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Abstract: Vehicle-to-everything (V2X) is considered a key factor in driving the future development of
intelligent transport, which requires high-quality communication and fast sensing of vehicle infor-
mation in high-speed mobile scenarios. However, high-speed mobility makes the wireless channel
change rapidly, which requires frequent channel estimation and channel feedback between a vehicle
and the roadside unit (RSU), resulting in an increase in communication overhead. At the same time,
the high maneuverability of vehicles leads to frequent switching and misalignment of communication
beams, so the RSU must have better beam prediction and tracking capabilities. To address this prob-
lem, this paper proposes an adaptive frame structure design scheme for sensing-assisted downlink
(DL) communication. The basic idea of the scheme involves analyzing the communication model
during the vehicle’s movement. This analysis aims to establish a theoretical relationship between
the Symbol Error Rate (SER) and the following two key factors: the vehicle’s starting position and
the distance it travels across. Subsequently, the scheme leverages the vehicle’s position data, as
detected by the RSU, to calculate the real-time SER for DL communication. The SER threshold is
set based on the requirements of DL communication. If the real-time SER is below this threshold,
channel estimation becomes unnecessary. This decreases the frequency of channel estimation and
frees up time and frequency resources that would otherwise be occupied by channel estimation
processes within the frame structure. The design of an adaptive frame structure, as detailed in the
above scheme, is presented. Furthermore, the performance of the proposed method is analyzed
and compared with that of the traditional communication protocol frame structure and the beam
prediction-based frame structure. The simulation results indicate that the communication throughput
of the proposed method can be improved by up to 6% compared with the traditional communication
protocol frame structure while maintaining SER performance.

Keywords: V2X; sensing-assisted communication; channel estimation; adaptive frame structure

1. Introduction

Fifth-generation (5G) mobile communication technology enables a leap in commu-
nications from simple voice/text services and data services to the Internet of Everything,
facilitating continued growth and innovation in areas such as smart transport, healthcare,
smart manufacturing, drones, and more [1,2]. V2X is a typical application of intelligent
transport in high-speed mobile scenarios and is considered a key enabler of future intelli-
gent transport, which is expected to make the transport industry more efficient and safer on
the road to a large extent [3]. In order to achieve this goal, vehicles need to have the ability
to simultaneously sense information about their surroundings and exchange information
with roadside units and other vehicles [4]. This necessitates that V2X possesses not only
enhanced communication capabilities but also accurate sensing functions to meet a wide
range of demands [5]. In this context, the research on communication-aware fusion and
resource allocation strategies in the V2X scenario has received great attention [6,7].

Sensors 2024, 24, 5061. https://doi.org/10.3390/s24155061 https://www.mdpi.com/journal/sensors

https://doi.org/10.3390/s24155061
https://doi.org/10.3390/s24155061
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0001-6041-9813
https://orcid.org/0000-0003-3821-5536
https://doi.org/10.3390/s24155061
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s24155061?type=check_update&version=1


Sensors 2024, 24, 5061 2 of 20

In the V2X scenario, Ref. [8] proposes utilizing an Orthogonal Frequency Division Mul-
tiplexing (OFDM) signal for vehicle positioning while ensuring communication efficiency.
In Ref. [9], the Positioning Reference Signal (PRS) of 5G mobile communication is utilized
to achieve sensing, communication, and positioning capabilities. The study in Ref. [10]
employs reference signals in 5G for sensing and optimizes transmission power allocation.
This optimization is subject to the performance of the communication channel and the
radar sensing ambiguity function. In Refs. [11,12], resource allocation in both the time
domain and frequency domain is conducted with the aim of enhancing channel capacity
while ensuring that the requirements of sensing accuracy are met. In Ref. [13], the sensing
performance of V2X communication is analyzed, considering the existence of interference
among vehicles. Additionally, the impact of the system’s resource allocation strategy on
sensing performance is discussed. In Ref. [14], the impact of communication parameters
such as bandwidth, modulation and coding schemes, and packet size on sensing perfor-
mance is analyzed in terms of detection capability and parameter estimation error, while
the impact of resource allocation strategies on communication and sensing performance
is considered.

Vehicle-to-Infrastructure (V2I) is an important subset of V2X applications. In the
V2I scenario, RSUs are permanently installed along roadsides and equipped with robust
capabilities for data processing and resource management [15]. These RSUs sense the
surrounding environment and interact with vehicles, providing them with real-time infor-
mation about current road conditions. This enables timely adjustments to driving strategies
and improves communication efficiency. For V2I communication to ensure traffic safety and
effectiveness, it must have a high data rate and low transmission delay; otherwise, it could
introduce traffic safety issues. Considering that RSUs possess functions of communication,
sensing, and data processing, beam prediction and tracking can be effectively executed on
this basis. Furthermore, the comprehensive system performance is significantly enhanced
through the optimization of resource allocation [16]. A joint task offloading and resource
allocation scheme is proposed, which can minimize the total task processing delay for
all vehicles through task scheduling and channel allocation for both the vehicle and the
RSU [17].

In addition, effective beam tracking can ensure the establishment of a stable commu-
nication link and improve communication quality in the V2I scenario [18]. Currently, a
variety of methods exist for beam tracking and prediction. In Ref. [19], a beam tracking
scheme based on the variable step beam is proposed. This scheme addresses the challenges
of user mobility in beam tracking by utilizing a fraction of the beam energy. It does so
without altering the direction or width of the current communication beam. The majority of
the beam energy is dedicated to sustaining the quality of communication. Furthermore, the
paper introduces an Angle of Departure (AoD) estimation algorithm using Bayesian poste-
rior probability. This algorithm employs Gaussian process regression to refine the beam’s
direction and breadth for the subsequent frame. In Ref. [20], an analysis of a beam tracking
scheme for extremely large-scale multiple-input–multiple-output communication systems
is presented. The scheme introduces a near-field beam tracking approach that leverages
a dynamic model to anticipate channel variations. By incorporating the user’s location
estimated through extended Kalman filtering and the kinematic model, it effectively tracks
and forecasts near-field channel variations, thus minimizing the computational burden
associated with beam tracking. In Ref. [21], a deep neural network-based novel downlink
beam prediction scheme is introduced. The proposed neural network utilizes an adjustable
feature fusion learning mechanism to embed user location data into CSI, which aims to
reduce the beam training overhead. Gonzalez proposes a scheme for communication in a
V2I scenario using a millimeter wave, which can enhance both the data transmission rate
and the sensing accuracy [22]. Meanwhile, large-scale antenna arrays in millimeter-wave
communication can provide high beam gain and reduce interference among vehicles [23].
On this foundation, beam tracking methods based on codebook design and Kalman filtering
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are proposed in Refs. [24,25], with the aim of establishing a stable communication link
between the receiver and the transmitter.

However, in the high-speed movement scenario, the high maneuverability of vehicles
in V2I communications can lead to frequent switching and misalignment of communication
beams, potentially causing interruptions in the communication link [18]. This necessitates
frequent coordination and feedback between the RSU and the vehicle, resulting in a signif-
icant increase in communication overhead. To address the aforementioned issues, beam
tracking assisted by sensing is considered as an effective solution. This method of sensing-
assisted beam tracking eliminates the need for dedicated DL pilots, aligns the beams while
simultaneously performing environmental sensing, and can significantly reduce channel
estimation overhead, offering broader prospects [26,27].

Numerous studies have utilized sensing-assisted communication to reduce the beam
tracking overhead in the V2I scenario. In Ref. [28], a vehicle tracking algorithm based on
extended Kalman filtering is proposed, which improves the stability of the communication
link by predicting the beam and reduces the beam tracking overhead simultaneously. In
Ref. [29], a sensing-assisted beamforming scheme that takes into account vehicle geometry
is investigated. Initially, the entire vehicle is covered by a wide beam. Subsequently, the
vehicle’s position is tracked using the extended Kalman filtering method. Finally, the
communication process is completed with a narrow beam, enhancing communication
efficiency. In Ref. [30], a curvilinear coordinate system is combined with a multi-model
extended Kalman filtering framework to model complex road geometries. This approach
accurately tracks a vehicle’s motion on complex roads based on the sensing function.
Additionally, a sensing-assisted beam tracking scheme applicable to roads of arbitrary
shapes is proposed. This scheme aims to improve vehicle tracking accuracy and enhance
communication quality in the V2I scenario. In Refs. [31,32], a beam prediction scheme
based on sensing-assisted communication is proposed. In this scheme, the RSU estimates
and predicts the dynamic parameters of a vehicle using signal echoes and achieves beam
tracking based on the vehicle’s perception. This method can significantly reduce the beam
training overhead and improve the communication efficiency between the RSU and the
vehicle, compared with the traditional feedback-based beam tracking method.

The research scheme mentioned in the previous paragraph involves the design of
the beam for the RSU, which is aided by sensing capabilities. This assistance minimizes
the need for frequent information feedback with the vehicle, thereby reducing the beam
tracking overhead in the communication process. However, the vehicle is unable to predict
beam changes during DL decoding. The delay and Doppler shift that occur during the
vehicle’s movement can lead to an increase in the Symbol Error Rate (SER) in downlink
(DL) communication. DL refers to the transmission path from the RSU to the vehicle, and
the SER indicates the number of erroneous symbols received in a transmission relative
to the total number of transmitted symbols. Consequently, it becomes necessary to re-
estimate the channel to facilitate decoding. Considering the time-varying channel and the
high overhead of periodic channel estimation in the V2I scenario, this paper proposes a
sensing-assisted adaptive frame structure design scheme for DL communication. Given
that the wireless channel fading in the V2I scenario is primarily determined by the relative
positions of the vehicle and the RSU [33], when the vehicle’s movement is within a certain
range, the DL channel exhibits a high time correlation. The channel state information
(CSI) from the previous position can be utilized to complete the Fcommunication process.
This approach reduces the frequency of channel estimation during the vehicle’s move-
ment and, consequently, lowers the communication overhead. When the vehicle moves
beyond a certain distance, the channel correlation diminishes, necessitating a new channel
estimation. To illustrate the impact of channel temporal correlation on communication
performance, the theoretical analysis presents the communication SER as a function of
lane shape, vehicle starting position, and vehicle moving distance. Once the RSU acquires
the vehicle motion parameters through sensing, it can compute the real-time SER and
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decide whether to incorporate pilots in the current frame based on the communication
performance requirements.

To verify the performance of the proposed method, experiments can be conducted
using simulators. Among the existing simulators, CARLA provides a comprehensive suite
of functionalities, including weather conditions, digital assets, and traffic scenario man-
agement. These capabilities facilitate the configuration of sensor suites and environmental
conditions [34]. CAVISE can simulate traffic flows and vehicle behaviors and is capable
of modeling a variety of environmental conditions and road conditions to evaluate their
effects on the performance of vehicular communication systems [35]. In V2X scenarios, the
Artery framework is utilized for the development of network and signal propagation mod-
els [35]. SUMO, an open-source traffic simulator, is well-suited for managing large-scale
traffic flows. Its functionality is particularly useful for simulating vehicle communications
and traffic management strategies [36]. OpenCDA is an advanced platform that contains
self-driving modules for sensing, computation, actuation, and communication. However,
OpenCDA only provides a basic representation of vehicular communication [37]. The
aforementioned simulators have difficulties in supporting the modification and validation
of underlying communication algorithms, including signal modulation, demodulation,
and frame structure design. Consequently, by leveraging the existing models in MATLAB,
we developed a design for an adaptive frame structure scheme. Looking ahead, once the
compatibility issues between MATLAB and other simulators like CARLA, CAVISE, and
Artery are resolved, it will become feasible to implement the proposed scheme across the
existing simulation platforms.

The main contributions of this paper are as follows.

(1) In the V2I scenario, the RSU is assumed to have the capability to acquire vehicle
position and speed through sensing. The theoretical analysis outlines the function
relationship between the communication SER and various initial positions of the
vehicle, as well as different moving distances.

(2) A sensing-assisted communication adaptive frame structure design is proposed.
Specifically, a communication SER threshold is established. If the communication SER
exceeds the threshold value during vehicle movement, the RSU must retransmit the
pilots for channel estimation; otherwise, the pilots are not transmitted. The proposed
scheme can adaptively adjust the transmission interval of pilots within the frame
structure based on the vehicle’s initial position, the vehicle’s moving speed, and the
communication SER requirements.

(3) The SER and throughput performance of three frame structures are comparatively
analyzed in both straight and curved path scenarios. These structures include the
traditional communication protocol frame structure, the existing beam prediction-
based frame structure, and the proposed sensing-assisted adaptive frame structure.

This paper is organized as follows: Section 2 introduces the transmit signal, channel
model, and receive signal within the V2I DL communication system model; Section 3
conducts a theoretical analysis of the DL communication processes for both straight and
curved path scenarios, proposing a sensing-assisted communication adaptive frame struc-
ture design scheme; Section 4 presents the simulation experiments and result analyses
concerning the SER and throughput; and finally, Section 5 provides a summary of the
entire paper.

2. V2I Downlink Communication System Model

In this paper, we consider the DL communication process of the V2I scenario and the
system model depicted in Figure 1. The RSU is equipped with a uniform equally spaced
surface array, comprising independent transmit and receive arrays. The dimension of the
transmitting antenna array is Pt ×Qt, and the dimension of the receiving antenna array is
Pr ×Qr. The vehicle is equipped with a single antenna and is assumed to be a point target.
During the DL communication, the RSU sends signals to the vehicle and receives echo
signals from the direction of the vehicle for sensing signal processing. The vehicle receives
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the DL communication signals from the RSU for the purposes of synchronization and
channel estimation and subsequently uses them to demodulate and retrieve the final data.
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2.1. Transmit Signal

In the V2I scenario considered in this paper, DL communication is conducted using
the OFDM signal, and the transmitted symbols are illustrated in the following equation:

s(t) =
Ms

∑
m=0

Nc

∑
n=0

√
ptun,mej2π( fc+n∆ f )tRect

(
t−mTs

Ts

)
(1)

where Ms is OFDM symbol number, Nc is subcarrier number, pt is the symbol transmit
power, un,m is the OFDM baseband symbol of the nth subcarrier and the mth symbol, fc
denotes the carrier frequency, and ∆ f and Ts are the subcarrier interval and the length of
OFDM symbol time. Rect(t/Ts) is the rectangular function, which is equal to 1 for t < Ts
and 0, otherwise.

2.2. Channel Model

(1) DL communication channel model.

The channel coefficients for the DL communication channel on the nth subcarrier and
the mth OFDM symbol are expressed as follows [38,39]:

HC,n,m =
L−1

∑
l=0

bC,lej2π( fC,l)mTs e−j2πn∆ f (τC,l) × aT(θTX,l) (2)

where L is the number of multipaths and bC,l is the channel fading coefficient of the
lth path. Specifically, for the Line-of-Sight (LoS) path, the channel fading coefficient is
bC,0 = λ/(4πd0), where d0 is the distance from TX to RX. The lth multipath (l > 0) fading
coefficient is expressed as follows:

bC,l =

√√√√ λ2

(4π)3d2
l,Td2

l,R

βC,l (3)
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where λ is the wavelength and dl,T and dl,R are the distances from TX to the scatterer and
from the scatterer to RX, respectively. The reflection fading βC,l ∼ CN(0, σ2

β,l) and σ2
β,l can

be regarded as the parameter related to the reflecting surface, which can be considered to
change slowly if the reflector remains unchanged. fC,l is the Doppler shift of the lth path
and τC,l = (dl,T + dl,R)/c is the time delay of the lth path. c is the propagation speed of the
electromagnetic wave in vacuum. The column vector a(θTX,l) denotes the steering vector
for transmission, and the (p,q)th element is denoted as follows:

ap,q(θTX,l) = exp
[
−j

2π

λ
da(p cos(θTX,l) + q sin(θTX,l))

]
(4)

where da is the antenna interval and θTX,l is the horizontal angle of the transmitter. During
DL communication, there is only the steering vector for transmission because the vehicle
has a single antenna. Considering that the reflective path channel fading is much larger
than the LoS path in the V2I scenario, only the LoS path is considered in this paper.

(2) Sensing channel model.

The channel coefficients on the nth subcarrier of the sensing channel and on the mth
OFDM symbol are expressed as follows [38,39]:

HS,n,m =
L−1

∑
l=0

bS,lej2π( fS,l)mTs e−j2πn∆ f (τS,l) × a(θRX,l)a
T(θTX,l) (5)

where bS,l is the channel fading coefficient for the lth multipath (l = 0 for the LoS path) and
is expressed as follows:

bS,l =

√
λ2

(4π)3d4
l

βS,l (6)

where the reflection fading βS,l ∼ CN
(

0, σ2
β,l

)
and σ2

β,l can be regarded as a parameter
related to the reflecting surface, which can be considered to change slowly if the reflector
remains unchanged. dl is the distance from the antenna array to the reflector. fS,l = 2vl/λ
is the Doppler shift of the lth echo path, where vl is the radial relative velocity. τS,l = 2dl/c
denotes the round-trip time delay of the lth echo path. θRX,l denotes the horizontal angle of
the receiver, and a(θRX,l) is the column vector of PrQr × 1, whose elemental representation
is similar to that of a(θTX,l).

2.3. Receive Signal

The received signal at the vehicle on the nth subcarrier and the mth OFDM symbol is
expressed as follows:

yC,n,m =
√

ptHC,n,mwTXun,m + nn,m (7)

where wTX denotes the DL transmit beamforming vector and nn,m denotes the additive
Gaussian white noise. The sensing receive signal on the nth subcarrier and on the mth
OFDM symbol at the receiver side of the RSU is expressed as follows:

yS,n,m =
√

ptHS,n,mwTXun,m + nn,m (8)

3. Adaptive Frame Structure Design

The DL communication process of the proposed adaptive frame structure is illustrated
in Figure 2. During the initial communication, the RSU sends a DL signal UD to the
vehicle. The pilots embedded within the signal frame are employed for channel estimation
purposes. All symbols within the signal frame can be used for sensing signal processing,
which facilitates the extraction of vehicle motion parameters. The DL communication
signal, after undergoing OFDM modulation and beamforming, is transmitted to the vehicle
via the DL communication channel. The vehicle receives the DL communication frame
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from the RSU, utilizes the pilots to estimate the CSI, and then demodulates the information
symbols ÛD. Concurrently, it carries out the Uplink (UL) CSI feedback. Upon receiving the
signal echo, the RSU utilizes the echo signal for sensing to determine the motion parameters
of the vehicle [9].
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Utilizing vehicle position, moving distance, and other parameters, along with UL
channel feedback, the DL communication SER for the current downlink communication
frame is calculated. This calculated SER serves as the basis for deciding the transmission
of channel estimation pilots in the subsequent frame, which is part of the adaptive frame
structure module. If the SER is below a preset threshold, the RSU does not need to send DL
pilots, and the vehicle can omit channel estimation. If not, the channel must be re-estimated.
Consequently, the proposed method can not only effectively reduce the frequency of pilot
transmission but also prevent frequent feedback exchanges between the RSU and the
vehicle, thereby reducing the communication overhead.

Based on the above content, a DL communication model is designed to improve the
efficiency of information exchange between the RSU and vehicles within the V2I scenario.
The model is categorized under the Digital Information layer (Layer 6). This layer is
primarily focused on the information exchange among vehicles, infrastructure, and other
objects via digital signals in V2X environments [40,41].

3.1. SER Analysis of DL Communication during Vehicle Movement

In the high-speed V2I scenario, there are strong LoS paths between the RSU and
the vehicle, with fewer scattering paths in their vicinity. The channel coefficients for
the mth OFDM symbol and the nth subcarrier are considered in the LoS channel DL
communication process:

HC,n,m = bC,0ej2π( fC,0)mTs e−j2πn∆ f (τC,0)aT(θ0,0) (9)

where θ0,0 denotes the initial angle of the vehicle and the subscripts (0,0) denote the LoS
scenario and the initial position of the vehicle, respectively. Consequently, the received
signal for DL communication in Equation (7) can be expressed as follows:

yC,n,m =
√

pthC,n,maT(θ0,0)wTX(θ0,0)un,m + nn,m
=
√

pthC,n,mmvun,m + nn,m
= xn,m + nn,m

(10)

where hC,n,m = bC,0ej2π( fC,0)mTs e−j2πn∆ f (τC,0) and wTX(θ0,0) is the column vector with di-
mension PtQt × 1. mv = aT(θ0,0)wTX(θ0,0) denotes the beam matching gain; if the two
angles are identical, the beam directivity becomes stronger, which can effectively enhance
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the DL receiving power and improve communication quality. Conversely, if the two an-
gles differ, it will result in a degradation of communication quality. The single-carrier
information power in the received signal is expressed as follows:

E
[
|xn,m|2

]
= E

[
pt|hC,n,m|2|mv|2|un,m|2

]
= pt|bC,0|2

∣∣∣ej2π( fC,0)mTs e−j2πn∆ f (τC,0)
∣∣∣2|mv|2E[|un,m|]2

(11)

where E[x] denotes the expectation of the variable x. Assuming that the transmitted symbol
power satisfies E

[
|un,m|2

]
= 1, and the noise power is E

[
|nn,m|2

]
= σ2

N , the Doppler shift
of the LoS path fC,0 and the time delay τC,0 will alter the phase of the received signal,
thereby affecting the communication demodulation performance. However, the impact
on demodulation can be mitigated in practice by estimating the phase deviation and
compensating for it. Parameter estimation errors and variations due to continuous vehicle
motion will be discussed subsequently. Consequently, the single-carrier Signal-to-Noise
Ratio (SNR) of the received signal is expressed as follows:

SNR =
E
[
|xn,m|2

]
E
[
|nn,m|2

] =
pt|bC,0|2|mv|2E

[
|un,m|2

]
E
[
|nn,m|2

] =
pt|bC,0|2|mv|2

σ2
N

(12)

During the vehicle’s movement, the position corresponding to different frames in
the DL will vary and, consequently, the associated channel fading coefficients will also
fluctuate. Subsequently, bC,0 is analyzed for both straight and curved path scenarios.

(1) Straight path scenario.

In the straight path scenario depicted in Figure 3, the origin O represents the RSU, and
the black triangle represents the vehicle. When the vehicle is at position p, its distance from
the RSU is d0,p, and the angle is θ0,p, where p = 0, 1, 2, . . . , P denotes the vehicle’s position.
∆xp−1 denotes the distance between position p − 1 and position p, and ∆θp−1 denotes the
corresponding change in angle.
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Figure 3. Schematic diagram of straight path scenario.

From the diagram above, it can be observed that the vehicle moves a distance of:

∆xp−1 = d0,p sin(θ0,p−1 + ∆θp−1)− d0,p−1 sin θ0,p−1 (13)
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The updated distance from the vehicle to the RSU is expressed as follows:

d0,p = (d0,p−1 sin θ0,p−1 + ∆xp−1)/sin(θ0,p−1 + ∆θp−1) (14)

By substituting d0 = d0,p into |bC,0| = λ/(4πd0), the channel fading coefficient for the
vehicle at position p is obtained as follows:∣∣∣bp

C,0

∣∣∣ = λ/
(
4π
(
(d0,p−1 sin θ0,p−1 + ∆xp−1)/sin(θ0,p−1 + ∆θp−1)

))
=
(
λ sin(θ0,p−1 + ∆θp−1)

)
/
(
4π(d0,p−1 sin θ0,p−1 + ∆xp−1)

) (15)

(2) Curved path scenario.

In the curved path scenario illustrated in Figure 4, the change in distance between the
vehicle and the RSU as the vehicle transitions from the depicted position p−1 to position p is
denoted by ∆dp−1, and the corresponding change in the vehicle’s angle is denoted by ∆θp−1.
At position p, the distance between the vehicle and the RSU is d0,p = d0,p−1 +∆dp−1, and the
vehicle’s angle is θ0,p = θ0,p−1 + ∆θp−1. By substituting d0 = d0,p into |bC,0| = λ/(4πd0),
the channel fading coefficient for the vehicle at position p is calculated as follows:∣∣∣bp

C,0

∣∣∣ = λ

4π
(
d0,p−1 + ∆dp−1

) (16)Sensors 2024, 24, x FOR PEER REVIEW 10 of 21 
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,0Ĉf  and time delay 0

,0ˆCτ  of the vehicle at the initial position are included. 
As the distance, speed, and angle continue to change during the movement of the 

vehicle, leading to changes in the channel environment, the true channel CSI at position 
p(p ≠ 0) is , ,

p
C n mH  . When using 0

, ,
ˆ
C n mH   for message decoding, the difference between 

, ,
p
C n mH  and 0

, ,
ˆ
C n mH  results in a higher DL communication SER. The RSU, by sensing the 

distance, speed, and angle of the vehicle in real time, can perform beam alignment to en-
hance the DL receive power, i.e., maximizing vm in Equation (18). However, the variation 
in the channel fading coefficient ,0

p
Cb , Doppler shift 

,0
p
C
f , and time delay ,0

p
Cτ  during ve-

hicle movement will lead to a continuous increase in the SER in DL communication. The 
RSU can compensate for the phase error caused by the Doppler shift and time delay by 
sensing the vehicle’s distance and speed in real time. Thus, Equation (18) can be further 
expressed as: 

Figure 4. Schematic diagram of curved path scenario.

In this paper, we analyze the scenario where the vehicle conducts channel estimation
solely at the initial position, with no further channel estimation at subsequent positions.
The initial CSI obtained is then utilized to decode the information. Upon reaching position
p, the vehicle receives the signal in the following manner:

yC,n,m =
√

ptH
p
C,n,mwTXun,m + nn,m (17)

where Hp
C,n,m = bp

C,0ej2π( f p
C,0)mTs e−j2πn∆ f (τp

C,0)aT(θ0,p
)

denotes the CSI when the vehicle
moves to the pth position and f p

C,0 and τ
p
C,0 denote the Doppler shift and time delay,

respectively. The CSI from the initial position is utilized to complete the communication
process as the vehicle moves to the pth position along both straight and curved path



Sensors 2024, 24, 5061 10 of 20

scenarios. The data obtained by demodulation of the vehicle’s signal at the pth position,
corresponding to the receiver, can be expressed by the following equation:

RC,n,m = yC,n,m/Ĥ0
C,n,m

=
√

ptH
p
C,n,mwTXun,m+nn,m

Ĥ0
C,n,m

=
√

ptb
p
C,0e

j2π( f p
C,0)mTs e

−j2πn∆ f (τp
C,0)mvun,m+nn,m

b̂0
C,0e

j2π( f̂ 0
C,0)mTs e

−j2πn∆ f (τ̂0
C,0)

(18)

where Ĥ0
C,n,m denotes the estimated value of the DL CSI at the initial position, and the

Doppler shift f̂ 0
C,0 and time delay τ̂0

C,0 of the vehicle at the initial position are included.
As the distance, speed, and angle continue to change during the movement of the

vehicle, leading to changes in the channel environment, the true channel CSI at position
p(p 6= 0) is Hp

C,n,m. When using Ĥ0
C,n,m for message decoding, the difference between Hp

C,n,m

and Ĥ0
C,n,m results in a higher DL communication SER. The RSU, by sensing the distance,

speed, and angle of the vehicle in real time, can perform beam alignment to enhance the DL
receive power, i.e., maximizing mv in Equation (18). However, the variation in the channel
fading coefficient bp

C,0, Doppler shift f p
C,0, and time delay τ

p
C,0 during vehicle movement will

lead to a continuous increase in the SER in DL communication. The RSU can compensate
for the phase error caused by the Doppler shift and time delay by sensing the vehicle’s
distance and speed in real time. Thus, Equation (18) can be further expressed as:

RC,n,m =
√

ptb
p
C,0/b̂0

C,0mvun,m + nn,m (19)

Then, the SNR of the demodulated signal can be further expressed as:

Se = E

 |RC,n,m|2

|nn,m|2
=

pt

∣∣∣bp
C,0/b̂0

C,0

∣∣∣2|mv|2

σ2
N

 (20)

The theoretical SER for DL communication during vehicle movement can be calculated
by the following equation [42]:

Pe = 2Q(
√

Se)

= 2Q(

√
pt|bp

C,0/b̂0
C,0|

2|mv |2

σ2
N

)
(21)

The SER obtained using Equation (21) in both straight and curved paths is depicted in
Figures 5 and 6. The SER during the simulation process is defined as the ratio of the number
of erroneous symbols at the receiver to the total number of transmitted symbols. This is
in contrast to the theoretical SER Pe, which is derived and calculated using Equation (21).
Both represent the SER in the DL communication process. During the simulation, the
vehicle’s velocity is kept at a consistent speed, and the vehicle starts moving from a variety
of initial positions at different angles relative to the RSU. Channel estimation is conducted
as the vehicle begins its movement from an initial position. The SER at this position is
determined using Equation (21). Upon arriving at a new location, channel estimation is
not re-performed; instead, the CSI obtained from the initial position is utilized to carry
out the communication and to determine the SER for that specific location. Consequently,
the overall SER for the vehicle throughout its movement trajectory is determined. The
carrier frequency fc = 6 GHz, with a subcarrier interval ∆ f = 30 kHz, and the system
employs QPSK modulation. The number of OFDM symbols Ms = 14, and the total number
of subcarriers Nc = 1680, with an OFDM symbol duration Ts = 0.0025 s. The antenna
interval is configured to be half of the wavelength, and the transmitter antenna array size
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for the RSU is Pt × Qt = 8 × 8. All results are averaged from 5000 independent Monte
Carlo simulations.
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Figure 5 illustrates the variation in the DL communication SER with the initial position
of the vehicle and the moving distance in the straight path scenario at SNR = 12 dB. θ0,0
presents the initial angle of the vehicle and ∆x indicates the moving distance of the vehicle
from the initial position. To verify the accuracy of the theoretical analysis, simulation results
are also presented in Figure 5a for comparison, showing that the theoretical analysis aligns
well with the simulation results. Figure 5a shows that a greater moving distance of the
vehicle results in a higher SER. This increase is attributed to the significant change in the
relative position of the vehicle to the RSU post-movement, and the continued use of the
initial position’s CSI for decoding leads to degraded SER performance. Moreover, the SER
varies with different initial positions, as depicted in Figure 5a. To elucidate the impact
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of various initial positions on the SER, Figure 5b presents the relationship between the
theoretical and simulation SERs at initial positions θ0,0 = −40◦, 0◦, and 40◦. At the initial
position, all three SERs are identical because they utilize accurate channel information.
When the vehicle’s moving distance is less than approximately 400 m, the SER for an initial
position of θ0,0 = 0◦ is the lowest, the SER for θ0,0 = −40◦ is intermediate, and the SER for
θ0,0 = 40◦ is the highest. This variation is due to the different changes in the vehicle to
RSU distance as the vehicle moves, affecting the relative positions and channel correlations
differently. The correlation is highest for θ0,0 = 0◦, intermediate for θ0,0 = −40◦, and lowest
for θ0,0 = 40◦. For vehicle moving distances greater than about 400 m, the initial position of
θ0,0 = −40◦ experiences the smallest change in distance and relative position to the RSU,
resulting in the smallest change in channel correlation and thus, the lowest SER. The SER
for an initial position of θ0,0 = 0◦ is intermediate, and for θ0,0 = 40◦, it is the highest. This is
because the channel correlation for θ0,0 = 0◦ is greater than that for θ0,0 = 40◦.

Figure 6 illustrates the variation in the DL communication SER with the initial position
of the vehicle and the distance between the vehicle and the RSU in the curved path scenario
at SNR = 12 dB. As observed in Figure 6a, the theoretical analysis aligns with the simulation
results, validating the accuracy of the theoretical analysis. In the curved path scenario, the
focus is on the vehicle’s traversal of the path, with the vehicle’s initial position situated
below the RSU. Figure 6a shows that a greater change in the distance between the vehicle
and the RSU corresponds to a higher SER. This is attributed to the significant alteration in
the vehicle’s relative position to the RSU following movement, and the continued use of
the initial position’s CSI for decoding leads to a degradation in SER performance. Figure 6b
presents the relationship between the theoretical and simulation SERs at the vehicle’s initial
positions set at θ0,0 = −20◦, −15◦, and −5◦. As depicted in Figure 6b, the three SERs are
identical at the initial position because of the utilization of precise channel information
in the communication process. During the vehicle’s movement, the SER for an initial
position of θ0,0 = −5◦ is the lowest, the SER for θ0,0 = −15◦ is intermediate, and the SER for
θ0,0 = −20◦ is the highest. This variation occurs because as the vehicle’s moving distance
changes, the distance from the vehicle to the RSU and their relative positions change
differently, affecting the channel correlation. The correlation is highest for θ0,0 = −5◦,
intermediate for θ0,0 = −15◦, and lowest for θ0,0 = −20◦.

In the aforementioned content, we establish a theoretical relationship between the
SER of communication and the motion status of the vehicle. This relationship serves as a
guide for designing a more efficient communication frame structure. By comparing with
simulated data, the accuracy of the theoretical analysis was validated. However, because
of limitations in experimental conditions, the aforementioned scheme has not yet been
tested in a real V2I environment. We are accelerating the development of a practical testing
environment. This will verify how well the scheme discussed in this paper corresponds to
real-world conditions.

Based on the above analysis, it is understood that if the relative position between the
RSU and the vehicle changes significantly, the channel correlation deteriorates, resulting
in an increased SER. Conversely, if the relative position change is minimal, the SER is
lowered. Consequently, by establishing a communication SER threshold, the conditions
that necessitate re-estimation of the channel can be determined. This approach reduces the
frequency of channel estimations and enhances communication efficiency. The following
section describes the design scheme of the adaptive frame structure for sensing-assisted DL
communication proposed in this paper.

3.2. Communication Adaptive Frame Structure Design

The design scheme of the adaptive frame structure for sensing-assisted DL communi-
cation proposed in this paper assumes that the vehicle acquires CSI through initial channel
estimation and then foregoes further channel estimation during subsequent movement,
instead relying on the initial position’s CSI and the sensing capabilities to complete DL
communication. Throughout this process, the RSU conducts sensing signal processing
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using the echo of the communication signal to obtain the vehicle’s distance, angle, and
other kinematic parameters during its movement. It then calculates the moving vehicle’s
SER using Equation (21). If the computed SER reaches the preset threshold, it indicates that
the CSI utilized by the vehicle for demodulation is due for an update. At such junctures,
the RSU sends DL pilots, prompting the vehicle to perform channel estimation again and
to proceed with the aforementioned process.

The design concept of the adaptive frame structure is predicated on the RSU employing
sensing to acquire the vehicle’s motion parameters. It leverages the theoretical correlation
between the SER and these motion parameters, in conjunction with the communication
SER requirements, to determine whether to incorporate DL pilots and UL CSI feedback in
the subsequent frame. This approach contrasts with traditional communication protocol
frame structures, which include pilots only when significant channel variations occur.
This strategy can reduce the consumption of time and frequency resources by channel
estimation within the frame structure, thereby diminishing the communication overhead.
The adaptive frame structure proposed for sensing-assisted DL communication is depicted
in Figure 7.
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Figure 7. Frame structures for DL communication.

Figure 7 presents the traditional communication protocol (top), the beam prediction-
based structure (middle) [32], and the DL communication frame structure of the sensing-
assisted adaptive frame structure proposed in this paper (bottom). The traditional com-
munication protocol frame structure necessitates frequent feedback between the RSU and
the vehicle to maintain the desired communication SER performance. In contrast to the
traditional approach, the beam prediction-based frame structure enables the RSU to con-
duct beam prediction based on the vehicle’s motion parameters sensing, thus eliminating
information exchanges with the vehicle and reducing the beam tracking overhead during
communication. However, the vehicle at the receiving end cannot determine the beam’s
alteration during decoding, and the channel’s fluctuation as the vehicle moves can result
in an increase in the communication SER. Building upon this, the design scheme of the
adaptive frame structure for sensing-assisted communication proposed herein considers
the impact of beam alignment shifts and channel fading on the SER during the vehicle’s
movement. When the SER degradation due to channel changes surpasses a predefined
threshold, the system initiates another round of DL channel estimation.

4. Simulation and Analysis of Results

This section conducts a comparative analysis of the DL communication performance
across three distinct schemes including the following: the traditional communication
protocol frame structure, the beam prediction-based frame structure, and the sensing-
assisted adaptive frame structure introduced in this paper. Performance is evaluated using
metrics such as the SER and system throughput. In the simulation, the vehicle’s speed is
maintained at a constant rate. The carrier frequency fc = 6 GHz, and the subcarrier interval
∆ f = 30 kHz. The OFDM symbol number Ms = 14, and the subcarrier number Nc = 1680.
The antenna interval is set to half the wavelength. The transmitter antenna array size of the
RSU is Pt × Qt = 8 × 8. Generally, throughput is calculated by subtracting the overhead
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and transmission error from the total number of transmitted symbols [43]. The system
throughput is defined as follows:

Throught(Mbps) = 10−6 ×
(

Pt ×Qt ×Qm ×
Nsou × Nc

Ts
× (1− Pe −OH)

)
(22)

where Qm, Nsou, and OH denote the modulation order, the actual number of transmitted
data resource blocks, and the overhead percentage, respectively, with all other parameters
defined as in the previous section.

The traditional protocol employs the “DDDSU” frame structure typical of the V2I
scenario, where “D”, “S”, and “U” stand for DL, Special, and UL time slots, respectively [44].
The RSU transmits according to a cycle of five time slots, as depicted in Figure 8.
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In the design scheme of the sensing-assisted adaptive frame structure, when channel
estimation is not required, CSI-RS is omitted from the frame structure shown in Figure 8,
and its time and frequency resources are allocated to actual DL data transmission. Given
that there are a total of 504 resource units in one cycle of DL time slots, and considering
that CSI-RS occupies 32 resource units, the overhead reduction achieved by the scheme
proposed in this paper is calculated to be 32/(504) = 6.35%.

Figure 9 illustrates the variation in the DL communication SER for the three frame
structures with the initial position and the moving distance of the vehicle at initial positions
of θ0,0 = −40◦, 0◦, and 40◦ in the straight path scenario with SNR = 12 dB. Figure 9
shows that at the onset of vehicle movement, the communication SER of the traditional
communication protocol frame structure (denoted by circular symbols) is lower than that
of the other two structures, and the SER remains consistent across different initial positions.
This uniformity is attributed to the periodic channel estimation performed during vehicle
movement in the traditional communication protocol frame structure, which ensures that
each frame utilizes the precise CSI for information demodulation, resulting in a consistent
SER at varying starting positions. The SER of the beam prediction-based frame structure
(marked by star symbols) deteriorates as the vehicle’s traveled distance increases because it
does not have channel estimation during movement, relying instead on the initial position’s
CSI to facilitate the communication process. The SER of the sensing-assisted adaptive frame
structure proposed in this paper (indicated by triangular symbols) mirrors that of the beam
prediction-based scheme when the movement distance is minimal. However, as the distance
grows and the SER exceeds a preset threshold of 1 × 10−3, the proposed method performs
channel estimation again, aligning its SER with that of the traditional communication protocol
frame structure, which outperforms the beam prediction-based frame structure. Furthermore,
comparing the vehicle at θ0,0 = 40◦ with those at θ0,0 = −40◦ and θ0,0 = 0◦, the SER reaches the
threshold after a shorter movement distance at θ0,0 = 40◦. This is due to the more rapid change
in the distance between the vehicle and the RSU at θ0,0 = 40◦, leading to a swifter alteration
in channel correlation and a more rapid SER increase, thus reaching the threshold sooner.
Conversely, at θ0,0 = −40◦, the SER reaches the threshold after a longer distance has been
traveled because the change in distance between the vehicle and the RSU first decreases
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and then increases, resulting in smaller channel variations over an extended distance and a
slower SER increase.

Sensors 2024, 24, x FOR PEER REVIEW 2 of 3 
 

 

 

Figure 9. The SER of DL communication in the straight path scenario. 

 

 

Figure 10. The throughput of DL communication in the straight path scenario. 

 

Figure 9. The SER of DL communication in the straight path scenario.

Figure 10 presents the variation curves of communication throughput for the three
frame structures in relation to the vehicle’s initial position and moving distance, with
the vehicle’s initial position set at θ0,0 = −40◦, 0◦, and 40◦ in the straight path scenario at
SNR = 12 dB. It is evident in Figure 10 that when the vehicle commences movement from
different initial positions, the communication throughput of the beam prediction-based
frame structure exceeds that of the traditional communication protocol frame structure
and remains largely constant within a specific distance range, after which it progressively
diminishes as the vehicle continues to move further. This phenomenon occurs because
the time and frequency resources that would be allocated to channel estimation in the
beam prediction-based frame structure are instead utilized for actual data transmission,
enhancing the communication throughput. However, as the vehicle’s movement persists,
the SER of the beam prediction-based frame structure keeps rising, leading to a decrease in
communication throughput. Upon initial movement, a local zoom of Figure 10 reveals that
the throughput at θ0,0 = 0◦ is the highest, at θ0,0 = −40◦ it is intermediate, and at θ0,0 = 40◦ it is
the lowest. As the vehicle proceeds with its movement, the situation reverses: the throughput
at θ0,0 = −40◦ becomes the highest, at θ0,0 = 0◦, it is in the middle, and at θ0,0 = 40◦, it
is the lowest, mirroring the SER changes observed in Figure 9. The throughput of the
sensing-assisted adaptive frame structure proposed in this paper matches that of the beam
prediction-based frame structure when the vehicle’s moving distance is minimal. Once
the moving distance increases and the SER surpasses the preset threshold of 1 × 10−3,
the proposed method performs channel estimation again, achieving throughput on par
with traditional communication protocol frame structure and thus, outperforming the
beam prediction-based frame structure during the vehicle’s movement. Furthermore, at
θ0,0 = 40◦ compared with θ0,0 = −40◦ and θ0,0 = 0◦, the vehicle moves a shorter distance
before channel estimation needs to be performed again to match the throughput of the
traditional communication protocol frame structure. This is because the SER reaches the



Sensors 2024, 24, 5061 16 of 20

threshold value after a shorter movement distance at θ0,0 = 40◦. Conversely, at θ0,0 = −40◦,
channel estimation is performed again only after the vehicle has traversed a longer distance,
as the corresponding SER reaches the threshold value later.
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Figure 11 illustrates the variation in the DL communication SER with the initial
position of the vehicle and the distance between the vehicle and the RSU for the curved
path scenario, with the vehicle’s initial positions set at θ0,0 = −20◦, −15◦, and −5◦, and
transmit SNR = 12 dB. It is observable in Figure 11 that the communication SER under the
traditional communication protocol frame structure is lower than that of the other two
methods, and the SER remains consistent across different initial positions. The SER of the
beam prediction-based frame structure progressively deteriorates and exceeds that of the
traditional communication protocol frame structure. This degradation is attributed to the
absence of channel estimation during the vehicle’s movement, relying instead on the initial
position’s CSI to complete the communication process. The SER of the sensing-assisted
adaptive frame structure proposed in this paper matches that of the beam prediction-
based frame structure when the vehicle’s moving distance is minimal. However, as the
moving distance increases and the SER surpasses the preset threshold of 1 × 10−3, the
proposed method performs channel estimation again, resulting in a SER comparable to
that of the traditional communication protocol frame structure, which outperforms the
beam prediction-based frame structure. Furthermore, at an initial position of θ0,0 = −20◦

compared with θ0,0 = −15◦ and θ0,0 = −5◦, the SER reaches the threshold after a shorter
vehicle movement distance. This is because, prior to reaching the SER threshold, the
distance between the vehicle and the RSU changes more rapidly at θ0,0 = −20◦, leading to a
swifter alteration in channel correlation. Consequently, the SER increases more rapidly at
θ0,0 = −20◦, reaching the threshold after a shorter movement distance.
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Figure 12 illustrates the variation in communication throughput relative to the initial
position of the vehicle and the distance between the vehicle and the RSU for the three frame
structures, with the vehicle’s initial positions in the curved path scenario set at θ0,0 = −20◦,
−15◦, and −5◦, and transmit SNR = 12 dB. In Figure 12, it is evident that when the vehicle
moves from various initial positions, the communication throughput of the beam prediction-
based frame structure initially surpasses that of the traditional communication protocol
frame structure and remains relatively stable within a certain distance range. However, as
the vehicle persists in moving, the throughput gradually declines. This occurs because the
time and frequency resources that would otherwise be allocated to channel estimation in
the beam prediction-based frame structure are instead utilized for actual data transmission,
enhancing the communication throughput. Nonetheless, as the vehicle continues to move,
the SER leads to a marked decrease in communication throughput. Upon initial movement,
a local zoom of Figure 12 reveals that at θ0,0 = −5◦, the throughput is the highest; at
θ0,0 = −15◦, it is intermediate; and at θ0,0 = −20◦, it is the lowest, correlating with the SER
changes observed in Figure 11. The throughput of the sensing-assisted adaptive frame
structure proposed in this paper mirrors that of the beam prediction-based frame structure
when the vehicle’s moving distance is minimal. Once the moving distance extends and
the SER exceeds the preset threshold of 1 × 10−3, the proposed method performs channel
estimation again, aligning the throughput with that of the traditional communication
protocol frame structure and outperforming the beam prediction-based frame structure
during the vehicle’s movement. Furthermore, at θ0,0 = −20◦ compared with θ0,0 = −15◦

and θ0,0 = −5◦, the vehicle moves a shorter distance before channel estimation needs to
be performed again to achieve throughput equivalent to the traditional communication
protocol frame structure. This is due to the SER reaching the threshold value more rapidly
after a shorter movement distance at θ0,0 = −20◦. Conversely, at θ0,0 = −15◦ and θ0,0 = −5◦,
the vehicle can move a greater distance, as the corresponding SER threshold is attained
over a longer distance, reflecting a slower rate of SER increase.
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5. Conclusions

This paper introduces a design approach for a communication adaptive frame structure
that leverages sensing assistance to address the issues of frequent channel estimation and
excessive communication overhead in high-speed mobile DL communication scenarios.
The RSU utilizes sensing to ascertain the vehicle’s motion state, and in conjunction with the
initial CSI, establishes the theoretical relationship between the communication SER and the
vehicle’s motion state. The RSU performs real-time estimation of the communication SER
based on the vehicle’s movement distance during travel. If the SER surpasses a predefined
threshold, the RSU incorporates pilots into the transmit signal’s frame structure to perform
channel estimation again. If the real-time SER during the vehicle’s movement remains
below the designated threshold, the transmission of pilots for channel estimation becomes
unnecessary, thereby reducing the frequency of channel estimation events, minimizing the
time and frequency resources consumed by channel estimation within the frame structure,
and enhancing communication efficiency. Simulation results show that the communication
throughput of the proposed sensing-assisted adaptive frame structure can be improved by
up to 6% while still maintaining the SER within acceptable limits.
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