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Abstract

As communication technologies continue to evolve, Reconfigurable Intelligent Surfaces
(RISs) have become a crucial and highly potential technology for sixth-generation (6G)
mobile communication systems. Their key competitive advantages lie in their cost-
effectiveness, minimal power consumption, and simple deployment. To address the
limitations of current communication paradigms, this study innovatively integrates RIS
technology into vehicle-to-vehicle (V2V) communication systems. Current methodologies
fail to comprehensively elucidate the transmission principles underlying RIS-assisted V2V
fluid antenna system (FAS) communications. The current channel characteristic analysis
techniques and modeling theories struggle to achieve a balance between computational
accuracy and computational complexity. To overcome these problems, this study system-
atically constructed a multipath sub-channel model in RIS-assisted V2V communication.
Combining detailed simulation with theoretical analysis, a reliable parametric channel
statistical model was established. This progress successfully overcame the main obstacle of
the traditional RIS channel modeling method, which was unable to coordinate accuracy
and efficiency.

Keywords: reconfigurable intelligent surfaces; channel model; fluid antenna communications;
vehicle-to-vehicle wireless communication

1. Introduction
1.1. Background

The emergence of the sixth-generation (6G) wireless communication network marks a
paradigm shift toward hyper-connected, intelligent, and immersive digital ecosystems [1].
Envisioned to operate in the 2030s, 6G seeks to overcome the constraints of 5G by achiev-
ing unprecedented performance metrics, including terahertz (THz) bandwidths [2], sub-
millisecond latency, near-perfect reliability, and global coverage spanning terrestrial, aerial,
and maritime domains. These advancements are pivotal for enabling transformative appli-
cations such as autonomous vehicular networks, holographic telepresence, tactile internet,
and ubiquitous artificial intelligence-driven services [3]. Within this framework, vehicle-
to-everything (V2X) communications, particularly V2V interactions, emerge as critical
enablers for intelligent transportation systems (ITSs), which demand ultra-reliable low-
latency communication (URLLC) and robust connectivity in highly dynamic scenarios [4].
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Recent standardization efforts, such as 5G NR V2X [5] and LTE-based V2X services [6], have
laid the groundwork for vehicular connectivity, yet challenges persist in adapting these
frameworks to 6Gs evolving requirements [7]. For instance, ultra-wideband non-stationary
channel modeling for UAV-to-ground communications has revealed critical limitations in
current frameworks when addressing high-mobility scenarios [8], while advancements in
channel sounding technologies for UAV-assisted systems further highlight the need for
adaptive measurement methodologies [9].

However, V2V communication faces inherent challenges due to rapid mobility, dense
urban obstructions, and time-varying channel conditions [10]. Traditional cellular architec-
tures struggle to maintain line-of-sight (LoS) links between vehicles, leading to severe signal
degradation from shadowing and multipath fading [11]. This is partially addressed in 5G
through massive MIMO and beamforming [12], which is a technology direction highlighted
as disruptive in early 5G research [13] as efficacy diminishes in non-stationary scenarios
with frequent blockages. RISs, a cornerstone of 6Gs smart radio environment vision, offer a
revolutionary solution [14]. Through the dynamic manipulation of electromagnetic waves,
RIS arrays boost signal propagation, extend coverage, and also help to mitigate interference
without active signal amplification, thereby aligning with 6Gs goals of energy efficiency
and spectral agility [15]. Recent advancements in RIS hardware designs and optimization
algorithms further demonstrate their potential to reshape wireless channels in real time [16],
making them ideal for vehicular networks. Notably, physics-based channel modeling for
RIS-assisted mmWave systems has shown how RISs can mitigate spatial non-stationarity
in aerial environments [17], while hierarchical 3D radio environment maps incorporating
channel shadowing provide new insights into urban propagation dynamics [18].

1.2. Related Works

Channel modeling for wireless communication systems has been extensively studied
to characterize signal propagation under diverse environments. Traditional approaches
for vehicular channels primarily rely on statistical models, geometric stochastic models,
and deterministic ray-tracing methods [19]. Models based on statistics, including the
3GPP spatial channel model (SCM) and its extensions, employ empirical distributions
to describe path loss, shadowing, and multipath components, offering computational
efficiency for system-level simulations [20]. Geometric stochastic models, including the
geometry-based stochastic model (GBSM), incorporate spatial consistency by modeling
scatterers distributions relative to transceivers, making them suitable for multi-antenna
systems in dynamic vehicular scenarios [21]. For example, extended geometric models
for UAV-to-UAV communications have introduced adaptive vMF distributions to capture
directional scattering in aerial networks [22]. Deterministic methods, such as ray trac-
ing, leverage environmental databases to predict site-specific propagation characteristics,
achieving high accuracy at the expense of computational complexity [23]. While these
models have been widely adopted for V2X communications, their applicability diminishes
in highly dynamic vehicular environments with frequent blockages and non-stationary
channel conditions [24]. Recent studies on MIMO multipath channels with aerial intelligent
reflecting surfaces further emphasize the limitations of static models in capturing hybrid
near–far field interactions [25].

Recent advancements in RISs have spurred new directions in channel modeling. Early
works on RIS-assisted channels focused on static or quasi-static scenarios, where RIS ele-
ments are optimized to enhance signal strength or mitigate interference through phase-shift
adjustments [26]. For instance, the authors of [27] proposed a parametric RIS channel model
for indoor environments, integrating far-field approximations and fixed RIS configurations.
Similarly, the authors of [28] developed a geometric model for RIS-aided cellular networks,
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emphasizing the interplay between RIS4 placement and coverage extension. However,
these studies largely assume stationary transceivers and ideal RIS control, overlooking
the time-dependent characteristics of vehicular channels and the practical restrictions of
RIS sub-array partitioning [29]. Recent efforts have explored dynamic RIS configurations
for mobile users [30]. In reference [31] an approach was presented using an algorithm to
construct surrogate functions. This method linearizes the objective function and handles
the unit modulus constraints via SDP, thus implementing the optimization of phase con-
straints. Reference [32] proposed two adaptive and robust methods for configuring RISs
with more general arbitrary-shaped elements. These approaches reduce complexity while
being better suited for highly dynamic communication scenarios. However, the integration
with V2V-specific challenges remains limited. Simplified beamspace channel estimation
algorithms for mmWave massive MIMO systems have demonstrated potential for reducing
computational overhead in RIS-aided networks, while novel beam channel models for
UAV-enabled mmWave communications highlight the role of directional beamforming in
dynamic environments [33].

In the context of V2V communications, existing channel models often prioritize LOS
and NLoS propagation but lack the mechanisms to dynamically adapt to rapid mobility
and environmental obstructions. For example, the authors of [34] introduced a twin-cluster
model for millimeter-wave V2V channels, capturing spatial–temporal variations through
clustered scatterers. Meanwhile, the authors of [35] extended the GBSM framework to
incorporate dual mobility and 3D geometry, yet without integrating RISs as a controllable
propagation medium. Notably, in RIS-assisted V2V scenarios, hybrid far and near-field
modeling has not been thoroughly explored, particularly when sub-array architectures
are employed to balance complexity and reconfigurability [36]. Furthermore, existing
RIS channel models often neglect the joint impact of time-varying RIS configurations,
vehicle kinematics, and scatterer dynamics [37], limiting their practicality for real-time
V2V system design. Prior studies on FASs have emphasized their adaptability in dynamic
environments [38]; however, their synergistic integration with RIS-aided networks remains
an open research challenge [39].

1.3. Main Contributions

The primary contributions are summarized in the following outline:

• A channel model is proposed that jointly captures RIS-enabled far-field reflections and
near-field scattering effects in dynamic vehicular environments. This model integrates
time-varying RIS configurations, spatially non-stationary scatterer clusters, and dual-
mobility kinematics of vehicles, addressing the limitations of existing approaches that
either neglect near-field dynamics or assume static RIS deployments.

• Through the derivation of deriving the Space-Time Cross-Correlation Function (ST
CCF) and Temporal Auto-Correlation Function (ACF), the non-stationary properties
of RIS-assisted vehicle-to-vehicle channels are precisely quantified. Our analysis
explicitly incorporates time-varying parameters, including vehicular acceleration, RIS
phase profiles, and scatterer dynamics, revealing how temporal evolution and RIS
spatial deployment jointly govern channel correlation and attenuation.

• The proposed model supports dynamic port activation in FAS-equipped vehicles,
where active port subsets adaptively adjust to channel conditions. This flexibility is
formalized through a generalized channel matrix, enabling the real-time optimization
of spectral efficiency and reliability under mobility constraints.

• Through comprehensive simulations, we demonstrate that RIS deployment positions
and various other variables critically influence ST CCF and temporal ACF performance.
Our findings provide actionable insights for RIS-aided V2V system design.
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The structure of the remaining part of the paper is arranged as follows. In Section 2
a comprehensive elaboration is provided, which is on the proposed channel model.
In Section 3 the physical attributes of the channel model are introduced through the
Channel Impulse Response (CIR) function. Subsequently, Section 4 details the specific
computational methodologies for deriving the CIR of two distinct transmission links.
In Section 5 the transmission characteristics of the proposed channel model were ana-
lyzed. Also, the corresponding simulation results and conclusive remarks are presented in
Sections 6 and 7, respectively.

Notation: The letters of lowercase (e.g., x), boldface lowercase (e.g., x), and boldface
uppercase (e.g., X) represent scalars and vectors, respectively. The symbols ∥ · ∥, (·)∗,
and [·]T denote the Frobenius norm, the complex conjugate operation, and the transpose
operation of matrices, respectively. Finally, j =

√
−1 is the imaginary unit and E[·]

represents the expectation operation.

2. System Model
Within V2V wireless communication environments, the unobstructed LoS transmission

among vehicles is often obstructed by urban infrastructure such as buildings, owing to the
dynamic mobility of both transmitting and receiving nodes. This obstruction significantly
degrades communication reliability and stability. To address this issue, the integration of
RIS technology can effectively establish an equivalent direct path, thereby enhancing both
the quality and efficiency of communication. As illustrated in Figures 1 and 2, we propose
a RIS-assisted FAS channel model for V2V communication scenarios. Considering that
V2V communications predominantly occur in urban environments with dense obstructions
and owing to the real-time mobility characteristics of both transmitting and receiving
terminals, we employ RIS-reflected paths to replace conventional LoS propagation. This
approach addresses the limitations of LoS blockages caused by dynamic urban obstacles
while leveraging the reconfigurability of RISs to enhance signal reliability and adaptability
in highly dynamic vehicular networks. Furthermore, FASs offer inherent advantages over
traditional linear antennas through their dynamic reconfigurability. During operation they
can adaptively modify port configuration based on real-time channel conditions. This
capability enables superior handling of time-varying channels in V2V communications,
particularly in urban environments with multiple obstructions. Consequently, FASs were
selected for the proposed system model. It is supposed that linear FASs are installed on
both the transmitting vehicle (MT) and the receiving vehicle (MR). The port lengths are
denoted as WTλ and WRλ respectively, and the number of pots is P and Q, respectively. It is
worth motioning that WR is a dimensionless variable, which can be regarded as a coefficient.
Consequently, the distances between adjacent ports in the FAS of the transmitting and
receiving vehicles can be expressed as follows:

∆dT,psub
= WTλ

P−1 (1)

∆dR,qsub =
WRλ

Q − 1
(2)

In the proposed 3D coordinate system, the origin is set as the ground projection of
the MT midpoint at the initial motion state. While the z-axis is directed vertically upward,
the x-axis is aligned with the direction from MT to MR at the initial motion instant. The
y-axis is then determined according to the right-hand rule to ensure orthogonality and
coordinate consistency.
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Figure 1. Transmission model of the proposed RIS-assisted V2V fluid antenna system in vehicular
communication scenarios.

Figure 2. Multipath signal trajectories and spatial angle in the proposed channel model.

In general scenarios where both MT and MR exhibit continuous motion, their velocity

vectors are defined as follows: vT(R) =
[
vT(R),x(t), vT(R),y(t), 0

]T
, where vT(R),x(t) and

vT(R),y(t), respectively, represent the velocity components of MT (or MR) within both the x-
and y-axis. These components are derived through the following formulations:

vT(R),x(t) = vT(R),x(0) +
∫ t

0
aT(R),x

(
t′
)
dt′ (3)

vT(R),y(t) = vT(R),y(0) +
∫ t

0
aT(R),y

(
t′
)
dt′ (4)
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where in Equations (3) and (4) vT(R),x(0) and vT(R),y(0) components in the directions of the
x-axis and y-axis represent the MT and MR velocity elements at the initial stage of their
motion. Now, let us introduce their relevant situations as follows:

aT(R),x(t) = aT(R),x(0) + a′T(R),x(t) (5)

aT(R),y(t) = aT(R),y(0) + a′T(R),y(t) (6)

where the MT and MR initial accelerations along both x- and y-axis are denoted as the
variables aT(R),x(0) and aT(R),y(0). As for MT and MR, their distance vectors within this
stage of the entire motion can be calculated. The specific calculations are as follows:

dT(t) =

dT,x(t)
dT,y(t)

0

 =

vT,x(t)tcosηver
T cosηazi

T
vT,y(t)tcosηver

T cosηazi
T

0

 (7)

dR(t) =

dR,x(t)
dR,y(t)

0

 =

D0 + vR,x(t)tcosηver
R cosηazi

R
vR,y(t)tcosηver

R cosηazi
R

0

 (8)

where D0 denotes the straight-line distance between MT and MR at the initial motion
instant. Respectively, the azimuthal motion directions of both MT and MR in the horizontal
plane are represented by the angles ηazi

T and ηazi
R , while ηver

T and ηver
R are similar enough as

to characterize both MT and MR in its vertical motion directions under the elevation plane.

3. Channel Description
In the channel model presented, the MT signal sent reaches the MR via the following

two paths: one is the RIS-reflected path, which replaces the LoS; another denotes the NLoS
path. For the RIS-reflected path, the signal is reflected and adjusted by the RIS array before
arriving at the MR. Regarding the NLoS path, the signal is reflected by scatterers close to
the MT and then reaches the MR. The distance vector from the coordinate system origin
to the center position of the reconfigurable smart surface RIS array can be represented
as follows: dRIS = [xRIS, yRIS, zRIS]. In the non-line-of-sight path, N scattering clusters are
present near the MT. Meanwhile dn↕ =

[
xn↕ , yn↕ , zn↕

]
is denoted as the distance vector in

the n-th (n = 1, 2, . . . , N) scatterer cluster, which is from the coordinate origin to the ↕-th
(↕ = 1, 2, . . . , n↕).

To comprehensively characterize the transmission characteristics of this model, the
matrix formula H(t) =

[
hpsub ,qsub(t, τ)

]
is utilized as the impulse response to complex chan-

nels is denoted by hpsub ,qsub(t, τ). The model comprises two distinct links, each contributing
its own propagation component of the RIS-reflected component (equivalent to the LoS
component) and the NLoS component. Assuming mutual independence between these
two propagation components, the summation of their individual complex channel impulse
responses can be used to express the overall complex CIR. The calculation method is as
follows [40]:

hpsub ,qsub(t, τ) =
√

K
K+1 hRIS

psub ,qsub
(t)δ

(
τ − ξT,RIS(t)+ξR,RIS(t)

c

)
+
√

1
K+1 hcluster

psub ,qsub
(t)δ

(
τ − ξT,cluster(t)+ξR,cluster(t)

c

) (9)

where K is the Rice factor and the distances from MT and MR to the midpoint of the
RIS array are represented by the formulas ξT,RIS(t) = ∥ dRIS − dT ∥ and ξR,RIS (t) = ∥
dRIS − dR ∥. As the same, the formulas ξT,cluster(t) = ∥ dRIS − dT ∥ and ξR,cluster(t) = ∥
dcluster − dR ∥. stand for both distances to the scattering cluster’s geometric center.
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It is important to note that the dimension of H(t) is Qsub × Psub, where Qsub and
Psub represent the number of active ports at MR and MT sides, respectively. Given that
fluid antennas can dynamically activate one or multiple communication ports for signal
transmission, the values of Qsub and Psub are variable. In this work we introduce the general
form of the FAS channel matrix, where Qsub and Psub denote the number of active ports.
Thus, the sets of Qsub and Psub are given by the following:

Qsub =
{

qsub,1, qsub,2, . . . , qsub,Qsub

}
, Qsub ∈ Q (10)

Psub =
{

psub,1, psub,2, . . . , psub,Psub

}
, Psub ∈ P (11)

where Q = {1, 2, . . . , Q} and P = {1, 2, . . . P} represent the port sets of the MR and MT,
respectively. The positions of the qsub-th port at the MR side (qsub = 1, 2, . . . , Qsub) and the
psub-th port at the MT side (psub = 1, 2, . . . , psub) are calculated as follow:

dqsub(t) =

dqsub ,x(t)
dqsub ,y(t)
dqsub ,z(t)

 =

 dR,x(t)
dT,x(t)

(qsub − 1)∆dR,qsub

 =

D0 + vR,x(t)cosηver
R cosηazi

R
vR,y(t)cosηver

R sinηazi
R

(qsub − 1)∆dR,qsub

 (12)

dpsub(t) =

dpsub,x (t)
dpsub ,y(t)
dpsub ,z(t)

 =

 dT,x(t)
dR,y(t)

(psub − 1)∆dT,psub

 =

vT,x(t)cosηver
T cosηazi

T
vR,x(t)cosηver

T sinηazi
T

(psub − 1)∆dT,psub

 (13)

4. The CIR for the Two Transmission Links
In the preceding analysis the CIR function was employed to characterize the channel

response between the MT’s p-th and the MR’s q-th antennas. The resultant value is derived
from the summation of the CIR functions under both LoS and NLoS propagation conditions.
The mathematical expressions for these two scenarios are formulated as follows:

hRIS
psub ,qsub

=
M
∑

m=1

N
∑

n=1
χm,n(t)

×e
j(φm,n(t)−

2π

λ
(ξT,(m,n)(t)+ξR,(m,n)(t)))

×e
j
2π

λ
(psub−1)∆dT,psub

sinβT,(m,n)(t)

×e
j
2π

λ
(qsub−1)∆dR,qsub

sinβR,(m,n)(t)

×e
j
2π

λ
vRtcos(αR,(m,n)(t)−ηazi

R )cosβR,(m,n)(t)

×e
j
2π

λ
vT tcos(αT,)m,n))t)−ηazi

T )cosβT,(m,n)(t)

(14)

Recent research achievements, such as those reported in [31], demonstrate that in
general scenarios the reflection phases of RIS elements can be optimized by constructing
surrogate functions via specific algorithms, transforming the objective function and subse-
quently handling the unit-modulus constraints. For analytical tractability in the context,
the variables χ(m,n)(t) and φ(m,n)(t), respectively, represent the reflection amplitude and
reflection phase of the (m, n)-th element in the RIS array and we adopt the simplifying
assumption of perfect phase alignment among all RIS sub-arrays. The paraments ξT,(m,n)
and ξR,(m,n) are used to denote both MT and MR path lengths of the (m, n)-th element to
the coordinate origin. The angles βT,(m,n) and αT,(m,n) are used to describe the two charac-
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teristics of time-varying vertical and horizontal azimuth deviations. Their mathematical
expressions are formulated as follows:

αT,(m,n) = tan−1 y(m,n) − dT,y(t)
x(m,n) − dT,x(t)

(15)

βT,(m,n) = tan−1 z(m,n)√(
y(m,n) − dT,y(t)

)2
+

(
x(m,n) − dT,x(t)

)2
(16)

where βR,(m,n) and αR,(m,n), respectively, represent all the vertical azimuth angles that
change over time and the horizontal azimuth angles that change over time in the RIS array
for the (m, n)-th element. These angles are represented in the following way:

αR,(m,n) = tan−1 y(m,n) − dR,y(t)
x(m,n) − dR,x(t)

(17)

βR,(m,n) = tan−1 z(m,n)√(
y(m,n) − dR,y(t)

)2
+

(
x(m,n) − dR,x(t)

)2
(18)

In the case of the presence of scatterer clusters, how the CIR function is divided
between the p-th and the q-th port for MT and MR is as follows:

hcluster
psub ,qsub

= ∑
n∈N

n↕
∑
↕=1

e
j(φn↕ (t)−

2π

λ
(ξT,n↕ (t)+ξR,n↕ (t)))

×e
j
2π

λ
(psub−1)∆dT,psub

sinβT,n↕ (t)

×e
j
2π

λ
(qsub−1)∆dR,qsub

sinβR,n↕ (t)

×e
j
2π

λ
vT tcos(αT,n↕ (t)−ηazi

T )cosβT,n↕ (t)

×e
j
2π

λ
vRtcos(αR,n↕ (t)−ηazi

R )cosβR,n↕ (t)

(19)

where φn↕(t) represents an independent and uniformly distributed random phase. The
variables ξT,n↕(t) and ξR,n↕(t) denote the straight-line distances from the ↕-th scatterer to
MT and MR, respectively. The scatterer path signal has time-varying deviations from the
vertical azimuth angle and the horizontal azimuth angle. These two angles are represented
by angles βT,n↕(t) and αT,n↕(t), respectively. Let us specifically explain how they are defined
through the following:

αT,n↕ = tan−1
yn↕ − dT,y(t)

xn↕ − dT,x(t)
(20)

βT,n↕ = tan−1
zn↕√(

yn↕ − dT,y(t)
)2

+
(

xn↕ − dT,x(t)
)2

(21)

Similarly, the symbol βR,n↕(t) represents the vertical azimuth of arrival of the scat-
terer’s path signal, which changes over time. The symbol αR,n↕(t) indicates the horizontal
azimuth variation in the scatterer’s path signal which arrives over time. The values in-
volved here are determined as follows:

αR,n↕ = tan−1
yn↕ − dR,y(t)

xn↕ − dR,x(t)
(22)
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βR,n↕ = tan−1
zn↕√(

yn↕ − dR,y(t)
)2

+
(

xn↕ − dR,x(t)
)2

(23)

In this work, the von Mises distribution is introduced to determine the position of
each scatterer, and is shown as follows:

f (α) =
eκcos (α−µα)

2π I0(κ)
(24)

where κ is the environmental factor [41]. Considering that V2V communication scenarios
are predominantly deployed in highly scattered urban environments, κ typically takes
smaller values, ranging between 0.5 and 2. This range indicates dispersed scattering di-
rections, as documented in relevant literature. µα represents the mean value of α, and
I0(·) stands for the order 0 within adjusted Bessel function. Furthermore, existing stud-
ies (e.g., [32]) commonly model scatterer elevation angles using uniform distributions.
Consistent with this approach, our work generates scatterer elevation angles according to
U(−1/2, 1/2).

5. Propagation Characteristics of the Proposed Channel Model
In contemporary research endeavors the wireless channel models’ accuracy is typically

validated through the derivation of the CCF. This metric is evaluated by determining the
correlation between two distinct complex CIRs, denoted as hpsub ,qsub(t) and hp′sub ,q′sub

(t + ∆t).
Here, p′sub and q′sub represent the p′sub-th port at the MT side ( p′sub = 1, 2 . . . , Psub) and the
q′sub-th port at the MR side ( q′sub = 1, 2 . . . , Qsub), respectively. The CCF can be derived
using the following formula:

ρhpsub ,qsub hp′sub ,q′sub

(
t, ∆psub , ∆qsub , ∆t

)
= E

[ hpsub ,qsub(t)h
∗
p′sub ,q′sub

(t + ∆t)

|hpsub ,qsub(t)||hp′sub ,q′sub
(t + ∆t)|

]
(25)

where ∆psub represents the MT normalized antenna spacing between both the ports of
psub-th and p′sub-th, while ∆qsub denotes the values of MR. Therefore, the ST CCF of this
channel model can be decomposed into the following two components:

ρhpsub ,qsub hp′sub ,q′sub

(
t, ∆psub , ∆qsub , ∆t

)
= ρRIS

hpsub ,qsub hp′sub ,q′sub

(
t, ∆psub , ∆qsub , ∆t

)
+ρcluster

hpsub ,qsub hp′sub ,q′sub

(
t, ∆psub , ∆qsub , ∆t

) (26)

where ρRIS
hpsub ,qsub hp′sub ,q′sub

(
t, ∆psub , ∆qsub , ∆t

)
and ρcluster

hpsub ,qsub hp′sub ,q′sub

(
t, ∆psub , ∆qsub , ∆t

)
represent

the ST CCF divided to the RIS and the cluster propagation link, respectively. Their expres-
sions are as follows:
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ρRIS
hpsub ,qsub hp′sub ,q′sub

(
t, ∆psub , ∆qsub , ∆t

)
=

K
K + 1

M
∑

m=1

N
∑

n=1

(
χm,n(t)− χm′ ,n′(t + ∆t)

)
×ej(φm,n(t)−φm′ ,n′ (t+∆t))

×e
−j

2π

λ
(ξT,(m,n)(t)+ξR,(m,n)(t)−ξT,(m′ ,n′)(t+∆t)−ξR,(m′ ,n′)(t+∆t))

×e
j
2π

λ
(psub−1)∆dT,psub

sinβT,(m,n)(t)

×e
−j

2π

λ
(p′sub−1)∆dT,p′sub

sinβT,(m′ ,n′)(t+∆t)

×e
j
2π

λ
(qsub−1)∆dR,qsub

sinβR,(m,n)(t)

×e
−j

2π

λ
(q′sub−1)∆dR,q′sub

sinβR,(m′ ,n′)(t+∆t)

×e
j
2π

λ
vT tcos(αT,(m,n)−ηazi

T )cosβT,(m,n)(t)

×e
−j

2π

λ
vT(t+∆t)cos (αT,(m′ ,n′)−ηazi

T )cosβT,(m′ ,n′)(t+∆t)

×e
j
2π

λ
vRtcos(αR,(m,n)−ηazi

R )cosβR,(m,n)(t)

×e
−j

2π

λ
vR(t+∆t)cos(αR,(m′ ,n′)−ηazi

R )cosβR,(m′ ,n′)(t+∆t)

(27)

ρRIS
hpsub ,qsub hp′sub ,q′sub

(
t, ∆psub , ∆qsub , ∆t

)
=

1
K + 1 ∑

n∈N

n↕
∑
↕=1

e
j(φn↕ (t)−φn′↕

(t+∆t))

×e
−j

2π

λ
(ξT,n↕ (t)+ξR,n↕ (t)−ξT,n′↕

(t+∆t)−ξR,n′↕
(t+∆t))

×e
j
2π

λ
(psub−1)∆dT,psub

sinβT,n↕ (t)

×e
−j

2π

λ
(p′sub−1)∆dT,p′sub

sinβT,n′↕
(t+∆t)

×e
j
2π

λ
(qsub−1)∆dR,qsub

sinβR,n↕ (t)

×e
−j

2π

λ
(q′sub−1)∆dR,q′sub

sinβR,n′↕
(t+∆t)

×e
j
2π

λ
vT tcos(αT,n↕−ηazi

T )cosβT,n↕ (t)

×e
−j

2π

λ
vT(t+∆t)cos (αT,n′↕

−ηazi
T )cosβT,n′↕

(t+∆t)

×e
j
2π

λ
vRtcos(αR,n↕−ηazi

R )cosβR,n↕ (t)

×e
−j

2π

λ
vR(t+∆t)cos(αR,n′↕

−ηazi
R )cosβR,n′↕

(t+∆t)

(28)

Furthermore, upon applying the conditions ∆psub = ∆qsub = 0, we can derive (27) and
(28) to represent the temporal ACFs of the communication model.

6. Simulation Results and Analysis
In existing research on channel modeling, key metrics such as attenuation rate—referring

to the degree of signal power loss per unit distance or unit time during channel transmis-
sion and sensitivity—and the minimum input power required for a receiver to correctly
demodulate a signal are typically addressed through channel measurements. However,
as this study focuses on investigating channel transmission characteristics via simulation,
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we prioritize the analysis of spatiotemporal correlation properties within the proposed
channel model. Here, the spatial–temporal correlation of the model formed in this paper is
simulated and analyzed under various configurations. The initial parameter settings for
the simulations are defined as follows: operating frequency f = 5 GHz, parameter settings
P = 10 and Q = 10, reference distance D0 = 150 m, and initial time instant t = 0 s. The
RIS array is positioned at coordinates (xRIS, yRIS, zRIS) = (60 m, 25 m, 20 m) with element
spacings dx = dz =

λ
2 and array dimensions M × N = 50 × 50.

Figure 3 demonstrates the time autocorrelation characteristics under the various RIS
array deployment configurations of this model. The simulation results reveal that as
time elapses the characteristics exhibit a progressively declining trend. Notably, when
the RIS array deployment positions vary the evolutionary patterns of the channel’s time
autocorrelation characteristics also differ. For example, in scenarios where RIS arrays
are deployed in close proximity the rate of decline in the channel’s time autocorrelation
characteristics increases markedly. Due to the normalization applied during simulation,
the time correlation starts at 1 at the initial time instance and continuously decreases. At
xRIS = 20 m the time autocorrelation exhibits the most significant decrease—dropping from
1 to approximately 0.6 within a short duration. From these observations, it can be inferred
that the non-stationary features in the time domain are possessed by this model and are
highly sensitive to the deployment positions of RIS arrays.

Figure 3. The characteristics of temporal autocorrelation characteristics under the proposed channel
model within RIS array deployment positions.

The temporal autocorrelation characteristics of the proposed channel model under
varying initial distance settings are illustrated by Figure 4. It is revealed by the simulation
results that distinct variation trends in the temporal autocorrelation properties depend on
the initial distance configurations. Notably, significant differences are observed between sce-
narios with smaller and larger initial distances. For instance, the temporal autocorrelation
trends diverge markedly when comparing small and large initial distance regimes. How-
ever, in cases where both initial distances are sufficiently large, the temporal autocorrelation
characteristics exhibit similar evolutionary patterns. Numerically, this difference manifests
as a faster decay of time autocorrelation at smaller initial distance parameters, accompanied
by an increasing time offset (starting from approximately 0.002 s). Quantitatively, the
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simulation shows that by t = 0.07 s the time autocorrelation value decays from 1 to 0.5
across all configurations. This observation further corroborates the inherent non-stationary
features in the time domain, highlighting its sensitivity to spatial initialization conditions.

Figure 4. The characteristics of temporal autocorrelation characteristics under the proposed channel
model within initial distance configurations.

The temporal autocorrelation characteristics of the proposed channel model under
different mobility speeds of the MR along the x-axis, taking into account the complex
motion dynamics inherent to V2V communication scenarios, are presented in Figure 5. It is
demonstrated that the temporal autocorrelation properties of the channel generally exhibit
a declining trend. Notably, the MR’s velocity exerts a significant influence on these charac-
teristics. Specifically, at lower MR speeds the temporal autocorrelation displays heightened
punctuations, whereas at higher MR velocities the rate of autocorrelation decay diminishes
markedly. The simulation results demonstrate distinct autocorrelation behaviors at differ-
ent MR velocities. At higher speeds (5 m/s and 7 m/s) the time autocorrelation decays
rapidly from 1 to 0.5 within 0.02 s before stabilizing. Conversely, at lower velocities we
observe significant autocorrelation fluctuations with poor stability despite larger variation
amplitudes. This behavior highlights the model’s sensitivity to mobility conditions and
further corroborates its inherent non-stationary characteristics in the temporal domain.

Figure 6 illustrates the characteristics of temporal autocorrelation for the diverse time
parameter t. It demonstrates a pronounced declining trend in the temporal autocorrelation
properties as t evolves. Specifically, as t increases from 0 s to 3 s the autocorrelation
trend becomes more gradual, with a significant reduction in the rate of decline. This
behavior highlights the non-stationary nature in the time domain regions, consistent with
its inherent temporal variability. Simulation results reveal significant variation in the
autocorrelation decay rate across different parameter configurations. When t = 0 the time
autocorrelation decays slowly from 1 to 0.5. By contrast, at t = 1 this decay occurs rapidly
within 0.02 s. At higher values (t = 2 and t = 3) the decay accelerates further, completing
in just 0.015 ms. Furthermore, these observations align closely with the findings reported
in [42], thereby validating the theoretical derivations and numerical simulations of this
model. The consistency with previous studies verifies the reliability and precision of the
proposed approach.
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Figure 5. The characteristics of temporal autocorrelation characteristics under the proposed channel
model within varying MR mobility speeds.

Figure 6. The characteristics of temporal autocorrelation characteristics under the proposed channel
model within varying time parameters.

Figure 7 demonstrates the characteristics of temporal autocorrelation within diverse
Rician factor K values. The simulation results reveal the significant influence of K on
the channel’s temporal autocorrelation behavior. Overall, the temporal autocorrelation
exhibits a declining trend across all K configurations. Specifically, for smaller K values the
temporal autocorrelation degrades rapidly, accompanied by pronounced punctuations. In
contrast, for larger K values the autocorrelation decay rate slows considerably, with reduced
punctuation magnitudes while maintaining elevated autocorrelation levels. Simulation
results demonstrate distinct K-factor dependencies in time autocorrelation behavior. At
K = 0.1 the most pronounced decay occurs—rapidly dropping from 1 to approximately 0.5.
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For K = 0.5, while the peak autocorrelation decreases from 1 to 0.7, substantial fluctuations
dominate the decay process. At K ≥ 1, increasing K values progressively reduce fluctuation
amplitude while maintaining peak autocorrelation above 0.8. These findings are in close
agreement with the conclusions presented in Ref [43], thus confirming both the proposed
channel model accuracy and its theoretical derivations. The observed dependency on K
underscores the model’s capability to capture nuanced temporal dynamics in Rician fading
environments, reinforcing its applicability to scenarios requiring the precise characterization
of non-stationary channel behaviors.

Figure 7. The characteristics of temporal autocorrelation characteristics under the proposed channel
model within varying factor K.

The spatial cross-correlation features for various deployment locations of the RIS array
are shown in Figure 8. It emphasizes that the RIS positioning has a substantial influence
on the spatial cross-correlation properties. Overall, the spatial cross-correlation exhibits
a declining trend across varying deployment configurations. Notably, distinct variation
patterns emerge depending on the RIS array positioning. For instance, certain deployment
geometries induce sharper cross-correlation decay, while others result in more gradual
reductions. This divergence underscores the non-stationary nature in the spatial domain,
emphasizing its sensitivity to environmental layout dynamics. Simulation results show that
increasing the antenna size reduces peak spatial cross-correlation from 1 to approximately
0.7. The most rapid decrease occurs at zRIS = 1. These observations align closely with the
conclusions drawn in [44], thereby validating the theoretical framework and simulation
accuracy of the proposed channel model’s spatial cross-correlation properties. The con-
sistency with prior research reinforces the model’s capability to capture complex spatial
interactions in RIS-aided communication systems, especially within the non-stationary
propagation states.

Figure 9 shows the spatial cross-correlation properties under various initial distance
parameters D0. It depicts a general declining trend in spatial cross-correlation across
varying D0. Notably, distinct variation patterns emerge depending on the initial distance
configuration. Specifically, smaller spatial cross-correlation values are observed when the
initial distance is shorter, whereas larger cross-correlation magnitudes persist for longer
initial distances. This divergence highlights the spatial non-stationary characteristics
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of the channel, reflecting its sensitivity to geometric configurations in the propagation
environment. Simulation results show that increasing the antenna size reduces peak
spatial cross-correlation from 1 to approximately 0.7. These findings align closely with the
conclusions reported in [44], thereby validating the theoretical framework and numerical
accuracy under this model. This established literature consistency underscores the model’s
capability to capture complex spatial dependencies, particularly under dynamically varying
initial distance conditions.

Figure 8. The characteristics of spatial cross-correlation under the proposed channel model within
RIS array deployment configurations.

Figure 9. The characteristics of spatial cross-correlation under the proposed channel model within
initial distance parameters.
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The proposed channel model shows its spatial cross-correlation properties within
diverse MR mobility speeds along the x-axis, presented in Figure 10. While the antenna
port spacing grows larger, a decreasing trend in the simulation results demonstrate a
declining trend in spatial cross-correlation, as revealed by the simulation results. Of
the channel in the spatial domain, the intrinsic non-stationarity is confirmed by distinct
variation patterns observed under different MR velocities. Specifically, higher MR mobility
speeds induce a faster decay rate in spatial cross-correlation, whereas lower speeds result
in a more gradual reduction. Simulation results indicate that increasing the antenna size
causes peak spatial cross-correlation to fluctuate while declining from 1. Each successive
peak appears to decrease by approximately 10%. This differential behavior highlights
the model’s sensitivity to dynamic spatial configurations caused by MR motion, further
emphasizing its capability to capture non-stationary propagation effects.

Figure 10. The characteristics of spatial cross-correlation under the proposed channel model within
varying MR mobility speeds.

The spatial cross-correlation performance of this model under various Rician factor K
values is depicted by Figure 11. The simulation results highlight distinct variation trends
in spatial cross-correlation characteristics across varying K, thereby underscoring the non-
stationary behavior of the channel in this spatial domain. More precisely, for smaller K
values the spatial cross-correlation exhibits a rapid decay accompanied by pronounced
punctuations. In contrast, for larger K values the decay rate slows significantly, with the
cross-correlation curve demonstrating a smoother decline while maintaining elevated cor-
relation magnitudes. These observations align with the theoretical expectations of Rician
fading environments, where a dominant LoS component (associated with higher K) stabi-
lizes spatial interactions, whereas a weaker dominant path (lower K) amplifies stochastic
variations. Simulation results reveal the K-factor dependent effects of antenna size on
spatial cross-correlation. At K = 0.1, cross-correlation decreases from 1 to approximately
0.3. For K ≥ 0.5, the correlation decay rate significantly slows while fluctuation amplitude
increases. At K ≥ 1, spatial cross-correlation stabilizes within the 0.8–0.9 range. The
results further validate the model’s capability to emulate spatially non-stationary channel
behaviors under diverse propagation conditions, reinforcing its applicability to advanced
wireless communication systems requiring precise spatial correlation modeling.
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Figure 11. The characteristics of spatial cross-correlation under the proposed channel model within
varying K factors.

7. Conclusions
This paper proposes a RIS-assisted V2V fluid antenna channel model, where RIS-

reflected paths replace conventional LoS propagation. The ST CCF is derived to character-
ize the channels non-stationary properties. Comprehensive simulations were conducted
under varying parameters, including RIS deployment positions, initial distance D0, MR
mobility speeds, time parameter t, and Rician factor K. The results demonstrated that these
parameters significantly influence both temporal autocorrelation and the channel’s spatial
cross-correlation characteristics. In particular, the non-stationary behavior of RIS-aided
V2V channels in dynamic environments is effectively quantified by the proposed model.
The simulations reveal distinct trends in temporal autocorrelation decay rates and spatial
cross-correlation attenuation, governed by RIS positioning, mobility dynamics, and scatter-
ing conditions. Notably, the non-stationary features in both temporal and spatial domains
are rigorously validated, highlighting the model’s robustness under rapidly changing prop-
agation scenarios. These findings underscore the model’s capability to emulate real-world
vehicular communication challenges, offering a theoretical foundation for optimizing RIS
configurations and adaptive beamforming strategies in 6G-enabled intelligent transporta-
tion systems. Future work may extend this framework to multi-RIS collaboration and
hybrid near–far field scenarios to further enhance practicality and scalability.

The following directions merit further investigation and refinement in subsequent
studies: (i) Develop lightweight real-time RIS-phase optimization algorithms for high-
mobility V2V, leveraging ML-based adaptive control. (ii) Investigate multi-RISs deployment
impact on V2V in dense urban V2V, addressing Doppler shifts, delays, pilot overhead, and
channel complexity. (iii) Co-design RIS reconfiguration with FAS port activation via real-
time joint optimization for 6G vehicular latency-constrained applications. (iv) To enhance
system performance and general applicability, future work will consider optimizing the
reflection phases of individual RIS elements within more generalized communication
scenarios. (v) Enhance our channel measurement efforts to incorporate metrics such as
attenuation rate and sensitivity, thereby optimizing the performance of the channel model.
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