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Abstract: A novel digital twin (DT) enabled channel model for 6G vehicular communications in Beijing Central Business District (Beijing 
CBD) is proposed, which can support the design of intelligent transportation systems (ITSs). A DT space for Beijing CBD is constructed, 
and two typical transportation periods, i.e., peak and off-peak hours, are considered to characterize the vehicular communication channel 
better. Based on the constructed DT space, a DT-enabled vehicular communication dataset is developed, including light detection and 
ranging (LiDAR) point clouds, RGB images, and channel information. With the assistance of LiDAR point clouds and RGB images, the 
scatterer parameters, including number, distance, angle, power, and velocity, are analyzed under different transportation periods. The 
channel non-stationarity and consistency are mimicked in the proposed model. The key channel statistical properties are derived and simu⁃
lated. Compared to ray-tracing (RT) results, the accuracy of the proposed model is verified.
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1 Introduction

With the development of 6G wireless networks, the 
demands for high-performance communications 
are increasing, particularly in densely populated 
and built-up areas such as central business dis⁃

tricts (CBDs). As the core business hub of China’s capital, 
Beijing CBD faces exceptionally high wireless communica⁃
tion demands. The unique architecture and dense traffic flow 

in this area have a significant impact on wireless channel 
characteristics. 6G networks are expected to meet these chal⁃
lenges by providing wider coverage, higher data rates, and 
lower latency. Intelligent transportation systems (ITSs), as a 
key technology to enhance traffic management and transpor⁃
tation efficiency, promote traffic safety and efficiency 
through the application of information technology, communi⁃
cation equipment, computing technology, and artificial intel⁃
ligence (AI). Vehicular communication is an important part 
of ITS, which significantly improves road safety via real-time 
communications between vehicles[1]. However, in high-
density and high-traffic urban environments like Beijing 
CBD, vehicular communications are challenged by complex 
and dynamic wireless channel conditions. Accurate channel 
modeling is essential to ensure the reliability and efficiency 
of vehicular communications. Furthermore, traffic density dif⁃
fers significantly between peak and off-peak hours. As a re⁃
sult, more accurate channel models are essentially required 
to depict the wireless communication environment and to 
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guide a more precise design of the communication system.
Digital twin (DT) is a digital reconstruction of physical en⁃

tities and can be utilized as an efficient method to character⁃
ize, simulate, and visualize physical entities[2]. DT has advan⁃
tages in representing physical entities that are difficult to 
model and replicate. DT enables the creation of a virtual rep⁃
lica of the real-world environment, which allows the dynam⁃
ics of the channel to be accurately modeled. 

Recent studies have integrated DT with wireless communi⁃
cation systems. DT is utilized to construct virtual models that 
simulate the real world and facilitate data acquisition based 
on the constructed models. A platform for DT was proposed 
in Ref. [3], along with a synthetic dataset combining the data 
obtained through the real world and those obtained through 
virtual copies. This approach reduces the burden of collect⁃
ing real-world channel data and significantly decreases the 
system overhead. DT can also reduce the data acquisition 
overhead of the communication system and improve the sys⁃
tem accuracy. In Ref. [4], the authors introduced a ray-
tracing (RT) oriented approach for DT demonstration of radio 
propagation in multiple frequency bands from microwave to 
visible light. Furthermore, a super-resolution modeling 
method was developed by fusing RT and AI algorithms to im⁃
prove the stability and accuracy of communications. The au⁃
thors in Ref. [5] utilized site-specific DT models to train 
deep learning (DL) models. The proposed DT-based method 
generates site-specific synthetic channel state information 
(CSI) data through 3D modeling and RT methods, enabling 
effective training of DL models while reducing the overhead 
of real-world data collection. To further improve model per⁃
formance, an online data selection approach is used to refine 
the DL model training with a small real-world CSI dataset. 
Since DT can contribute to balancing the overhead and the 
accuracy of communication systems, it has been widely ad⁃
opted in various communication scenarios, such as UAV and 
vehicular communication systems. A framework for DT-
based UAV applications was proposed in Ref. [6], where a 
task manager orchestrated interactions between the DT sys⁃
tem and physical UAVs. DT can assist UAVs to achieve 
more efficient flight paths and reduce energy consumption, 
which improves the efficiency of UAV communication sys⁃
tems. For vehicular communication systems, a city-model-
aware DL algorithm for dynamic channel estimation in urban 
vehicular environments was proposed in Ref. [7]. The pro⁃
posed model gained a balance between accuracy and timeli⁃
ness. In summary, DT effectively reduces the overhead of 
data acquisition and significantly improves system accuracy 
by reflecting the dynamic changes of the environment in real 
time. DTs have been applied to a variety of typical communi⁃
cation scenarios. However, accurate comprehension and mod⁃
eling of the environment are essential to further enhance sys⁃
tem security and reliability.

To accurately depict the communication environment, the 

channel characteristics between the transmitter (TX) and the 
receiver (RX) need to be precisely characterized. Therefore, 
channel modeling is the cornerstone of communication sys⁃
tems, and more accurate channel models are essential to fur⁃
ther improve the efficiency of communication systems. Con⁃
ventional channel modeling approaches, including stochastic 
and deterministic models, have significantly contributed to 
wireless communication systems. However, the methods have 
limitations when applied to complex and dynamic urban envi⁃
ronments. For example, stochastic models depend on pre⁃
defined assumptions, which may not accurately capture varia⁃
tions in specific scenarios[8]. Deterministic models, such as 
RT methods, provide better accuracy with high computa⁃
tional overhead and the difficulty of real-time adjustment[9].

DT provides a new paradigm for channel modeling as it en⁃
ables accurate physical-virtual world mapping. By precisely 
modeling and dynamically updating the virtual environment, 
DT can capture the changing characteristics in the environ⁃
ment in real time. When integrated with machine learning 
(ML) algorithms, DT can also extract key characteristics from 
complex scenarios and realize high-precision modeling of di⁃
verse channel characteristics. In Ref. [10], the authors pro⁃
posed a channel modeling approach based on generative ad⁃
versarial networks for DT environments, which can generate 
channel data with a statistical distribution that closely 
matches the measured channel. A data-driven continuous tra⁃
jectory modeling method for a user equipment with a DT 
channel was proposed in Ref. [11]. This method generates 
channel models whose spatial and temporal characteristics 
match the real-world wireless channels. Nevertheless, cur⁃
rent studies on DT-based channel modeling are still at the 
preliminary stage, particularly on high-precision modeling in 
dynamic environments. Most existing DT-based channel mod⁃
els cannot handle high-mobility vehicular communication 
scenarios. Therefore, there is an urgent need to explore DT-
based methods for improving the accuracy of vehicular com⁃
munication channel modeling.

To fill this gap, we explore the application of DT to chan⁃
nel modeling and select a typical urban communication sce⁃
nario, i. e., vehicular communications within Beijing CBD. 
We propose a new method of channel modeling based on DT 
for complex urban environments. The main contributions and 
novelties of this paper are summarized as follows.

1) A new reliable DT space for Beijing CBD is con⁃
structed, where the physical and electromagnetic spaces are 
precisely aligned by AirSim and Wireless InSite. It provides 
a highly accurate virtual environment for channel modeling.

2) A DT-based dataset is constructed for Beijing CBD 
for the first time, which includes sensory data, i. e., light 
detection and ranging (LiDAR) point clouds, RGB images, 
and channel data. The dataset is constructed in complex 
and dynamic scenarios and comprehensively captures the 
unique characteristics of vehicular communications in ur⁃
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ban environments.
3) A DT-enabled vehicular communication channel model 

for Beijing CBD is developed, which models and analyzes the 
channel characteristics of peak and off-peak hours in Beijing 
CBD for the first time. Furthermore, the channel parameters, 
e. g., number, distance, angle, and power of scatterers with 
different velocities, are developed under different transporta⁃
tion periods.

4) Based on the proposed channel model for Beijing CBD, 
key channel statistical properties, i.e., time-frequency corre⁃
lation function (TF-CF) and Doppler power spectral density 
(DPSD), are derived and simulated. According to the simula⁃
tion results, the effect of different transportation periods on 
the channel statistical properties is investigated. Simulation 
results are consistent with the experimental results based on 
RT, which verifies the accuracy and practicability of the 
channel model based on DT.

The remainder of this paper is organized as follows. Sec⁃
tion 2 describes the DT space for Beijing CBD. Section 3 pro⁃
poses a novel DT-enabled vehicular communication channel 
model for Beijing CBD. Section 4 presents the statistical 
properties of the vehicular communication channel and com⁃
pares the simulation results with those based on RT. Finally, 
Section 5 concludes the paper.
2 DT Space for Beijing CBD

Beijing CBD provides a unique scenario for ITS applica⁃
tions with its high-density buildings, complex transportation 
networks, and diverse communication requirements. How⁃
ever, conventional channel modeling methods face several 
challenges in complex urban scenarios, particularly in model⁃
ing multipath propagation and dynamic changes. DT technol⁃
ogy enables the construction of digital spaces that match the 
real world to accurately reflect real-time environmental 
changes. Therefore, a DT space for Beijing CBD is con⁃
structed to achieve accurate modeling of the physical envi⁃
ronment and dynamic traffic characteristics of the area. This 
DT space provides a robust platform for channel modeling, 
which can support the research of high-precision vehicular 
communication systems.
2.1 Construction of DT Space for Beijing CBD

In Beijing CBD, the diversity of building distribution and 
types has a significant impact on the signal propagation char⁃
acteristics. The CBD, as the core business district of the capi⁃
tal, features high building density with numerous high-rise 
and modern office buildings. The different heights, shapes, 
layouts, and building materials of these buildings signifi⁃
cantly influence wireless signal propagation. As for transpor⁃
tation, the traffic volume in Beijing CBD peaks during rush 
hours, and vehicle quantity and density directly affect wire⁃
less signal transmission.

To construct a DT space that can match the real environ⁃

ment well, we first use Blender, a 3D modeling tool, to estab⁃
lish a scenario identical to Beijing CBD, leveraging satellite 
maps and 3D models of the buildings. To ensure the accu⁃
racy of the constructed scenario, the heights, sizes, and inter-
building distances are strictly consistent with the real world. 
Then we utilize Wireless InSite in Ref. [12] to build the elec⁃
tromagnetic space. The process involves importing the con⁃
structed 3D model into Wireless InSite. Then the propaga⁃
tion parameters are set with a frequency of 5.9 GHz, a band⁃
width of 20 MHz, and an omnidirectional antenna for trans⁃
ceivers. Parameters related to electromagnetic phenomena, 
such as reflections and dispersions, are configured in Wire⁃
less InSite to simulate channel characteristics in specific fre⁃
quency bands. Meanwhile, the influence of buildings, ve⁃
hicles, and other obstacles in radio propagation is ensured to 
be effectively reflected. Two scenarios are constructed for in⁃
vestigating the effect of peak and off-peak traffic conditions 
on channel characteristics. The objects in the two scenarios 
remain identical except for the number of vehicles. Vehicles 
are 57 during peak hours and 34 during off-peak hours. After 
establishing the electromagnetic environment model, the 
model exported from Wireless InSite is imported into the Air⁃
Sim platform for detailed visualization, which provides a 
simulation of the visual and dynamic environment similar to 
Ref. [13]. Each vehicle in AirSim is equipped with sensory 
devices, i. e., RGB cameras and LiDAR devices. The dy⁃
namic vehicular trajectories simulated in AirSim remains 
identical to those in Wireless InSite. With the precisely 
aligned scenarios in Wireless InSite and AirSim, the real-
world physical environment is accurately replicated in the 
virtual space. The environment consistency across different 
platforms is maintained and dynamically updated, facilitat⁃
ing the construction of a highly reproducible DT space.
2.2 Data Collection and Processing in DT Space

Beijing CBD scenarios in Wireless InSite and AirSim are 
presented in Fig. 1. To construct the DT-based Beijing CBD 
vehicular communication dataset, a simulation setup in 
Wireless InSite and AirSim is required. The number of simu⁃
lation snapshots is set to 300 with a time interval of 0.01 s. 
The batch generation of the scenarios is set up through 
MATLAB scripts in Wireless InSite, and the position of the 
vehicles is simulated through Python scripts set up by frame 
in AirSim. The vehicular trajectories during off-peak hours 
are shown in Fig. 2. Sensory data (LiDAR point clouds and 
RGB images) and communication data are collected. Simulta⁃
neously, the moving vehicles establish the Beijing CBD ve⁃
hicle communication dataset based on DT. The communica⁃
tion links simulated in both transportation periods are identi⁃
cal, as shown in Fig. 2. The constructed dataset consists of 
10 800 LiDAR point clouds, 10 800 RGB images, and 9 000 
communication link data.

The high mobility of multiple transceivers and scatterers 
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results in complex characterization. Therefore, the detection 
of the velocity properties of scatterers is extremely signifi⁃
cant. With the support of sensing data (LiDAR point clouds 
and RGB data), zero velocity scatterers (ZVSes) and non-zero 
velocity scatterers (NVSes) can be detected and matched to 
static objects and dynamic vehicles. The LiDAR point 
clouds, combined with the clustering algorithm and RGB im⁃
ages, can effectively distinguish between the ZVS and those 
with non-zero velocity. The point cloud data are prepro⁃
cessed and then clustered using the density-based spatial 
clustering of applications with noise (DBSCAN) clustering al⁃
gorithm in Ref. [14], a typical ML algorithm for grouping the 
point clouds. ZVS sets usually correspond to static objects 
such as buildings, which remain stable over multiple time 
frames, while NVS sets correspond to dynamic objects (ve⁃
hicles), whose positions change over time. The two types of 
scatterers can be accurately distinguished by matching point 
cloud clusters in different time frames and combining them 
with velocity estimation methods. Some scatterers cannot cor⁃
respond to any object due to exceeding the detection range of 
the LiDAR sensor. Since unknown scatterers are usually far 
away from the transceiver and the received power via them is 

very small, they can be ignored in the channel realization. 
Fig. 1 characterizes the scatterers extracted from the RT-
based wireless channel data.
3 DT Enabled Channel Modeling

Based on the constructed DT space, a DT-enabled vehicu⁃
lar communication channel model for the Beijing CBD area 
is proposed, which considers the impact of different traffic 
densities for peak and off-peak hour periods. Moreover, to pa⁃
rameterize the proposed model more accurately, the scatterer 
properties, i. e., number, distance, angle, and power of scat⁃
terers with different velocities, are modeled and analyzed. 
Furthermore, the channel non-stationarity and consistency in 
the time domains are studied.
3.1 Framework of DT-Enabled Channel Model for Bei⁃

jing CBD
The channel impulse response (CIR) of the vehicular com⁃

munication channel h ( t, τ ), i.e., the CIR of the transmission 
link from the i-th vehicle to the j-th vehicle, can be repre⁃
sented as:

CBD: central business district      DT: digital twin      LiDAR: light detection and ranging      RX: receiver      TX: transmitter
Figure 1. DT space for Beijing CBD vehicular communication scenarios
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where Ω( t ) represents the Ricean factor of 
the transmission link from the i-th vehicle 
to the j-th vehicle. ηGR ( t ), ηz ( t ), and 
ηnz ( t ) are the power ratios of the ground 
reflection component, component via clus⁃
ters with zero velocity, and component via 
clusters with non-zero velocity in the 
transmission link from the i-th vehicle to 
the j-th vehicle; they satisfy ηGR ( t ) +

ηz ( t ) + ηnz ( t ) = 1. The representation of the proposed DT-
enabled vehicular communication channel model for Beijing 
CBD is depicted in Fig. 3. The distance between transceivers 
is Di, j ( t0 ).

Figure 2. Vehicular trajectories and communication links under off-peak DT-enabled Beijing CBD scenarios

Figure 3. Geometry of the proposed DT-enabled vehicular communication channel model for 
Beijing CBD
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3.1.1 Ground Reflection Component
The ground reflection component complex channel gain of 

the transmission link from the i-th vehicle to the j-th vehicle 
can be represented as

hGR ( t ) = Q ( t ) PGR ( t ) × expì
í
î

j2π é

ë
êêêê∫

t0

t

f GR,Vi ( t )dt +

∫
t0

t

f GR,Vj ( t )dtù
û
úúúú + jφGR ( t )üý

þ
(2),

where Q ( t ) is a rectangular window function[15]; it equals 1 
when t0⩽t⩽T0 (where T0 means the observation time interval), 
otherwise equals 0. PGR ( t ), f GR,Vi /Vj ( t ), φGR ( t ), and τGR ( t ) de⁃
note power, Doppler frequency at the i/j-th vehicle, phase, 
and delay of the ground reflection component from the i-th 
vehicle to the j-th vehicle, respectively. The Doppler fre⁃
quency f GR,Vi /Vj ( t ) is expressed as

f GR,Vi /Vj ( t ) = 1
λ

DGR,Vi /Vj ( t ), vVi /Vj ( t )
 DGR,Vi /Vj ( t ) (3),

where DGR,Vi /Vj ( t ) is the distance vector from the i/j-th vehicle 
to the reflection point on the ground. The phase of the ground 
reflection component from the i-th vehicle to the j-th vehicle 
can be computed as

φGR ( t ) = φ0 + 2π
λ ( DGR,Vi ( t ) +  DGR,Vj ( t ) ) (4),

where φ0 is the initial phase shift.
The delay of the ground reflection component from the i-th 

vehicle to the j-th vehicle, τGR ( t ), can be computed as

τGR ( t ) =  DGR,Vi ( t ) +  DGR,Vj ( t )
c (5).

The calculation of distance vectors DGR,Vi ( t ) and DGR,Vj ( t ) 
is expressed below. The azimuth distance between the TX 
(the i-th vehicle) and the ground reflection point is dVi

( t ), 
which is derived from dVi

( t ) =  DVi,Vj ( t ) hVi
( t )

hVi
( t ) + hVj

( t ) ; hVi
( t )and 

hVj
( t ) are the ground clearances of the i-th vehicle and the j-

th vehicle. With the geometrical relationship, the distance 
between the i/j-th vehicle and ground reflection point can be 
computed as ‖DGR,Vi ( t )‖ = d2

Vi
( t ) + h2

Vi
( t )  and 

 DGR,Vj ( t ) =  DVi,Vj ( t ) 2 + h2
Vi

( t ) + h2
Vj

-  DGR,Vi ( t ) . The 
corresponding distance vectors can be expressed as

DGR,Vi /Vj =  DGR,Vi /Vj ×
é

ë

ê

ê

ê
êê
ê

ê

ê ù

û

ú

ú

ú
úú
ú

ú

úcos αGR,Vi /Vj ( t ) cos βGR,Vi /Vj ( t )
sin αGR,Vi /Vj ( t ) cos βGR,Vi /Vj ( t )

sin βGR,Vi /Vj ( t )
(6),

where αGR,Vi /Vj and  βGR,Vi /Vj are the azimuth and elevation 
angles of the distance vector DGR,Vi /Vj. As the azimuth angle of 
the ground reflection path matches that of the line-of-sight 
(LoS) path and the combined power of the LoS and ground re⁃
flection paths remains constant, only the elevation angle of 
the ground reflection path needs to be taken into account 
similar to Ref [16].  βGR,Vi /Vj is computed as  βGR,Vi /Vj =
arctan hVj

dVj
( t ) .

3.1.2 LoS Component
The LoS complex channel gain of the transmission link 

from the i-th vehicle to the  j-th vehicle can be represented as
hLoS ( t ) = Q ( t )exp é

ë
êêêê j2π ∫

t0

t

f LoS ( t )dt + jφLoS ( t )ù
û
úúúú (7).

The Doppler frequency, phase shift, and delay of the LoS 
component of the transmission link from the i-th vehicle to 
the j-th vehicle are obtained by

f LoS ( t ) = 1
λ

DLoS ( t ), vV j ( t ) - vV i ( t )
 DLoS ( t ) (8),

φLoS ( t ) = φ0 + 2π
λ  DLoS ( t ) (9),

τLoS ( t ) =  DLoS ( t )
c (10),

where ⋅,⋅ , φ0, and λ are the inner product, initial phase 
shift, and carrier wavelength; vVi ( t ) and vVj ( t ) are the veloc⁃
ity vectors of the i-th vehicle and the j-th vehicle. Mean⁃
while, the distance vector for the i-th vehicle and the j-th ve⁃
hicle DLoS ( t ) is obtained by
DLoS ( t ) = DLoS ( t0 ) + ∫

t0

t

vVj ( t )dt - ∫
t0

t

vVi ( t )dt (11).

3.1.3 Non-LoS Component
Vehicular communications high mobility causes real-time 

changes in the communication environment. To characterize 
the non-line-of-sight (NLoS) component of the channel gain, 
it is essential to separately model the characteristics of scat⁃
terers according to their velocities. To compute the NLoS 
component’s complex channel gain, we separately calculate 
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the complex channel gains of clusters with zero and non-zero 
velocities. Using LiDAR point clouds and RGB images, the 
scatterers are classified by velocity (zero/non-zero). Mean⁃
while, the scatterer parameters with different velocities will 
be analyzed and utilized for channel modeling, detailed in 
the next subsection. To depict the NLoS complex channel 
gain more clearly, we define clusters with centroids closer to 
TX/RX as TX/RX clusters, which are then randomly shuffled 
and paired to create twin clusters. The p-th TX/RX cluster 
with zero velocity and the q-th TX/RX cluster with non-zero 
velocity are represented as Cz, pTX/RX and Cnz, qTX/RX. The velocity 
vector vnz, qTX/RX is utilized to depict the q-th TX/RX cluster with 
non-zero velocity.

The NLoS components complex channel gain from the i-th 
vehicle and the j-th vehicle via the np-th scatterer in the p-th 
twin cluster with zero velocity, i.e., hNLoSz

p,np
( t ), is calculated by

hNLoSz

p,np
( t ) = Q ( t ) PNLoSz

p,np
( t ) × expì

í
î

j2π é

ë
êêêê∫

t0

t

f NLoSz,TX
p,np

( t )dt +

∫
t0

t

f NLoSz,RX
p,np

( t )dtù
û
úúúú + jφNLoSz

p,np
( t )üý

þ
(12),

where PNLoSz

p,np
( t ) is the normalized power of ZVS,  f NLoSz,TX/RX

p,np
( t ) 

is the Doppler frequency of the clusters with zero velocity at 
TX/RX, and φNLoSz

p,np
( t ) is the phase shift.  f NLoSz,TX/RX

p,np
 is com⁃

puted by

f NLoSz,TX
p,np

( t ) = 1
λ

DNLoSz,TX
p,np

( t ), vTX ( t )




DNLoSz,TX

p,np
( t ) (13),

f NLoSz,RX
p,np

( t ) = 1
λ

DNLoSz,RX
p,np

( t ), vRX ( t )




DNLoSz,RX

p,np
( t ) (14),

where DNLoSz,TX/RX
p,np

( t ) represents the distance between the TX/
RX and the np-th scatterer in the p-th twin cluster Cz,pTX/RX. The 
distance DNLoSz,TX/RX

p,np
( t ) is given by

DNLoSz,TX/RX
p,np

( t) =

DNLoSz,TX/RX
p,np

( t)
æ

è
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sin αNLoSz,TX/RX

p,np
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( )t

sin β NLoSz,TX/RX
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(15).

The phase shift is computed by

φNLoSz

p, np
( t ) = φ0 + 2π

λ
é
ë




DNLoSz, TX

p, np
( t ) +





DNLoSz, RX

p, np
( t ) + cτ͂z, p ( t )ùû (16),

where τ͂z, p ( t ) represents the delay of the virtual link between 
the twin clusters Cz, pTX/RX, which obeys the Exponential distri⁃
bution. Moreover, the delay via clusters with zero velocity at 
TX/RX is computed by

τNLoSz

p,np
( t ) =





DNLoSz,TX

p,np
( t ) + 



DNLoSz,RX

p,np
( t )

c + τ͂z, p ( t ) (17).

Similarly, the NLoS complex channel gain from the i-th ve⁃
hicle and the j-th vehicle via the nq-th scatterer in the q-th 
twin cluster with non-zero velocity, i. e., hNLoSnz

q,nq
( t ), is calcu⁃

lated by

hNLoSnz

q,nq
( t ) = Q ( t ) PNLoSnz

q,nq
( t ) × expì

í
î

j2π é

ë
êêêê∫

t0

t

f NLoSnz,TX
q,nq

( t )dt +

∫
t0

t

f NLoSnz,RX
q,nq

( t )dtù
û
úúúú + jφNLoSnz

q,nq
( t )üý

þ
(18),

where PNLoSnz

q,nq
( t ) is the normalized power of NVS, 

f NLoSnz,TX/RX
q,nq

( t ) is the Doppler frequency of the clusters with 
non-zero velocity at TX/RX, and φNLoSnz

q,nq
( t ) is the phase shift. 

 f NLoSnz,TX/RX
q,nq

 is computed by

f NLoSnz,TX
q,nq

( t ) = 1
λ
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q,nq

( t ), vTX ( t )




DNLoSnz,TX
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( t ) (19),
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λ
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( t ), vRX ( t )




DNLoSnz,RX

q,nq
( t ) (20),

where DNLoSnz,TX/RX
q,nq

( t ) represents the distance between the TX/
RX and the nq-th scatterer in the q-th twin cluster Cnz,qTX/RX. The 
distance DNLoSz,TX/RX

p,np
( t ) is given by
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( t)
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The phase shift is computed by
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φNLoSnz

q,nq
( t ) = φ0 + 2π

λ
é
ë DNLoSnz,TX

q,nq
( t ) +  DNLoSnz,RX

q,nq
( t ) + cτ͂nz, q ( t )ùû

(22),
where τ͂nz ( t ) represents the delay of the virtual link between 
the twin clusters Cnz,qTX/RX, which also obeys the Exponential 
distribution. Moreover, the delay via clusters with non-zero 
velocity at TX/RX is computed by

τNLoSnz

q,nq
( t ) =





DNLoSnz,TX

q,nq
( t ) + 



DNLoSnz,RX

q,nq
( t )

c + τ͂nz, q ( t ) (23).

The power parameter PNLoSz/nz

p/q,np/q ( t ), distance parameter 
DNLoSz/nz,TX/RX

p/q,np/q ( t ), and angle parameters αNLoSz/nz,TX/RX
p/q,np/q ( t ) and 

β NLoSz/nz,TX/RX
p/q,np/q ( t ) obey different statistical distributions, which 

are analyzed in the following subsection.
3.2 Parameters for Channel Realization

Based on the constructed DT-based Beijing CBD vehicular 
communication dataset, we use statistical approaches to com⁃
pute the distribution of parameters related to scatterers with 
different velocities.

Accurately characterizing and modeling the number of 
scatterers and clusters is crucial for channel models[17]. How⁃
ever, the statistical properties of the corresponding scatterers/
clusters are not depicted in the current standardized models 
for scatterers with different velocities[18–19]. To comprehen⁃
sively characterize vehicular communication channels in Bei⁃
jing CBD, the quantities of scatterers/clusters with zero/non-
zero velocities are explored. The numbers of ZVS and NVS 
in the transmission link from the i-th vehicle (TX) to the j-th 
vehicle (RX) are denoted as N z

si,j ( t ) and N nz
si,j ( t ). Since the dis⁃

tance between the transceivers affects the evaluation of the 
scatterer number, the parameters controlling scatterer num⁃
bers are defined as Y z

i, j and Y nz
i, j, which can be represented as

Y z
i, j ( t ) = N z

si, j ( t )
‖T i ( t ) - R j ( t )‖ (24),

Y nz
i, j ( t ) = N nz

si, j ( t )
‖T i ( t ) - R j ( t )‖ (25),

where T i ( t )and R j ( t ) are the locations of the i-th and j-th ve⁃
hicles. Moreover, based on the constructed DT-based Beijing 
CBD vehicular communication dataset, the number ratios of 
ZVS and NVS for each communication link per snapshot 
across peak and off-peak traffic periods are calculated and 
analyzed. Fig. 4 presents the cumulative distribution func⁃
tions (CDFs) of the velocity-based ratio related to the scat⁃
terer number during peak and off-peak hours. These CDFs fit 
well with the Gaussian mixture model (GMM), which can be 

represented as
F z/nz

Y ( x ) = ∑
k = 1

K z/nz

πz/nz
k F z/nz

Y,k ( x ) (26),

where F z/nz
Y, k ( x ) and πz/nz

k  are the CDF and weight of the k-th 
Gaussian distribution, respectively. F z/nz

Y,k ( x ) can be given by 
F z/nz

Y,k ( x ) = Φz/nz
Y,k ( x - μz/nz

Y,k
σz/nz

Y,k ), where Φz/nz
Y,k  is the CDF of the stan⁃

dard normal distribution; μz/nz
Y,k  and σz/nz

Y,k  are the mean and stan⁃
dard deviations of the k-th Gaussian distribution. The ratios 
related to scatterer numbers can be obtained from the simula⁃
tions using the constructed DT-based Beijing CBD vehicular 
communication dataset. The number of Gaussian distribu⁃
tions k is 3. During off-peak hours, the simulation param⁃
eters for the ZVS are πz

k = [0.395 2 ; 0.466 6 ; 0.138 2], μz
Y,k =

[ 0.156 5 ; 0.026 3 ; 0.617 9 ], and σz
Y,k = [ 0.008 2 ; 3.63 ×

10-4 ; 0.191 2 ], while those for the NVS are πnz
k =

[0.114 8 ; 0.317 5 ; 0.567 7], μnz
Y,k = [ 0.116 4 ; 0.049 2 ; 

0.010 7 ]and σnz
Y,k = [ 0.001 6 ; 5.14 × 10-4 ; 3.21 × 10-5 ]. 

Meanwhile, during peak hours, the simulation parameters for 
the ZVS are πz

k = [0.350 4 ; 0.281 9 ; 0.367 7] , μz
Y,k =

[1.167 3 ; 0.426 3 ; 0.072 3 ], and σz
Y, k = [ 0.254 2 ; 

0.022 2 ; 0.002 9 ], while those for the NVS are πnz
k =

[0.603 4 ; 0.378 4 ; 0.018 2], μnz
Y,k = [ 0.011 5 ; 0.055 8 ; 

0.273 5 ], and σnz
Y,k = [ 2.94 × 10-5 ; 3.86 × 10-4 ; 0.008 9 ]. 

Fig. 4 shows that both the mean and variance of the number-
related parameters for the NVS are greater during peak 
hours than during off-peak hours. This is because there are 
more dynamic vehicles around the transceiver during peak 

Figure 4. GMM-fitted CDFs of velocity-based ratios related to scatterer 
numbers during peak and off-peak hours

CDF: cumulative distribution function
Ratio related to scatterer number

Peak hours, simulation scatterers with non-zero velocity
Peak hours, fit scatterers with non-zero velocity
Peak hours, simulation scatterers with zero velocity
Peak hours, fit scatterers with zero velocity
Off-peak hours, simulation scatterers with non-zero velocity
Off-peak hours, fit scatterers with non-zero velocity
Off-peak hours, simulation scatterers with zero velocity
Off-peak hours, fit scatterers with zero velocity

0   0.5 1.0 1.5 2.0 2.5 3.0

CD
F

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

38



ZTE COMMUNICATIONS
June 2025 Vol. 23 No. 2

LU Mengyuan, BAI Lu, HAN Zengrui, HUANG Ziwei, LU Shiliang, CHENG Xiang 

6G Digital Twin Enabled Channel Modeling for Beijing Central Business District   Special Topic

hours, which increases the number of NVS. For the ZVS, the 
mean and variance are also greater during peak hours than 
during off-peak hours. This is due to the fact that the envi⁃
ronment tends to be rich scattering during peak hours, result⁃
ing in more propagation paths.

To investigate vehicular channel characteristics in Beijing 
CBD in detail, the scatterers are clustered to analyze cluster 
population statistics. Therefore, the parameters of zero-
velocity and non-zero-velocity clusters in the transmission 
link from the i-th vehicle (TX) to the  j-th vehicle (RX) are de⁃
noted as U z

i, j and U nz
i, j. For each communication link per snap⁃

shot, we denote the velocity-based cluster-number param⁃
eters across peak and off-peak hours. The CDFs of velocity-
based ratios related to cluster numbers follow GMM distribu⁃
tions, which can be expressed as

F z/nz
U ( x ) = ∑

k = 1

K z/nz

πz/nz
k F z/nz

U,k ( x ) (27),

where F z/nz
U,k ( x ), the CDF of the k-th Gaussian distribution, 

can be given by F z/nz
U, k ( x ) = Φz/nz

U, k( x - μz/nz
U, k

σz/nz
U, k ), where Φz/nz

U, k is the 
CDF of the standard normal distribution, while μz/nz

U, k and σz/nz
U, k are the mean and standard deviations of the k-th Gaussian 

distribution. The number of Gaussian distributions k is also 
3. For the clusters with zero velocity during off-peak hours, 
the simulation parameters are πz

k =
[0.254 3 ; 0.631 5 ; 0.114 2], μz

U,k = [ 0.040 9 ; 0.010 3 ; 
0.101 7 ], and σz

U,k = [ 2.97 × 10-4 ; 4.76 × 10-5 ; 0.002 ]. As 
for the clusters with non-zero velocity during off-peak hours, 
the parameters are πnz

k = [0.298 4 ; 0.606 8 ; 0.094 8], μnz
U,k =

[ 0.551 5 ; 0.011 7 ; 0.109 7 ], and σnz
U,k = [ 2.36 × 10-4 ; 3.05 ×

10-5 ; 0.001 7 ]. Meanwhile, for the clusters with zero velocity 
during peak hours, the simulation parameters are πz

k =
[0.340 6 ; 0.401 9 ; 0.257 5], μz

U,k = [ 0.085 2 ; 0.020 0 ; 
0.212 0 ] and σz

U,k = [ 6.96 × 10-4 ; 1.17 × 10-4 ; 0.005 5 ]. For 
the clusters with non-zero velocity during peak hours, the pa⁃
rameters are πnz

k = [0.195 2 ; 0.778 5 ; 0.026 3], μnz
U,k =

[ 0.033 3 ; 0.010 9 ; 0.065 6 ], and σnz
U,k = [ 2.01 × 10-5 ; 3.01 ×

10-5 ; 1.07 × 10-5 ]. Fig. 5 presents the CDFs of the velocity-
based ratios related to cluster numbers during peak and off-
peak hours. The parameters related to the cluster number 
show similar trends to those related to the scatterer number 
with different velocities during peak and off-peak hours.

Distance distribution of scatterers is important for stochas⁃
tic channel modeling. The distance parameters of scatterers 
are assumed to follow the Exponential distribution in Ref. 
[20]. However, scatterer velocity variations and traffic den⁃
sity differences during peak and off-peak hours are ignored. 
Based on the constructed DT-based Beijing CBD vehicular 
communication dataset, distance characteristics of the scat⁃
terers with different velocities are explored. The distance pa⁃

rameters for the m-th scatterer with zero velocity and the n-th 
scatterer with non-zero velocity from the transceiver, i.e., the 
i-th vehicle and the  j-th vehicle, are represented as

Dz,m
i, j ( t ) =

‖T i ( t ) - Sz,m
i, j ( t )‖ + ‖R j ( t ) - Sz,m

i, j ( t )‖ -
‖T i ( t ) - R j ( t )‖
‖T i ( t ) - R j ( t )‖ (28),

Dnz,n
i, j ( t ) =

‖T i ( t ) - Snz,n
i, j ( t )‖ + ‖R j ( t ) - Snz,n

i, j ( t )‖ -
‖T i ( t ) - R j ( t )‖
‖T i ( t ) - R j ( t )‖ (29),

where Sz,m
i, j ( t ) and Snz,n

i, j ( t ) are the locations of the m-th scat⁃
terer with zero velocity and the n-th scatterer with non-zero 
velocity in the transmission link between the i-th vehicle and 
the j-th vehicle;  ⋅  denotes the calculation of the Frobenius 
norm. We compute the distance parameters of scatterers with 
different velocities during peak and off-peak hours for each 
communication link per snapshot. The CDFs of distance pa⁃
rameters with different velocities also fit well with the GMM 
distribution, which is represented as

F z/nz
D ( x ) = ∑

k = 1

K z/nz

πz/nz
k F z/nz

D,k ( x ) (30),

where F z/nz
D,k ( x ), the CDF of the k-th Gaussian distribution, 

can be given by F z/nz
D,k ( x ) = Φz/nz

D,k ( x - μz/nz
D,k

σz/nz
D,k ), where Φz/nz

D,k is the 
CDF of the standard normal distribution, and μz/nz

D,k and σz/nz
D,k 

Figure 5. GMM-fitted CDFs of velocity-based ratios related to cluster 
numbers during peak and off-peak hours
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are the mean and standard deviations of the k-th Gaussian 
distribution. The number of Gaussian distributions k is still 
3. During off-peak hours, the simulation parameters for ZVS 
are πz

k = [0.312 9 ;  0.547 4 ;  0.139 7], μz
D,k =

[ 7.724 0 ;  0.653 0 ;  20.991 6 ], and σzND, k =
[ 9.628 3 ;  0.316 4 ;  102.07 ], while the parameters for the 
NVS are πnz

k = [0.674 2 ;  0.239 2 ;  0.068 8], μnz
D,k =

[ 0.710 5 ;  6.879 5 ;  20.943 5 ], and σnz
D,k =

[ 0.512 7 ; 10.750 7 ; 93.229 4 ]. On the other hand, during 
peak hours, the simulation parameters for the ZVS are πz

k =
[ ]0.623 1 ;  0.126 7 ;  0.250 2 , μz

D,k = [ 0.689 8 ;  27.995 2 ; 
7.395 6 ], and σz

D,k = [ 0.443 7 ;  110.228 6 ;  6.673 4 ], while 
the parameters for the NVS are πnz

k =
[0.736 0 ; 0.012 5 ; 0.251 5], μnz

D,k = [ 0.519 9 ; 4.989 4 ; 
-0.093 2 ] and σnz

D,k = [ 0.037 3 ; 0.003 0 ; 0.001 5 ]. Fig. 6 
shows the CDFs of all distance parameters of the scatterers 
with different velocities during peak and off-peak hours. The 
distance parameter of ZVS is larger than that of NVS during 
peak and off-peak hours, as ZVSes are mainly tall buildings 
and trees, while NVSes are dynamic vehicles. Dynamic ve⁃
hicles are generally closer to the TX and RX, which leads to 
a shorter distance. The variance of the distance parameter is 
smaller at peak hours than that at off-peak hours since the 
scatterer distribution is more centered as vehicles around 
the transceiver increase.

The angle parameters related to scatterers are also crucial 
for analyzing and constructing channel models for DT-
enabled vehicular communication within Beijing CBD. These 
parameters, including azimuth angle of departure (AAoD), 
azimuth angle of arrival (AAoA), elevation angle of departure 
(EAoD), and elevation angle of arrival (EAoA), are analyzed 

for the scatterers with different velocities under different traf⁃
fic densities during peak and off-peak hours. AAoA ratios for 
the m-th scatterer with zero velocity and the n-th scatterer 
with non-zero velocity from the transceiver, i. e., the i-th ve⁃
hicle and the j-th vehicle, are expressed as

αz,m
i, j ( t ) = γz,m

i, j ( t )
‖T i ( t ) - R i ( t )‖ (31),

αnz,n
i, j ( t ) = γnz,n

i, j ( t )
‖T i ( t ) - R i ( t )‖ (32),

where γz,m
i, j ( t ) and γnz,n

i, j ( t ) represent the AAoAs of the m-th 
scatterer with zero velocity and the n-th scatterer with non-
zero velocity from the transceiver. Furthermore, based on the 
DT-based Beijing CBD vehicular communication dataset, the 
AAoAs of scatterers with different velocities in each commu⁃
nication link per snapshot are analyzed. Fig. 7 shows the 
CDFs of all AAoAs of the scatterers with different velocities 
under different traffic densities during peak and off-peak 
hours, which fit well with the Gaussian distribution. The 
CDF of the Gaussian distribution for AAoAs related to scat⁃
terers with different velocities can be represented by

F zAAoA ( x ) = 1
2
é

ë

ê
êê
ê
ê
ê1 + erf ( x - μzAAoA

σzAAoA 2 )ùûúúúúúú (33),

F nzAAoA ( x ) = 1
2
é

ë

ê
êê
ê
ê
ê1 + erf ( x - μnzAAoA

σnzAAoA 2 )ùûúúúúúú (34),

Figure 6. GMM-fitted CDFs of distance parameters during peak and 
off-peak hours

CDF: cumulative distribution function

Peak hours, simulation scatterers with non-zero velocity
Peak hours, fit scatterers with non-zero velocity
Peak hours, simulation scatterers with zero velocity
Peak hours, fit scatterers with zero velocity
Off-peak hours, simulation scatterers with non-zero velocity
Off-peak hours, fit scatterers with non-zero velocity
Off-peak hours, simulation scatterers with zero velocity
Off-peak hours, fit scatterers with zero velocity

Ratio related to scatterer distance
0  10 20 30 40 50 60

CD
F

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

CDF: cumulative distribution function
Figure 7. Gaussian-fitted CDFs of azimuth angle of departure (AAoD) 
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where μz/nzAAoA and σz/nzAAoA denote the mean value and standard 
deviation of the Gaussian distribution for AAoAs related to 
scatterers with different velocities; erf (⋅) is the error func⁃
tion. Similarly, AAoD θz/nz, m/n

i, j ( t ), EAoA β z/nz, m/n
i, j ( t ), and EAoD 

ϕz/nz, m/n
i, j ( t ) are calculated and also obey the Gaussian distribu⁃

tion. The distance parameters of the simulation during off-
peak hours are μz/nzAAoA = -0.576 9/ - 0.385 2, σz/nzAAoA =
1.065/0.433 5; μz/nzAAoD = -0.146 4/0.296 8, σz/nzAAoD =
1.297 4/0.900 8; μz/nzEAoA = -0.129 4/ - 0.029 3, σz/nzEAoA =
0.153 9/0.036 7; μz/nzEAoD = -0.157 9/ - 0.052 3, σz/nzEAoD =
0.289 0/0.066 4, while the distance parameters during peak 
hours are μz/nzAAoA = -0.548 1/ - 0.122 1, σz/nzAAoA =
1.081 1/0.434 9; μz/nzAAoD = -0.164 0/0.212 6, σz/nzAAoD =
1.237 2/0.891 0; μz/nzEAoA = -0.146 8/ - 0.069 8, σz/nzEAoA =
0.165 5/0.103 8; μz/nzEAoD = -0.226 7/ - 0.190 1, σz/nzEAoD =
0.481 0/0.630 1. As shown in Fig. 7 and according to the angle 
parameters of the statistical distributions above, NVS have a 
smaller azimuth angle variance than those with zero velocity. 
This is because the NVS mainly come from dynamic vehicles, 
which have less variation in heights. Moreover, the angle pa⁃
rameter variance is larger during peak hours than during off-
peak hours. This is due to the more complex and variable en⁃
vironment during peak hours, causing greater angle variations.

In addition, path power and delay characteristics are sig⁃
nificant in channel realization. The path power is an expo⁃
nential function of the path delay[21]. Using the DT-based Bei⁃
jing CBD vehicular communication dataset, we separate the 
path power into power via ZVS and that via NVS. The path 
power from the i-th vehicle to the j-th vehicle via the m-th 
scatterer with zero velocity and the n-th scatterer with non-
zero velocity is expressed by

Pz, m ( t ) = exp ( - ξzτz, m ( t ) - ηz )10- Zz

10 (35),

Pnz, n ( t ) = exp ( - ξnzτnz, n ( t ) - ηnz )10- Znz

10 (36),
where ξz/nz and ηz/nz are the delay-related parameters of scat⁃
terers with different velocities; τz/nz,m/n is the delay of the path 
via the m-th scatterer with zero velocity and the n-th scat⁃
terer with non-zero velocity; Zz/nz follows the Gaussian distri⁃
bution N (0, (σz/nzE ) 2 ). For accurate linear fitting, Eqs. (35) 
and (36) are transformed as

-lnPz, m ( t ) = ξzτz, m ( t ) + ηz + ln 10
10 Zz (37),

-lnPnz, n ( t ) = ξnzτnz, n ( t ) + ηnz + ln 10
10 Znz (38).

The power and delay of each path via each scatterer with 
different velocities per snapshot are calculated. Fig. 8 pres⁃

ents the fitting results under different traffic densities during 
peak and off-peak hours. The parameters related to power 
and delay during off-peak hours are ξz/nz = 3.726 4 ×
106 /2.763 6 × 106, ηz/nz = 28.065 8/28.876 9, and σz/nzE =
7.971 6/7.005 9, while those during peak hours are ξz/nz =
4.029 4 × 106 /2.613 3 × 106, ηz/nz = 27.443 8/29.404 1, and 
σz/nzE = 8.482 8/7.514 2. Fig. 8 shows that the power of NVS is 
more sensitive to delay changes than that of ZVS. Therefore, 
an increase in the delay of NVS notably reduces their power.

Consequently, the parameters related to scatterers with dif⁃
ferent velocities can be generated by the statistical distribu⁃
tion obtained from the aforementioned analysis.
3.3 Capturing of DT-Enabled Channel Non-Stationarity 

and Consistency
We depict channel non-stationarity and consistency based 

on the proposed DT-enabled Beijing CBD vehicular commu⁃
nication channel model. The environment is constantly 
changing with the continuous movement of the vehicle, 
which leads to continuous changes in LiDAR point clouds 
and RGB images captured by sensors. Meanwhile, the scat⁃
terers in communication links are not effective as they move 
away from the transceiver. In the transmission links related 
to different vehicles, the sets of effective clusters are differ⁃
ent as well, which leads to the non-stationarity of clusters in 
the time domain in the DT-enabled Beijing CBD vehicular 
communication channel. In addition, given the temporal con⁃
tinuity of the communication environment, scatterers exhibit 
smooth transitions in appearance and disappearance across 
time and space. This maintains the scatterer consistency in 
both time and space domains of the DT-enabled Beijing CBD 

Figure 8. Scatterer power-delay CDFs with Exponential fit during peak 
and off-peak hours

CDF: cumulative distribution function
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vehicular communication channel.
To accurately and simultaneously model the channel non-

stationarity and consistency in the time domain, a new vis⁃
ibility region (VR) -based method is proposed, which consid⁃
ers the generation of scatterers with different velocities. In 
the VR methods in Ref. [22], clusters located within the VR 
range have an impact on the channel realization. As the VR 
and cluster positions move, the set of visible clusters evolves 
smoothly, which reflects the channel non-stationarity and 
consistency in the time domain. To depict smooth cluster 
time evolution in channels for DT-enabled Beijing CBD ve⁃
hicular communication, a VR-based method is proposed 
based on the statistical parameter distribution for different 
traffic densities during peak and off-peak hours. The scatter⁃
ers in the environment are initialized, and their parameters, 
including velocities for peak and off-peak hours, are gener⁃
ated according to the distribution obtained in Section 3.2. 
The number of scatterers with different velocities between 
the i-th vehicle and the  j-th vehicle at the initial time t0 and 
the distances are both generated according to the GMM dis⁃
tribution. The departure and arrival angles (AAoDs, AAoAs, 
EAoDs, and EAoAs) are generated following the Gaussian 
distribution. Based on the generated distances and angles for 
each scatterer, the initial positions of these scatterers at time 
t0 are determined. Moreover, the generated scatterers with 
different velocities are clustered using the K-means algo⁃
rithm. Each vehicle  s VR is modeled as a semi-sphere cen⁃
tered at the vehicle. The VR radius Ri /Rj  of the i/j-th vehicle 
is the maximum distance between the vehicle and initially 
generated velocity-varying clusters at the initial time. The 
clusters within Ri /Rj  at time t are defined as visible clusters. 
Since the distance between the cluster and TX/RX at time 
t0 + Δt is still shorter than the radii of VRs, the cluster is 
still in the VRs and affects the channel. The number of sur⁃
viving clusters with different velocities between the i-th and 
j-th vehicles at time t0 + Δt is given as U z,sur

i, j ( t0 +
Δt ) /U nz,sur

i, j ( t0 + Δt ). In addition to the surviving clusters, 
there are some newly generated clusters with different veloci⁃
ties at time t0 + Δt. For a certain distance between the i-th 
and j-th vehicles at time t0 + Δt, the number parameter 
U z,GMM

i, j (t0 + Δt) /U nz,GMM
i, j (t0 + Δt) related to clusters with dif⁃

ferent velocities is randomly generated according to the 
GMM distribution. The number of newly generated clusters 
is computed by

U z/nz, new
i, j ( t ) = U z/nz, GMM

i, j ( t ) - U z/nz, sur
i, j ( t ) (39),

where U z/nz, GMM
i, j ( t )  is greater than U z/nz,sur

i, j ( t ) and there are 
U z/nz

i, j ( t ) = U z/nz, GMM
i, j ( t )  clusters with different velocities that 

contribute to channel realization. However, if U z/nz, GMM
i, j ( t ) is 

less than U z/nz,sur
i, j ( t ), the number of newly generated clusters 

is U z/nz, new
i, j ( t ) = 0. In this case, there are 

U z/nz
i, j ( t ) = U z/nz,sur

i, j ( t )  clusters with different velocities that 

contribute to channel realization.
4 Channel Statistical Properties

In this section, the key statistical properties for the pro⁃
posed DT-enabled Beijing CBD vehicular communication 
channel are derived, including the TF-CF and DPSD.
4.1 TF-CF

The TF-CF of the transmission from the i-th vehicle to the 
j-th vehicle can be calculated as

Π( t, f ; Δt, Δf ) = E [ h∗ ( t, f )h ( t + Δt, f + Δf ) ] (40),
where E [⋅] and (⋅)*represent the expectation operation and 
complex conjugate operation similar to Ref. [23]. As the TF-
CFs of the LoS component, ground reflection component, and 
NLoS component can be assumed as independent, the TF-CF 
can be obtained by

Π( t, f ; Δt, Δf ) = ΠLoS ( t, f ; Δt, Δf ) + ΠGR ( t, f ; Δt, Δf ) +
ΠNLoSz ( t, f ; Δt, Δf ) + ΠNLoSnz ( t, f ; Δt, Δf ) (41).
The TF-CFs of the LoS component, ground reflection com⁃

ponent, and NLoS component can be computed by
ΠLoS( t, f ; Δt, Δf ) =

Ω( t )Ω( t + Δt )
(Ω( t ) + 1) (Ω( t + Δt ) + 1) hLoS* ( t )hLoS ( t +

Δt ) exp[ ]j2πfτLoS ( t ) - ( f + Δf )τLoS ( t + Δt ) (42),

ΠGR( t, f ; Δt, Δf ) =
ηGR ( t )ηGR ( t + Δt )

(Ω( t ) + 1) (Ω( t + Δt ) + 1) hGR* ( t )hGR ( t +
Δt ) exp[ j2πfτGR ( t ) - ( f + Δf )τGR ( t + Δt ) ] (43),

ΠNLoSz/nz ( t, f ; Δt, Δf ) = ηz/nz ( t )ηz/nz ( t + Δt )
(Ω( t ) + 1) (Ω( t + Δt ) + 1) ×

E é

ë

ê
êê
ê
ê
ê ∑

p/q = 1

N z/nzc ( t ) ∑
p′/q′ = 1

N z/nzc ( t + Δt ) ∑
np/q = 1

N z/nzs ( t ) ∑
n′p/q = 1

N z/nzs ( t + Δt )
hz/nz

p/q,np/q ( t )hz/nz
p′/q′,n′p/q ( t + Δt ) ×

exp ( j2πτz/nz
p/q,np/q ( t ) f - ( f + Δf )τz/nz

p′/q′,n′p/q ( t + Δt ) )ù
û

ú
úú
ú
ú
ú

(44).
Therefore, the time auto-correlation function (TACF) and 

the frequency correlation function (FCF) can be obtained by 
setting ∆f = 0 and ∆t = 0, respectively.
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4.2 DPSD
The DPSD can be obtained by the Fourier transform of the 

TACF, which is computed by
Ψ ( t ; fD ) = ∫-∞

+∞Π( t ; Δt )e- j2πfDΔtd(Δt ) (45),

where fD and Π( t ; Δt ) are the Doppler frequency and TACF. 
The time-varying DPSD depicts the time-varying characteris⁃
tic of the proposed DT-enabled Beijing CBD vehicular com⁃
munication channel model.
4.3 Simulation Results and Analysis

The computational complexity of channel modeling mainly 
focuses on the generation of the CIR matrix. The primary 
source of computational complexity comes from the calcula⁃
tion of physical environment parameters. Specifically, the 
time complexity of generating the CIR matrix is O (Nt ⋅ Nr ), 
where Nt and Nr represent the numbers of TXes and RXes, 
respectively. The time complexity of processing the LiDAR 
point cloud is O (P ), where P is the number of points in the 
point clouds. The time complexity of RGB can be considered 
to be constants in a snapshot of data processing, i. e., O (1). 
Therefore, the overall complexity is O (Nt ⋅ Nr + P ). The 
time consumption of the computation mainly depends on the 
simulation setting.

Key statistical channel properties are simulated and com⁃
pared with the accurate RT-based results. The parameters 
remain unchanged unless otherwise stated. The carrier fre⁃
quency is  fc = 5.9 GHz with 20 MHz communication band⁃
width. Delays of virtual links τi ( t ) and τj ( t ) obey the Expo⁃
nential distribution with the mean and variance of 80 ns 
and 15 ns to imitate the complex transmission between 
twin clusters.

Fig. 9 shows the absolute normalized TACFs during peak 
and off-peak hours at t = 0 s and t = 5 s. The TACFs depend 
on time instants and time separations. Moreover, time non-
stationarity is depicted. The TACF decreases as the traffic 
density increases, demonstrating that the TACF is lower dur⁃
ing peak hours than that during off-peak hours. This is be⁃
cause, as the number of vehicles increases, the channel be⁃
comes more variable and the temporal correlation decreases.

The RT-based CIRs are collected in Wireless InSite 
within the DT space shown in Fig. 1. DPSD is derived based 
on the CIR data compared with the simulated DPSD during 
peak and off-peak hours. As shown in Fig. 10, the RT-based 
DPSD is much closer to the simulated DPSD during peak 
and off-peak hours, which demonstrates the validity of the 
proposed model. The DPSD is flatter during peak hours 
than during off-peak hours, because vehicles are denser dur⁃
ing peak hours and the vehicular communication channels 
are more complex. Therefore, the comparison of different 
traffic densities during peak and off-peak hours is signifi⁃

cant for the proposed DT-enabled vehicular communication 
channel model.

The effectiveness of the proposed DT-enabled vehicular 
communication channel model is demonstrated by comparing 
the TACF and DPSD of the proposed model with the RT-
based TACF and DPSD. In the future, we can analyze more 
channel characteristics, e. g., angular/delay power spectral 
densities (PSDs) and root mean square (RMS) angular/Dop⁃
pler/delay spreads, similar to Ref. [24], to further evaluate 
the performance of the proposed DT-enabled vehicular com⁃
munication channel model. Meanwhile, we intend to further 

DPSD: Doppler power spectral density
Figure 10. Comparison of simulated DPSDs and RT-based DPSDs 
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validate the effectiveness and universality of the proposed 
DT-based channel model with real-world measurements. Spe⁃
cifically, we aim to collect synchronized multi-modal sensing 
data and channel data in dense urban scenarios, e.g., Beijing 
CBD. This will enable us to refine the proposed model under 
real-world dynamic conditions and increase its real-world de⁃
ployment value.
5 Conclusions

This paper introduces a novel DT-enabled channel model 
for vehicular communications in Beijing CBD. The proposed 
model effectively integrates LiDAR point clouds, RGB im⁃
ages, and channel data to enhance the precision of channel 
modeling in complex urban environments. A reliable DT 
space for the Beijing CBD area has been constructed, which 
has provided a high-fidelity virtual environment for simulat⁃
ing vehicular communication channels. The developed model 
captures the dynamic characteristics of scatterers during 
peak and off-peak hours in consideration of their number, 
distance, angle, power, and velocity. Key channel statistical 
properties (TF-CF and DPSD) have been derived and simu⁃
lated during different transportation periods. Simulation re⁃
sults show that the proposed model accurately captures chan⁃
nel non-stationarity and consistency, closely aligning with 
RT-based experimental data. Therefore, the potential of DT 
technology for improving vehicular communication channel 
modeling in urban environments is demonstrated, which can 
provide a reliable foundation for the design of ITSs and ad⁃
vanced vehicular networks.
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