static single/twin-cluster.

Therefore, the developed method considers the effects of
VTD and continuously arbitrary trajectories. First, the devel-
oped method considers the difference in observable condi-
tions caused by the difference in velocities between dynamic
and static clusters. Second, continuous arbitrary trajectories
of transceivers and dynamic clusters are characterized when
computing time survival probabilities and radii of observable
spheres assigned to static and dynamic clusters.

C. Soft Transition Factor

The power of clusters is given as [10]

P type
n (t) = exp

[
−τ typen (t)

rτ − 1

rτDS

]
10−

Zn
10 (48)

where type means the type of clusters, i.e., SS/DS/SM/DM,
n is the n-th cluster, i.e., s/d/i/j, rτ is the delay scaling
parameter, DS is a random delay spread, and Zn obeys the
Gaussian distribution N (0, 3). In the channel model [20], for
each cluster, when it is switched from the observable state to
the unobservable state, its power abruptly changes to 0, re-
sulting in hard cluster power handover. On the contrary, when
the cluster changes between observable and unobservable, its
power changes continuously, i.e., soft cluster power handover.
Meanwhile, when the center of transceiver antenna array is
closer to the center of observable sphere, the power of the
cluster assigned to this observable sphere is higher [21]. To
mimic this phenomenon, a soft transition factor is introduced

P
type,T/R
n (t) = Ω

type,T/R
n (t)P

type
n (t)

= sin
2


π

2

1 −
D̃

type,T/R
On

(t)

r
type,T/R
t (t)


 exp

[
−τ

type
n (t)

rτ − 1

rτDS

]
10

−Zn
10

(49)
Since the soft transition factor obeys the squared sine function,
which is a uniform continuity function, it can capture soft
cluster power handover [15]. Only when the cluster is both
an array observable cluster and a time observable cluster can
it be an effective cluster, which contributes to the CIR. Note
that the power of ineffective clusters is 0.



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. XX, NO. XX, XX 2023 10

D. Frequency-Dependent Factor

In mmWave channels, the uncorrelated scattering assump-
tion, which is used in sub-6 GHz, no longer holds, leading
to frequency non-stationarity. To characterize channels in the
frequency domain, time-varying transfer function (TVTF) is
derived by adopting the Fourier transform to the CIR hqp(t, τ).
To mimic frequency non-stationarity, the frequency-dependent
path gain should be captured [30]. A frequency-dependent
factor is employed in the TVTF to model frequency non-
stationarity, which is given as (50), shown at the top of
the next page, where ε denotes a frequency-dependent factor
associated with vehicular scenarios [31]. Based on the mea-
surement and analysis in [20], [32] the interaction between
clusters and multipaths with different wavelengths results in
the frequency-dependence of rays. As a consequence, the
frequency-dependence part

(
f
fc

)ε

has an impact on the NLoS
component, which is generated by clusters and multipaths with
different wavelengths.

Similar to [18], the newly generated static/dynamic
single/twin-clusters are taken into account. In summary, by
using the visibility region-based method and constructing
observable semi-spheres and observable spheres, the smooth
cluster evolution in the space and time domains is mod-
eled, thus mimicking space-time non-stationarity with T-S
consistency. Due to the descent generality of the birth-death
process method, it is embedded in the visibility region-based
method. Soft transition factor and frequency-dependent factor
are developed to model soft cluster power handover and
frequency non-stationarity, respectively.

IV. STATISTICAL PROPERTIES

Channel statistics, i.e., the S-T-F correlation function (STF-
CF), power delay profile, time stationary interval, and Doppler
power spectral density (DPSD), are derived.

A. Space-Time-Frequency Correlation Function

With the help of the derived TVTF in (50), the STF-CF is
computed by [33]

ρqp,q′p′ (t, f ;∆t,∆f, δT, δR) = E[H∗
qp(t, f)Hq′p′ (t+∆t, f +∆f)]

(51)
where E[·] represents the expectation operation and (·)∗ rep-
resents the complex conjugate operation. The LoS, GR, as
well as static/dynamic single/multi-bouncing components are
regarded as independent of each other [20], [34]. Hence, the
STF-CF can be expressed by (52)–(58), shown at the top of
the next page. Certainly, the derived STF-CF is S-T-F-varying,
which demonstrated S-T-F non-stationarity of the proposed
IS-GBSM. The STF-CF is simplified to the spatial cross-
correlation function (SCCF) at Tx/Rx through setting ∆t = 0,
∆f = 0, as well as p ̸= p′/p = p′, q = q′/q ̸= q′. The STF-
CF can be simplified to the temporal auto-correlation function
(TACF) through setting ∆f = 0, p = p′, as well as q = q′.
The STF-CF is simplified to the frequency correlation function
(FCF) through setting ∆t = 0, p = p′, as well as q = q′.

B. Power Delay Profile

Power delay profile shows the power and delay of multipath
components and is given by

Θ(t, τ) =

S(t)∑
s=1

Ns(t)∑
ns=1

P SS
s,ns

(t)δ
(
τ − τSSs,ns

(t)
)

+

D(t)∑
d=1

Nd(t)∑
nd=1

PDS
d,nd

(t)δ
(
τ − τDS

d,nd
(t)

)
+

I(t)∑
i=1

Ni(t)∑
ni=1

P SM
i,ni

(t)δ
(
τ − τSMi,ni

(t)
)

+

J(t)∑
j=1

Nj(t)∑
nj=1

PDM
j,nj

(t)δ
(
τ − τDM

j,nj
(t)

)
.

(59)

Obviously, the derived power delay profile of the proposed
IS-GBSM is time-varying.

C. Time Stationary Interval

The channel amplitude response is regarded as time station-
ary within the time stationary interval, which is the maximum
period when the auto-correlation function of the power delay
profile exceeds a threshold ϵthreshold, e.g., 80% [35]. The time
stationary interval is expressed by

ϱ(t) = inf{∆t|Υ(t,∆t)≤ϵthreshold} (60)

where Υ(t,∆t) represents the auto-correlation function of the
power delay profile

ΥT(t,∆t) =

∫
Θ(t, τ)Θ(t+∆t, τ)dτ

max{
∫
Θ2(t, τ)dτ,

∫
Θ2(t+∆t, τ)dτ}

. (61)

D. Doppler Power Spectral Density

The DPSD is obtained through taking Fourier transfer of
TACF and is expressed by

Ωqp(t; fd) =

∫ +∞

−∞
ρqp(t; ∆t)e−j2πfd∆td(∆t) (62)

where ρqp(t; ∆t) is the TACF and fd is the Doppler shift.

V. RESULTS AND ANALYSIS

In this section, typical channel statistical properties are
simulated and compared with the measurement/RT-based re-
sults. Key channel-related parameters are given below. The
uniform linear antenna array is utilized in the simulation and
the adjacent antenna spacing is δT = δR = 0.5 λ. The
frequency-dependent factor is ε = 1.45 [31]. Abstracted delays
τ̃SMqp,i,ni

(t) and τ̃DM
qp,j,nj

(t) obey the exponential distribution
with the mean and variance 80 ns and 15 ns [36]. The number
of rays in clusters obeys Poisson distribution with mean and
variance λ̃ = 15 [37]. The heights of transceiver antenna are
ξT = ξR = 2 m. Other key channel-related parameters are
listed in Table I.
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Hqp(t, f) =

√
K(t)

K(t) + 1
h
LoS
qp (t)exp

[
−j2πfτ

LoS
qp (t)

]
+

√
ηGR(t)

K(t) + 1

(
f

fc

)ε

h
GR
qp (t)exp

[
−j2πfτ

GR
qp (t)

]

+

√
ηSS(t)

K(t) + 1

(
f

fc

)ε S(t)∑
s=1

Ns(t)∑
ns=1

h
SS
qp,s,ns

(t)exp
[
−j2πfτ

SS
qp,s,ns

(t)
]
+

√
ηSM(t)

K(t) + 1

(
f

fc

)ε I(t)∑
i=1

Ni(t)∑
ni=1

h
SM
qp,i,ni

(t)exp
[
−j2πfτ

SM
qp,i,ni

(t)
]

+

√
ηDS(t)

K(t) + 1

(
f

fc

)ε D(t)∑
d=1

Nd(t)∑
nd=1

h
DS
qp,d,nd

(t)exp
[
−j2πfτ

DS
qp,d,nd

(t)
]
+

√
ηDM(t)

K(t) + 1

(
f

fc

)ε J(t)∑
j=1

Nj(t)∑
nj=1

h
DM
qp,j,nj

(t)exp
[
−j2πfτ

DM
qp,j,nj

(t)
]

(50)

ρqp,q′p′ (t, f ;∆t,∆f, δT, δR) =ρLoS
qp,q′p′ (t, f ;∆t,∆f, δT, δR) + ρGR

qp,q′p′ (t, f ;∆t,∆f, δT, δR) + ρSSqp,q′p′ (t, f ;∆t,∆f, δT, δR)

+ ρDS
qp,q′p′ (t, f ;∆t,∆f, δT, δR) + ρSMqp,q′p′ (t, f ;∆t,∆f, δT, δR) + ρDM

qp,q′p′ (t, f ;∆t,∆f, δT, δR)
(52)

with

ρLoS
qp,q′p′ (t, f ;∆t,∆f, δT, δR) =

√
K(t)K(t+∆t)

(K(t) + 1)(K(t+∆t) + 1)
hLoS∗
qp (t)hLoS

q′p′ (t+∆t)ej2π[fτLoS
qp (t)−(f+∆f)τLoS

qp (t+∆t)] (53)

ρGR
qp,q′p′ (t, f ;∆t,∆f, δT, δR) =

√
ηGR(t)ηGR(t+∆t)

(K(t) + 1)(K(t+∆t) + 1)
hGR∗
qp (t)hGR

q′p′ (t+∆t)ej2π[fτGR
qp (t)−(f+∆f)τGR

qp (t+∆t)] (54)

ρ
SS
qp,q′p′ (t, f; ∆t,∆f, δT, δR) =√√√√ ηSS(t)ηSS(t + ∆t)

(K(t) + 1)(K(t + ∆t) + 1)
E

S(t)∑
s=1

S(t+∆t)∑
s′=1

Ns(t)∑
ns=1

Ns(t+∆t)∑
n′
s=1

h
SS∗
qp,s,ns

(t)h
SS
q′p′,s′,n′

s
(t + ∆t)e

j2π[fτSS
qp,s,ns

(t)−(f+∆f)τSS
q′p′,s′,n′

s
(t+∆t)]

 (55)

ρ
DS
qp,q′p′ (t, f; ∆t,∆f, δT, δR) =√√√√ ηDS(t)ηDS(t + ∆t)

(K(t) + 1)(K(t + ∆t) + 1)
E

D(t)∑
d=1

D(t+∆t)∑
d′=1

Nd(t)∑
nd=1

Nd(t+∆t)∑
n′
d
=1

h
DS∗
qp,d,nd

(t)h
DS
q′p′,d′,n′

d
(t + ∆t)e

j2π[fτDS
qp,d,nd

(t)−(f+∆f)τDS
q′p′,d′,n′

d
(t+∆t)]

 (56)

ρ
SM
qp,q′p′ (t, f; ∆t,∆f, δT, δR) =√√√√ ηSM(t)ηSM(t + ∆t)

(K(t) + 1)(K(t + ∆t) + 1)
E

I(t)∑
i=1

I(t+∆t)∑
i′=1

Ni(t)∑
ni=1

Ni(t+∆t)∑
n′
i
=1

h
SM∗
qp,i,ni

(t)h
SM
q′p′,i′,n′

i
(t + ∆t)e

j2π[fτSM
qp,i,ni

(t)−(f+∆f)τSM
q′p′,i′,n′

i
(t+∆t)]

 (57)

ρ
DM
qp,q′p′ (t, f; ∆t,∆f, δT, δR) =

√√√√ ηDM(t)ηDM(t + ∆t)

(K(t) + 1)(K(t + ∆t) + 1)
E


J(t)∑
j=1

J(t+∆t)∑
j′=1

Nj(t)∑
nj=1

Nj(t+∆t)∑
n′
j
=1

h
DM∗
qp,j,nj

(t)h
DM
q′p′,j′,n′

j
(t + ∆t)e

j2π[fτDM
qp,j,nj

(t)−(f+∆f)τDM
q′p′,j′,n′

j
(t+∆t)]

.
(58)

TABLE I
KEY CHANNEL-RELATED PARAMETERS IN THE SIMULATION.

Symbol Fig. 3 Fig. 4 Fig. 5 Fig. 6 Fig. 7 Fig. 8 Fig. 10 Fig. 11 Fig. 13
fc (GHz) 28 28 28 38 38 28 1.8 1.8 28
BW (GHz) 2 2 2 4 4 2 0.015 0.015 2
MT,MR 32, 32 32, 32 32, 32 32, 40 40, 32 32, 40 1, 16 1, 16 32, 32

K 0.04 0.03 0.05 0.1 0.09 0.1 0.1 0.1 0.06
Dcen(0) (m) 100 120 70 130 150 125 500 500 85

vT(0), vR(0) (m/s) 15, 20 14, 15 22, 17 25, 24 10, 12 11, 9 0, 16 0, 16 12, 10

v̄DS
d (0) (m/s) 2 3 2 5 3.5 4 2 2 4

v̄DM,T
j (0), v̄DM,R

j (0) (m/s) 6, 7 8, 8 9, 11 16, 16 12, 12 12, 13 8, 8 8, 8 12, 12

ϵSDI(0)
(a): 1/2

(b): 2
(a): 6/11
(b): 11/6

(a): 3/5
(b): 5/3

(a): 7/12
(b): 12/7

(a): 4/5
(b): 5/4 1 8/7 8/7

(a): 6/11
(b): 11/6

ϵVDI(0) 4/5
(a): 7/10
(b): 10/7 7/9 7/12

(a): 7/11
(b): 11/7 1

(a): 2/3
(b): 3/2

(a): 2/3
(b): 3/2 7/10

t (s) 0 1 2 1.5 0
(a): 0.03

(b): 0 0 0 0

AT
p , AR

q AT
2 , AR

31 AT
20, A

R
1 AT

1 , AR
1

(a): AT
1 , AR

8

(b): AT
1 , AR

13

AT
1 , AR

1
(a): -, AR

7
(b): -,-

AT
1 ,− AT

1 , AR
2 AT

1 , AR
1

A. Simulation of Channel Statistical Properties

In Fig. 3, the TACF under sparse/rich SE with the acceler-
ation/deceleration VMT of transceivers is illustrated. In the
rich SE, it is obvious that the number of twin-clusters is
larger than that of single-clusters. In this case, compared to
the sparse SE, the number of propagation paths is also larger

in the rich SE. As a result, the rich SE is more complex
and the corresponding TACF is lower than that under the
sparse SE. TACF with deceleration VMTs is higher than that
with acceleration VMTs. The underlying reason is that the
deceleration VMTs of transceivers leads to more stable V2V
communication environment.
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Fig. 3. TACF under sparse/rich SE with the acceleration/deceleration VMT.
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Fig. 4. DPSD under sparse/rich SE with high/low VTD.

The DPSD under sparse/rich SE with high/low VTD is
given in Fig. 4. Among these DPSDs, the DPSD under rich
SE with high VTD exhibits the flattest distribution, while the
DPSD under sparse SE with low VTD exhibits the steepest
distribution. The philosophy is that the received power in V2V
communications under rich SE with high VTD tends to come
from clusters in all directions. Nonetheless, in the sparse SE
with low VTD, the received power concentrates on several
Doppler frequencies.

Fig. 5 presents the FCF under sparse/rich SE at differ-
ent frequencies. Owing to the modeling of the frequency-
dependent path gain, the FCF is frequency-variant, where the
FCF at f = 29 GHz is lower than that at f = 27 GHz. The
FCF is a function of frequency separation ∆f and frequency
f , thus mimicking frequency non-stationarity and frequency
selectivity. In contrast, the FCF under rich SE is lower than
that under sparse SE. This is because that, in rich SE, the
multi-bouncing propagation is more dominant and the delay
spread is severer, resulting in more obvious channel frequency
selectivity and lower FCF.
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Fig. 5. FCF under sparse/rich SE at different frequencies.
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In Fig. 6, the Rx SCCF under sparse/rich at different
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Fig. 8. Cluster evolution at Rx. (a) Time axis. (b) Array axis.

reference antennas is depicted. The numbers of Tx and Rx
antennas are 32 and 40, respectively, which can be regarded
as a massive MIMO scenario [29]. The SCCF depends on
both the antenna spacing and reference antennas, and hence
space non-stationarity brought by massive MIMO is imitated.
In addition, compared to the rich SE, the SCCF under the
sparse SE is higher. The physical reason is that more single-
clusters lead to smaller number of propagation paths, smaller
channel spatial diversity, and higher SCCF.

Fig. 7 gives the complementary cumulative distribution
function (CCDF) of time stationary interval under sparse/rich
SE with high/low VTD. Since there are more highly mobile
vehicles in high VTD, the V2V communication scenario
is more rapidly-changing, resulting in lower time stationary
interval. Furthermore, attributed to more complex propagation
in rich SE, the time stationary interval under rich SE is lower
than that under sparse SE. Therefore, the V2V channel under
rich SE with high VTD exhibits the smallest time stationary
interval, whereas the largest time stationary interval under
sparse SE with low VTD.

Fig. 9. Vehicular channel measurement campaign. (a) Measurement van with
a real antenna array. (b) Measurement scenario.
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Fig. 10. Comparison of the simulated SCCF and the measured SCCF in [38].

Cluster time and array evolution are shown in Figs. 8 (a) and
(b), respectively. The numbers of static/dynamic single/twin-
clusters are S(0) = D(0) = I(0) = J(0) = 5 at initial time.
In Fig. 8(a), the simulation time is from 0.03 s to 0.28 s and
the selected antenna is AR

7 , where newly generated clusters
can be observed. In Fig. 8(b), the simulation time is the initial
time, i.e., t = 0 s. By exploiting the developed method, cluster
evolution is smooth and consistent as time and array evolve.
In this case, adjacent time instants and antenna elements
have similar observable cluster sets, and hence channel T-S
consistency is embedded in the proposed IS-GBSM.

B. Model Validation by Measurement and RT-Based Results

To validate the generality of the proposed model, we
conducted a vehicular channel measurement in a vicinity of
Aalborg, Denmark with the carrier frequency fc = 1.8 GHz
and bandwidth 15 MHz [38]. It is clear that 1.8 GHz is a
typical frequency band of Long Term Evolution (LTE) vehicle-
to-everything (V2X) and is utilized for the carrier frequency
of vehicular channel measurement. As shown in Fig. 9(a),
a real antenna array with sixteen antennas was equipped on
the roof of a van, which can be regarded as a multi-antenna
vehicular measurement. In the measurement, many routes were
considered, and the dominant rural in Route 1, i.e., green dots
in Fig. 9(b), was chosen for comparison with the simulation
results.
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Fig. 11. Comparison of the simulated FCF and the measured FCF in [38].

The measured CIR is processed to obtain the measured
SCCF, which is compared with the simulated SCCF in
Fig. 10.1 Furthermore, since the measurement scenario was
a dominant rural, it can be regarded as a low VTD scenario.
The simulated SCCF with channel consistency at low VTD fits
well with measurement. Nonetheless, as the spatial correlation
is underestimated by randomly characterizing the cluster array
evolution, the simulated SCCF without channel consistency is
lower than the measurement. Also, the simulated SCCF with
high VTD is lower than the measurement. This is because
that more vehicles, i.e., more dynamic clusters, around the
transceiver lead to more propagation paths, larger channel
spatial diversity, and smaller SCCF. As a result, by considering
the effect of VTDs and capturing channel consistency, the
proposed model can accurately reflect the reality.

To validate the existence of frequency selectivity in the
channel measurement scenario [38] with the carrier frequency
fc = 1.8 GHz and bandwidth 15 MHz, the measured CIR is
processed to obtain the measured FCF. From Fig. 11, it can
be observed that the measured FCF depends on the frequency
separation ∆f , and exhibits fluctuations in the frequency
domain, which validates the existence of frequency selectivity
in the channel measurement scenario. This is because that
the multipath effect is obvious in complex vehicular commu-
nication scenarios, where the channel coherence bandwidth
is small. In this case, the channel can exhibit frequency
selectivity within the measurement bandwidth. Furthermore,
the measured and simulated FCFs are compared. The close
agreement between the measured FCF and the simulated FCF
at low VTD is achieved. However, the FCF at high VTD is
lower than that at low VTD as the V2V channel is more

1Although the proposed IS-GBSM is based on the uniform linear antenna
and the vehicular channel measurement utilizes the uniform circular array, the
antenna array used in the simulation does not affect the output curve. This is
because that power angular spectrum is a propagation channel characteristic,
which is physically determined by the stochastic properties of the clusters
exist in the scenario. Meanwhile, SCCF and power angular spectrum are
Fourier transform pairs. Consequently, the comparison of simulated SCCF
and measured SCCF is proper.

(a)

(b)

Fig. 12. V2V communication scenario in Wireless Insite. (a) Scenario in San
Jose, California, the United States. (b) Transceiver propagation environment.
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Fig. 13. Comparison of the simulated DPSD and RT-based DPSD.

complex at high VTD.
To further verify the accuracy of the developed IS-GBSM,

the RT-based method is used. Since the RT-based method
generates channel parameters according to the geometrical
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optics and uniform theory of diffraction, the RT-based result is
of high fidelity and is widely utilized to validate the accuracy
of the proposed channel models [40], [41]. Specifically, a
massive MIMO mmWave V2V communication scenario is con-
structed by the RT tool, i.e., Wireless InSite [39]. In Fig. 12(a),
the scenario is given, which is in San Jose, California, the
United States. In Fig. 12(b), the propagation environment is
depicted, where there are dynamic vehicles and static trees
and buildings. In the Wireless InSite simulation platform,
the carrier frequency is set to fc = 28 GHz with 2 GHz
bandwidth for mimicking the high frequency and wide band in
mmWave communications. The numbers of antenna elements
are MT = MR = 32. The spacing of adjacent antennas is half
wavelength.

The simulated and RT-based DPSDs are compared in
Fig. 13. The propagation environment can be regarded as a
rich SE with high VTD according to Fig. 12(b). The simulated
DPSD under rich SE with channel consistency fits well with
the RT-based DPSD. Nonetheless, when the birth-death pro-
cess method used in [8], [17], [20] is exploited, the evolution
of clusters is random rather than smooth, resulting in channel
non-consistency. Under this condition, the DPSD distribution
is flatter, attributed to more random and dispersed distribution
of clusters in the environment. Also, compared to rich SE, the
simulated DPSD under sparse SE has a steeper distribution.
Consequently, the necessities of capturing channel consistency
and rich/sparse SE are demonstrated and the proposed model
can accurately reflect the reality.

VI. CONCLUSIONS

This paper has proposed a novel 3D 6G channel model for
mmWave massive MIMO V2V channels, where the mixed-
bouncing propagation, GR, V2V scenarios with different
VTDs, and continuously arbitrary VMTs have been consid-
ered. A new method has been developed, which can simulta-
neously imitate S-T-F non-stationarity of V2V channels with
T-S consistency. Key channel statistics have been derived.
Simulation results have shown that S-T-F non-stationarity and
T-S consistency have been captured. Compared to low VTD,
channels in high VTD have flatter distribution of DPSD,
smaller time stationary interval, and lower SCCF. Meanwhile,
compared to rich SE, channels in sparse SE have higher
TACF, steeper distribution of DPSD, higher FCF, larger time
stationary interval, and higher SCCF. The comparison between
simulation results and measurement/RT-based results has ver-
ified the accuracy of the proposed model. The comparison
has demonstrated that the capturing of channel consistency,
high/low VTD, and rich/sparse SE is indispensable. In the
future, with the development of measurement equipment, the
massive MIMO mmWave V2V channel measurement cam-
paign needs to be carried out to further validate the proposed
IS-GBSM.
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[7] A. G. Zajic, G. L. Stüber, T. G. Pratt, and S. T. Nguyen, “Wideband
MIMO mobile-to-mobile channels: Geometry-based statistical modeling
with experimental verification,” IEEE Trans. Veh. Technol., vol. 58, no. 2,
pp. 517–534, Jun. 2009.

[8] E. Michailidis, N. Nomikos, P. Trakadas, and A. G. Kanatas, “Three-
dimensional modeling of mmWave doubly massive MIMO aerial fading
channels,” IEEE Trans. Veh. Technol., vol. 69, no. 2, pp. 1190–1202,
Feb. 2020.

[9] H. Jiang, B. Xiong, H. Zhang, and E. Basar, “Physics-based 3D end-
to-end modeling for double-RIS assisted non-stationary UAV-to-ground
communication channels,” IEEE Trans. Commun, to be published. Doi:
10.1109/TCOMM.2023.3266832.

[10] Technical Specification Group Radio Access Network; Study on Channel
Model for Frequencies From 0.5 to 100 GHz (Release 14), document
TR 38.901 Version 14.2.0, 3GPP, Sep. 2017. [Online]. Available:
http://www.3gpp.org/DynaReport/38901.htm

[11] L. Bai, Z. Huang, and X. Cheng, “A 3D cluster-based channel model for
5G and beyond 5G vehicle-to-vehicle massive MIMO channels,” IEEE
Trans. Vehicular Technol., vol. 70, no. 9, pp. 8401–8414, Sep. 2021.

[12] N. Ahmed, B. Hua, Q. Zhu, K. Mao, and J. Bao, “A novel GBSM for
non-stationary V2V channels allowing 3D velocity variations,” Sensors,
vol. 21, no. 9, pp. 3271–3284, May 2021.

[13] B. Xiong et al., “Novel multi-mobility V2X channel model in the
presence of randomly moving clusters,” IEEE Trans. Wireless Commun.,
vol. 20, no. 5, pp. 3180–3195, May 2021.

[14] C. F. López and C.-X. Wang, “Novel 3-D non-stationary wideband
models for massive MIMO channels,” IEEE Trans. Wireless Commun.,
vol. 17, no. 5, pp. 2893–2905, May 2021.

[15] S. Jaeckel, L. Raschkowski, K. Borner, and L. Thiele, “QuaDRiGa-Quasi
Deterministic Radio Channel Generator, User Manual and Documenta-
tion,” Fraunhofer Heinrich Hertz Institute, Tech. Rep. v2.4.0. 2020.

[16] A. F. Molisch, F. Tufvesson, J. Karedal, and C. F. Mecklenbrauker,
“A survey on vehicle-to-vehicle propagation channels,” IEEE Wireless
Commun., vol. 16, no. 6, pp. 12–22, Dec. 2009.

[17] Z. Huang and X. Cheng, “A 3D non-stationary model for beyond 5G
and 6G vehicle-to-vehicle mmWave massive MIMO channels,” IEEE
Trans. Intell. Transp. Syst., vol. 23, no. 7, pp. 8260–8276, Jul. 2022.

[18] Z. Huang, X. Cheng, and X. Yin, “A general 3D non-stationary 6G
channel model with time-space consistency,” IEEE Trans. Commun.,
vol. 70, no. 5, pp. 3436–3450, May 2022.

[19] F. Ademaj, S. Schwarz, T. Berisha, and M. Rupp, “A spatial consistency
model for geometry-based stochastic channels,” IEEE Access, vol. 7, pp.
183414–183427, Dec. 2019.

[20] J. Bian, C.-X. Wang, X. Gao, X. You, and M. Zhang, “A general 3D
non-stationary wireless channel model for 5G and beyond,” IEEE Trans.
Wireless Commun., vol. 20, no. 5, pp. 3211–3224, May 2021.

[21] N. Cardona, Cooperative Radio Communications for Green Smart
Environments. Gistrup, Denmark.: River Publishers, 2016.

[22] X. Cai, X. Cheng, and T. Fredrik, “Toward 6G with Terahertz com-
munications: Understanding the propagation channels,” IEEE Commun.
Mag., to be published, 2023.

[23] S. Gao, X. Cheng, and L. Yang, “Estimating doubly-selective chan-
nels for hybrid mmWave massive MIMO systems: A doubly-sparse
approach,” IEEE Trans. Wireless Commun., vol. 19, no. 9, pp. 5703–
5715, Sept. 2020.

[24] S. Jaeckel, L. Raschkowski, S. Wu, L. Thiele, and W. Keusgen, “An
explicit ground reflection model for mm-Wave channels,” in Proc. IEEE
WCNC’17, San Francisco, CA, USA, Mar. 2017, pp. 1–5.

[25] R. Verdone and A. Zanella, Pervasive Mobile and Ambient Wireless
Communications. London: Springer, 2012.



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. XX, NO. XX, XX 2023 16

[26] M. Zhu, G. Eriksson, and F. Tufvesson, “The COST 2100 channel
model: Parameterization and validation based on outdoor MIMO mea-
surements at 300 MHz,” IEEE Trans. Wireless Commun., vol. 12, no. 2,
pp. 888–897, Feb. 2013.

[27] J. Flordelis, X. Li, O. Edfors, and F. Tufvesson, “Massive MIMO
extensions to the COST 2100 channel model: Modeling and validation,”
IEEE Trans. Wireless Commun., vol. 19, no. 1, pp. 380–394, Jan. 2020.

[28] S. Wu, C.-X. Wang, H. Aggoune, M. M. Alwakeel, and Y. He, “A
non-stationary 3-D wideband twin-cluster model for 5G massive MIMO
channels,” IEEE J. Sel. Areas Commun., vol. 32, no. 6, pp. 1207–1446,
Jun. 2014.

[29] S. Wu, C.-X. Wang, H. Aggoune, M. M. Alwakeel, and X.-H. You, “A
general 3-D non-stationary 5G wireless channel model,” IEEE Trans.
Commun., vol. 66, no. 7, pp. 3065–3078, Jul. 2018.

[30] D. He et al., “Stochastic channel modeling for kiosk applications in
the terahertz band,” IEEE Trans. Terahertz Sci. Technol., vol. 7, no. 5,
pp. 502–513, Sep. 2017.

[31] A. F. Molisch, “A comprehensive model for ultrawideband propagation
channels”, in Proc. IEEE GLOBECOM’05, St. Louis, MO, USA, Dec.
2005, pp. 3648–3653.

[32] A. F. Molisch et al., IEEE 802.15.4a Channel Model-Final Report, Tech.
Rep., Document IEEE 802.1504-0062-02-004a, 2005.

[33] M. Patzold, Mobile Radio Channels, 2nd ed. West Sussex, U.K.: Wiley,
2012.

[34] Z. Huang et al., “A LiDAR-aided vehicle-to-vehicle (V2V) channel
model for sensing and communication integration,” IEEE Trans. Intell.
Transp. Syst., 2023.

[35] C. Chen, Z. Zhong, and B. Ai, “Stationarity intervals of time-variant
channel in high speed railway scenario,” J. China Commun., vol. 9, no.
8, pp. 64–70, Aug. 2012.

[36] L. Bai, Z. Huang, X. Zhang, and X. Cheng, “A 3D non-stationary model
for 6G massive MIMO mmWave UAV channels,” IEEE Trans. Wireless
Commun., vol. 21, no. 6, pp. 4325–4339, Jun. 2022.

[37] X. Wu et al., “60-GHz millimeter-wave channel measurements and mod-
eling for indoor office environments,” IEEE Trans. Antennas Propag.,
vol. 65, no. 4, pp. 1912–1924, Apr. 2017.

[38] T. Izydorczyk, F. M. L. Tavares, G. Berardinelli, M. Bucur, and P. Mo-
gensen, “Performance evaluation of multi-antenna receivers for vehicular
communications in live LTE networks,” in Proc. IEEE VTC’19, Kuala
Lumpur, Malaysia, Jun. 2019, pp. 1–6.

[39] Remcom. Wireless InSite. [Online]. Available:
https://www.remcom.com/wireless-insite-em-propagation-software
[Accessed date: Mar. 2022].

[40] K. Mao et al., “Machine learning-based 3D channel modeling for U2V
mmWave communications,” IEEE Internet Things J., vol. 9, no. 18, pp.
17592–17607, Sep. 2022.

[41] F. Ademaj, S. Schwarz, T. Berisha, and M. Rupp, “A spatial consistency
model for geometry-based stochastic channels,” IEEE Access, vol. 7, pp.
183414–183427, Dec. 2019.

Ziwei Huang (Graduate Student Member, IEEE)
received the B.S. degree in communication engineer-
ing from Chongqing University, Chongqing, China,
in 2019. He is currently pursuing the Ph.D. de-
gree with the School of Electronics, Peking Uni-
versity, Beijing, China. His current research inter-
ests are high-mobility communication channel mea-
surements and modeling. He was a co-recipient
of IET Communications Best Paper Award: Pre-
mium Award.

Lu Bai (Member, IEEE) (Member, IEEE) received
the Ph.D. degree in Information and Communication
Engineering from Shandong University, China, in
2019. From 2017 to 2019, she was also a visit-
ing Ph.D. student at Heriot-Watt University, UK.
From 2019 to 2022, she was a post-doc at Beihang
University, China. She is currently a professor at
Shandong University. Her general research interests
are in areas of wireless communications and artificial
intelligence, subject on which she has published
more than 20 journal and conference papers, 2

books, holds 6 patents, and participated in 3 Chinese standards. Prof. Bai is a
recipient of Qilu Young Scholar Award in 2022. She has served as the member
of the Technical Program Committee and session chair for several international
conferences. She is currently an Associate Editor of IET Communications.

Mingran Sun (Graduate Student Member, IEEE)
received the B.S. degree in electronic and informa-
tion engineering from Beihang University, Beijing,
China, in 2023. He is currently pursuing the Ph.D.
degree with the School of Electronics, Peking Uni-
versity, Beijing, China. His current research interest
is Al-based channel modeling.

Xiang Cheng (Fellow, IEEE) received the Ph.D.
degree jointly from Heriot-Watt University and the
University of Edinburgh, Edinburgh, U.K., in 2009.
He is currently a Boya Distinguished Professor of
Peking University. His general research interests are
in areas of channel modeling, wireless communica-
tions, and data analytics, subject on which he has
published more than 280 journal and conference
papers, 9 books, and holds 23 patents. Prof. Cheng
is a recipient of the IEEE Asia Pacific Outstanding
Young Researcher Award in 2015, a Distinguished

Lecturer of IEEE Vehicular Technology Society, and a Highly Cited Chinese
Researcher since 2020. He was a co-recipient of the 2016 IEEE JSAC
Best Paper Award: Leonard G. Abraham Prize, and the 2021 IET Com-
munications Best Paper Award: Premium Award. He has also received the
Best Paper Awards at IEEE ITST’12, ICCC’13, ITSC’14, ICC’16, ICNC’17,
GLOBECOM’18, ICCS’18, and ICC’19. He has served as the symposium
lead chair, co-chair, and member of the Technical Program Committee for
several international conferences. Prof. Cheng led the establishment of 3
Chinese standards (including 1 industry standard and 2 group standards) and
participated in the formulation of 10 3GPP international standards and 2
Chinese industry standards. He is currently a Subject Editor of IET Com-
munications and an Associate Editor of the IEEE Transactions on Wireless
Communications, IEEE Transactions on Intelligent Transportation Systems,
IEEE Wireless Communications Letters, and the Journal of Communications
and Information Networks, and is an IEEE Distinguished Lecturer. In 2021
and 2023, he was selected into two world scientist lists, including World’s
Top 2% Scientists released by Stanford University and Top Computer Science
Scientists released by Guide2Research.



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. XX, NO. XX, XX 2023 17

Preben E. Mogensen (Member, IEEE) received the
M.Sc. and Ph.D. degrees from Aalborg University, in
1988 and 1996, respectively. Since 1995, he has been
a part-time Associate with Nokia. Since 2000, he
has been a Full Professor with Aalborg University,
where he is currently leading the Wireless Commu-
nication Networks section. He is also a Principal
Scientist with Nokia Bell Labs and a Nokia Bell
Labs Fellow. He has coauthored over 450 articles
in various domains of wireless communication. His
Google Scholar H-index is 68. His current research

interests include the 5G industrial IoT and technology components towards
6G.

Xuesong Cai (Senior Member, IEEE) received the
B.S. degree and the Ph.D. degree (with distinction)
from Tongji University, Shanghai, China, in 2013
and 2018, respectively. In 2015, he conducted a
three-month internship with Huawei Technologies,
Shanghai, China. He was also a Visiting Scholar
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