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ABSTRACT: In this paper, for millimeter wave (mmWave) vehicle-to-infrastructure communication, a reconfigurable intelligent surface
(RIS) is introduced for assisted beam tracking in order to overcome the problem that the line-of-sight (LOS) transmission characteristics
of mmWave are highly susceptible to communication disconnection caused by large vehicles or obstacles in a highly mobile scenario
like Internet of Vehicles (IoV). In this paper, we study the case of switching to the RIS-assisted virtual-line-of-sight (VLOS) path for
temporary beam tracking when the direct connection LOS path is disconnected. The cascading channel model for the VLOS path used
for tracking after the introduction of RIS is investigated. Combining the new state model of position and velocity, a three-dimensional
beam tracking model of the VLOS path is derived based on the extended Kalman filter algorithm. The beam tracking process is designed,
and the beam tracking performance is analyzed for different cases under this scheme. Simulation results show that the scheme in this
paper has lower tracking error than the scheme of the conventional state model, and the introduction of RIS can overcome the problem
that mmWave IoV communication is vulnerable to occlusion.

1. INTRODUCTION

MmWave technology offers abundant spectrum resources
and extremely high data transmission rates, making it

highly suitable for the low-latency requirements of IoV sce-
narios. However, the characteristics of mmWave technology
and the complex communication environment of IoV impose
multiple constraints on its application [1–3]. Compared to
low-frequency signals, mmWave transmission suffers higher
losses and is easily absorbed by the atmosphere and rain,
thereby reducing the effective communication range. Although
mmWave antennas with small dimensions can be configured
into multiple-input multiple-output (MIMO) arrays and form
directional beams through beamforming techniques, the high-
speed movement of vehicles induces significant Doppler shifts
and rapid channel changes [4], thereby reducing communica-
tion reliability. More importantly, mmWave signals cannot
penetrate most solid objects, and their transmission typically
relies on LoS paths. In high-speed IoV scenarios, obstacles
such as vehicles and buildings can easily cause LoS link in-
terruptions. Therefore, how to achieve stable beam tracking in
mmWave IoV to ensure communication quality is a critical is-
sue that urgently needs to be addressed.
For high-speed mobile users within the communication

range, it is necessary to predict and adjust the communication
beam for the next time slot at the current time slot to track their
time-varying channels. This method is referred to as beam
tracking [5–7]. Communication beams formed by mmWave
MIMO systems are extremely sensitive to directional changes.
Even slight angular deviations of vehicles or environmental
variations can cause beam misalignment or even link disrup-
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tion. In particular, under time-varying channels, insufficient
beam alignment accuracy increases the number of channel
re-estimations, resulting in significant system overhead.
Therefore, in mmWave IoV scenarios, highly mobile commu-
nications require low-error beam tracking methods to ensure
continuous and stable link performance. Meanwhile, due to
mmWave being susceptible to shadowing, conventional beam
tracking is easily obstructed by large vehicles or obstacles
in high-speed moving environments, further complicating
implementation.
RIS serves as a low-cost, low-complexity, and easily deploy-

able auxiliary communication technology, providing an effec-
tive solution to communication challenges in mmWave IoV.
RIS typically consists of a large number of controllable elec-
tromagnetic elements. By adjusting their amplitude, phase, po-
larization, or frequency characteristics, dynamic control of spa-
tial signals can be achieved [8–10]. RIS as an application of
metamaterials is not only easy to deploy at scale but also cost-
effective, offering a novel solution to address communication
challenges in mmWave IoV. The introduction of RIS technol-
ogy transforms traditional wireless communication from pas-
sive channel adaptation to active signal modulation, thereby
establishing Smart Radio Environments (SRE) [11]. This ap-
proach provides a novel technical pathway for addressing chal-
lenges in mmWave communication, such as obstruction and
Doppler effects. In [12], researchers investigated an intelligent
metasurface-assisted Mobile Edge Computing (MEC) system
for ultra-high-reliability, low-latency communication based on
a digital twin-driven framework. Simulation results indicate
that compared to traditional MEC systems, this RIS-assisted
MEC system can reduce transmission latency and energy con-
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sumption. In [13], the research focuses on the design of dy-
namic wireless networks supported by multiple RISs. The
study constructs a long-term system update framework and ad-
dresses a dynamic optimization problem. Simulation results
demonstrate that this design enhances user fairness across var-
ious dynamic scenarios while maintaining the supply-demand
balance better in resource allocation.
In multi-user, highly interactive scenarios such as the IoV,

the communication environment is complex, and communica-
tion links are prone to obstruction. Benefiting from the advan-
tages of passivity, low cost, and easy deployment, RIS can be
deployed at key locations to assist communication. By adjust-
ing the reflection angles of the RIS, a new Base Station-RIS-
User Equipment (BS-RIS-UE) transmission path can be estab-
lished when the LOS link is blocked, thereby mitigating the
communication interruption of mmWave signals caused by ob-
struction. RIS-assisted cascaded channels consist of two seg-
mented subchannels: Base Station-RIS (BS-RIS) and RIS-User
Equipment (RIS-UE) [14]. The introduction of RIS provides a
solution for severe Doppler effects in high-speed mobile sce-
narios [15]. By manually adjusting the signal amplitude and
phase in real time, it is possible to effectively suppress the se-
vere fluctuations in received signal strength caused by Doppler
shift. Although RIS augmentation can mitigate some adverse
effects generated by mmWave IoV systems to a certain extent,
sustained and stable high-speed mobile communications still
require efficient beam tracking methods tailored for dynamic
scenarios.
There are three general types of approaches to the imple-

mentation of beam tracking technology [16, 17]: (1) training-
based beam tracking; (2) dynamic filtering principle-based
beam tracking; (3) sensor fusion-based beam tracking. Each
of the different beam tracking types has its own characteris-
tics. Training-based beam tracking maintains beam collimation
by periodically training beam direction information. Since the
channel change rate is more frequent in dynamic communica-
tion scenarios, frequent training is required, which generates
a large system overhead. Sensor fusion-based beam tracking
typically utilizes sensors such as the Global Positioning Sys-
tem (GPS) or radar to obtain state information to aid in beam
alignment. However, this method is very sensitive to the envi-
ronment and brings a certain time delay, which has more limi-
tations for high-speed moving IoV scenarios. In contrast, beam
tracking based on the dynamic filtering principlemainly uses an
iterative prediction method with a lower system overhead and
fewer limitations. This is the tracking method that is focused
on in this paper.
The common dynamic filtering algorithms are Kalman fil-

ter (KF), extended Kalman filter (EKF), unscented Kalman fil-
ter (UKF), particle filter (PF), etc. [17]. The trajectory of mo-
bile users in IoV is limited by road conditions and traffic rules,
and there will be certain regularity, and their continuous motion
makes the prediction simpler. The EKF algorithm has a better
tracking effect for this simple nonlinear system.
EKF-based filtering schemes are proposed in [18–20].

In [18], an EKF tracking algorithm based on the second-order
Taylor expansion is proposed. In exchange for the improve-

ment of beam tracking accuracy, the computational complexity
is increased, and some time delay is sacrificed. In [19], a
robust beam tracking method is proposed for dynamic scenes
where the mmWave beam is sensitive to angle changes that
can lead to a dramatic degradation in signal quality. A joint
iteration based on the Minimum Mean Square Error (MMSE)
and the EKF algorithm is performed. In [20], an iterative
approach is used to comprehensively scan the available beam
combinations so as to construct a measurement matrix suitable
for EKF.
Ref. [21] differs from [20] in that only one measurement is

used to track the angle change thus reducing the system over-
head. Although the scheme in [21] reduces the system over-
head, the choice of using the EKF to track a highly nonlinear
system leads to a more complicated linearization process of the
Jacobi matrix solution, further making the dynamic tracking
performance slightly worse. This problem is further validated
by a study in [22], which concluded that the current system
model is not applicable to mmWave vehicle communication.
The amount of angle change during tracking is nonlinear with
respect to the angle. Since the assumed noise generated by the
speed variation is nonadditive, using angle as a state variable
would increase the computational complexity of the Jacobi ma-
trix of the EKF algorithm significantly. Therefore, this litera-
ture uses position, velocity and channel gain as state variables to
provide a linear state model and additional process noise for ve-
hicle communication. The validation shows that this approach
improves beam tracking with lower computational complexity
by considering the motion characteristics of the system. How-
ever, the scheme is only based on the two-dimensional scenario
under MIMO, which is not quite suitable for the actual applica-
tion scenario. In [23], position and velocity are used as track-
ing variables and a three-dimensional (3D) scene model is con-
structed. A small number of vehicle motions is fed back to the
road side unit (RSU) using uplink measurement signals to pre-
dict the vehicle motion states in a high mobility scenario. Al-
though this literature discusses a 3D scenario, it is limited to
discussing only the Multiple Input Single Output (MISO) sce-
nario considering the complexity.
In [24], the study focuses on the estimation of the downlink

direct channel and downlink cascaded channel in RIS-assisted
Frequency Division Duplexing (FDD) MIMO system. The
time-varying channel is described by a Gauss-Markov model.
A KF-based two-stage training algorithm for direct and cas-
caded channel tracking is designed, and the estimation errors
are reduced by optimizing the design of the guide and reflec-
tion coefficient matrices. However, this scheme is more com-
plex and may not meet the requirements of low-latency track-
ing for IoV communication. In [25], the user localization and
tracking problems in a downlink MIMO system are studied,
where multiantenna BS and multiple RISs are deployed to as-
sist in the localization and tracking of multiantenna users. A
probability transition model of user movement is developed.
Based on a factor-graph representation of the probabilitymodel,
a message-passing algorithm called the Bayesian user local-
ization and tracking algorithm is developed to estimate and
track user location and angle of arrival in an online fashion.
The study is more applicable to users moving slowly and may
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FIGURE 1. Scenario model.

not be applicable to tracking users of vehicles moving at high
speeds. A time-varying RIS-assisted mmWave system is stud-
ied in [26]. A robust complex-valued EKF method is proposed
to solve the beam alignment problem. In order to simplify
the model, the RIS in this paper uses a Uniform Linear Array
(ULA) array, which obviously has significant limitations. In
addition, the paper still uses angle and gain as the state model
for EKF tracking inmobile communication, whichwill increase
the computational complexity of the Jacobi matrix and degrade
the tracking performance.
In this paper, RIS is introduced in a mmWave vehicle-to-

infrastructure (V2I) scenario to assist communication. A new
state model combining position and velocity based on the EKF
algorithm is investigated for 3D VLOS beam tracking. The
contributions of this paper are summarized as follows.
(1) To address the issue of mmWave IoV communication

links potentially being obstructed by large vehicles or obsta-
cles in real-world scenarios, this paper introduces an RIS in
V2I scenarios. It constructs a BS-RIS-UE VLOS transmis-
sion path to replace the obstructed direct link. Furthermore, by
addressing the issue of angular deviation during vehicle mo-
tion, a VLOS beam tracking process more closely aligned with
real-world three-dimensional vehicle networking environments
was designed, thereby overcoming the limitations of existing
research that predominantly relies on two-dimensional plane
modeling.
(2) The introduction of RIS constitutes two new segmented

subchannels, BS-RIS and RIS-UE. The deployment of RIS in
mmWave systems to track further increases the difficulty of
beam alignment. In order to keep the beam alignment between
transceivers and maintain the existence of VLOS paths, a de-
tailed study of the cascaded channel model and the transmission
signal model of the RIS-assisted VLOS path in the scenario of
this paper is carried out.
(3) Traditional EKF methods employing angle and gain as

state variables are unsuitable for high-speed IoV scenarios.
Their complex Jacobian matrix solutions and strong nonlinear-
ity make it difficult to meet real-time requirements. To this
end, this paper employs position and velocity as state vari-
ables, which better align with vehicle motion characteristics, to

construct a VLOS beam tracking model for three-dimensional
MIMO scenarios. This approach significantly reduces the lin-
earization complexity of the EKF while maintaining tracking
accuracy. Simulation analysis evaluates the tracking perfor-
mance of this model under various conditions.
The rest of this paper is organized as follows. In Section 2,

the scenario and system model of this paper are described in
detail. In Section 3, the overall beam tracking process for this
scenario is designed. The beam tracking of the VLOS path is
also derived, and the EKF is introduced. Simulation analysis is
performed in Section 4. Section 5 concludes the whole paper.
Notation: A represents a matrix; a denotes a vector; and a

is a scalar. AT, A∗, AH, A−1 and ∥A∥2 respectively denote the
transpose, conjugate, conjugate transpose, inverse, and mag-
nitude of A. |a| denotes the absolute value of a. E [·] is the
expected value. IM is theM ×M identity matrix. CN (m,σ2)
means a complex Gaussian random variable with mean of m
and covariance of σ2.

2. SYSTEM MODEL

2.1. Scenario Model
This paper focuses on the downlink communication of VLOS
paths in themmWaveV2I scenario. A one-way two-laneVLOS
scenario is considered, in which RIS-assisted communication is
introduced. The scenario model is shown in Fig. 1. The road-
way is continuously covered by a single RSUwith RIS-assisted
communication deployed within the coverage area. The cover-
age allows vehicle users to communicate directly via the BS-
UE path, as well as temporarily via the BS-RIS-UE path when
the BS-UE path is blocked [27–30]. The RSU can commu-
nicate with multiple vehicle users in range at the same time
within the coverage area, and use beam tracking technology
to continuously track to guarantee the stability and accuracy
of the communication link. Both RSUs and vehicle users are
equipped with MIMO antennas for signal reception and trans-
mission [31]. The RIS is a passive device that does not have
the ability to transmit, receive, or process the pilot signal, but
only the reflection function [32]. Thus, the power allocation
problem of RIS is not studied in this paper. In the scenario of
IoV, the sharing of state information between terminals enables
the RSU to predict the vehicle trajectory more accurately and
reduces the overhead, without requiring frequent updates. In
this case, if the LOS path is disconnected due to an emergency,
it can be quickly switched to the RIS-assisted VLOS path for
temporary communication. The vehicle users in the scenario
periodically broadcast their own status information, including
vehicle position, speed, and safety information to other nearby
IoV users and RSU, so as to ensure that RSU can make rea-
sonable predictions about the vehicle’s motion trajectory and
achieve continuous and stable beam tracking.

2.2. Transmission Model
This paper focuses on the RIS-assisted downlinkV2I communi-
cation process, mainly on the beam tracking process of switch-
ing to the VLOS path of BS-RIS-UE when the LOS path is
blocked and disconnected. Due to the concentrated energy of
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FIGURE 2. Research model.

mmWave beams, they are highly resistant to interference and
are very little influenced by neighboring beams. Then, to sim-
plify the model and assuming that the influence of other beams
is negligible, the study object can be simplified to a single RSU
communicating with a single vehicle user through a single RIS
reflection. It is important to note that RIS can be deployed
at scale in practical applications. Better performance can be
achieved by selecting the right RIS at the right location. In the
study scenario of this paper, only the case of a single RIS reflec-
tion is considered. The research model is shown in Fig. 2. The
coordinate system is constructed with the RSU as the origin, the
forward direction of the vehicle as the x-axis, and the vertical
direction of the forward direction as the y-axis. The RIS exists
within the coverage of the RSU and reflects the communication
beam.
Both the transmitter and receiver are built based on a MIMO

system. The hybrid beamforming scheme is used in this sce-
nario because of the relative superiority of the hybrid architec-
ture that can balance performance and cost [33, 34]. Since only
a single communication link is studied in this paper, only one
RF chain at each end is assumed to simplify the model. For
the generality of the study, common ULA arrays are used at
the transceiver end. The number of antennas at the transceiver
is NUE and NBS, respectively. RIS has the special feature that
it is a device in which the electromagnetic units are arranged
uniformly in a plane, and in general it is arranged using Uni-
form Planar Array (UPA) arrays [35–37]. Let its array haveNx
rows and Ny columns, then the array element size of a UPA
array is NRIS = NxNy . The array element spacing in this sce-
nario all satisfy d = λ/2. According to the hybrid beamform-
ing scheme, the data symbol s is precoded in the digital do-
main and analog domain successively through the beamformer
f ∈ CNBS at the transmitter. After passing through the RIS cas-
caded transmission channel, it is then received at the receiving
end by the combiner w ∈ CNUE . The beamformer and the com-
biner satisfy ∥f∥2 = 1 and ∥w∥2 = 1. Then the received signal
at the discrete time ℓ can be expressed as

rℓ =
√
ρℓwHHℓfs+ wHnAWGN =

√
ρℓwHHℓfs+ nℓ (1)

where ρℓ is the average Signal-to-Noise Ratio (SNR), Hℓ ∈
CNUE×NBS here denotes the cascaded channelmatrix of BS-RIS-

UE, and nAWGN ∈ CNUE is the additive complex Gaussian white
noise with zero-mean. By assuming a unit antenna gain at the
transceiver, the average SNR can be expressed as

ρℓ =
p

σ2
n

(
λ

4πdℓ

)n
(2)

where p is the transmitted power, σ2
n is the noise power, λ is the

wavelength, dℓ is the distance of the VLOS path, and n is the
path loss index.
Saleh-Valenzuel mmWave channel model is commonly used

in mmWave channel modeling [38]. There are two segmented
subchannels, BS-RIS and RIS-UE in the BS-RIS-UE cascaded
channel. Disregarding the multipath case, their time-varying
channel models are expressed as

HRB = aRIS
(
ϑ̄x, ϑ̄y

)
βRBaHBS (ψBS) (3)

HUR,ℓ = aUE (ψUE,ℓ)βUR,ℓaHRIS (ϑx,ℓ, ϑy,ℓ) (4)

where βRB and βUR,ℓ denote the channel gain coefficients of the
two segmented subchannels, respectively,ψBS andψUE,ℓ denote
the pointing directions of the beams at the Base Station (BS)
and User Equipment (UE) ends, respectively. ϑ̄x and ϑ̄y are
the azimuth and pitch angles of the beam incidence angle of the
RIS in the BS direction, respectively, and ϑx,ℓ and ϑy,ℓ are the
azimuth and pitch angles of the beam reflection angle of the RIS
toward the UE direction, respectively. It is important to note
that since the RIS is deployed in space beforehand, its location
does not move. For the same RIS, the parameters between the
BS and the RIS do not change. As the UE end, the vehicle user
is in constant movement and needs to be tracked in real time,
so the parameters of the UE end and RIS are time-varying.
From [39], the gain coefficients can be expressed as a func-

tion of distance dependence, then the gain coefficients βRB and
βUR,ℓ of the two segmented subchannels can be expressed as a
function of their link distance, respectively

βRB = βd−1
RB e

j 2π
λ dRB = βd−1

RB e
j 2πfc

c dRB (5)

βUR,ℓ = βd−1
UR,ℓe

j 2π
λ dUR,ℓ = βd−1

UR,ℓe
j 2πfc

c dUR,ℓ (6)

where their distances are taken for each segmented path, dRB
is the distance between BS and RIS, and dUR,ℓ is the distance
between RIS and UE. Also note that for the same RIS, dRB is
a fixed value, while dUR,ℓ is time-varying. β is referenced to
the channel power gain at a distance of 1m. Assuming that the
reference power gain factor β is known, for the same RIS, the
channel gain coefficient βRB of the BS-RIS path is a fixed value,
and the estimated channel gain coefficient βUR,ℓ is equal to the
estimated distance dUR,ℓ. The tracking model can be further
simplified depending on this conclusion.
aBS(ψBS) and aUE(ψUE,ℓ) denote the array response vectors

at the BS and UE ends, respectively. Since the ULA arrays are
used at both ends, the array response vectors can be specifically
expressed as

aBS (ψBS) =
1√
NBS

[
1, ejψBS , · · · , ej(NBS−1)ψBS

]T
(7)
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aUE (ψUE,ℓ) =
1√
NUE

[
1, ejψUE,ℓ , · · · , ej(NUE−1)ψUE,ℓ

]T
(8)

Both the BS and the user are equipped with MIMO antennas.
The transceivers all have estimated angles, and the beamformer
pointing direction will be adjusted to these angles. By indicat-
ing the pointing direction of the receiver combiner and trans-
mitting beamformer by ψ̄UE,ℓ and ψ̄BS, the directional beam-
formers for the estimated angles can be expressed as

w
(
ψUE,ℓ

)
=

1√
NUE

[
1, ejψUE,ℓ , · · · , ej(NUE−1)ψUE,ℓ

]T
(9)

f
(
ψBS

)
=

1√
NBS

[
1, ejψBS , · · · , ej(NBS−1)ψBS

]T
(10)

aRIS(ϑ̄x, ϑ̄y) and aRIS(ϑx,ℓ, ϑy,ℓ) represent the array re-
sponse of the RIS from the incident direction at the BS end
and the reflected direction toward the UE end, respectively.
Where, aRIS(ϑx,ℓ, ϑy,ℓ) is time-varying and aRIS(ϑ̄x, ϑ̄y) is a
fixed value for the same RIS. The array responses of the UPA
are expressed separately as

aRIS
(
ϑ̄x, ϑ̄y

)
= ax

(
ϑ̄x

)
⊗ ay

(
ϑ̄y

)
(11)

aRIS (ϑx,ℓ, ϑy,ℓ) = ax (ϑx,ℓ)⊗ ay (ϑy,ℓ) (12)

where ⊗ represents the Kronecker product. The above two
equations are further expanded and expressed as

aRIS
(
ϑx, ϑy

)
=

1√
NRIS

[
1, ejπ cos ϑ̄y , · · · , ej(Nx−1)π cos ϑ̄y

]T
⊗
[
1, ejπ sinϑx cosϑy , · · · , ej(Ny−1)π sinϑx cosϑy

]T
(13)

aRIS (ϑx,ℓ, ϑy,ℓ)

=
1√
NRIS

[
1, ejπ cosϑy,ℓ , · · · , ej(Nx−1)π cosϑy,ℓ

]T
(14)

⊗
[
1, ejπ sinϑx,ℓ cosϑy,ℓ , · · · , ej(Ny−1)π sinϑx,ℓ cosϑy,ℓ

]T
Based on the channel model of the two segmented subchan-

nels, the cascaded channel model can be constructed, expressed
as

Hℓ = HUR,ℓΩℓHRB (15)
whereΩℓ represents the diagonal phase shift matrix of the RIS.
This parameter reflects that RIS can artificially regulate each
reflecting unit in the RIS array, change the amplitude and phase
shift of the incident signal, and then reflect the signal out, so as
to achieve the purpose of regulating the wireless channel. It can
be specifically expressed as

Ωℓ = diag (γ1ω1,ℓ, · · · , γNRISωNRIS,ℓ) (16)

where diag(·) denotes the diagonal matrix; ωn,ℓ is the phase
shift parameter; and γn ∈ [0, 1] is the reflection coefficient. In
practice, signal reflection will inevitably bring loss, and com-
plete reflection cannot be achieved. For simplifyingmodel con-
siderations, most studies set the reflection coefficient to 1, that

is, γn = 1 [40, 41]. Then the diagonal phase shift matrix can
be expressed as

Ωℓ = diag (ωℓ) (17)
where ωℓ = [ω1,ℓ, · · · , ωNRIS,ℓ]. The high dimensional nature
of RIS and the iterative nature of the dynamic filter tracking al-
gorithm make the complexity high, requiring a passive beam-
forming (PBF) scheme for RIS. The PBF scheme of RIS in time
slot ℓ can be expressed as

ωℓ = aRIS
(
ϑ̂x,ℓ−1, ϑ̂y,ℓ−1

)
⊙ aHRIS

(
ϑ̄x, ϑ̄y

)
(18)

where ⊙ represents the Khatri-Rao product; ϑ̂x,ℓ−1 and ϑ̂y,ℓ−1

are estimates of the azimuth and pitch angles of the RIS re-
flection to the UE direction angle based on the upper time slot,
respectively.
Substituting (15) into (1), the received signal at discrete time

is written as

rℓ =
√
ρℓwHHUR,ℓΩℓHRBfs+ wHnAWGN

=
√
ρℓwHHUR,ℓΩℓHRBfs+ nℓ (19)

Substituting (3) and (4) into (19) and expanding, since the
gain coefficients βRB and βUR,ℓ are both constant, the signal
expression can be written in detail as

rℓ =
√
ρℓwH (

βUR,ℓaUE (ψUE,ℓ) aHRIS (ϑx,ℓ, ϑy,ℓ)
)

·Ωℓ

(
βRBaRIS

(
ϑ̄x, ϑ̄y

)
aHBS (ψBS)

)
fs+ nℓ (20)

The time variables in the channel can all eventually be rep-
resented by the function ψUE,ℓ of the beam direction of the re-
flected path from the RIS to the UE direction, namely Hℓ =
H(ψUE,ℓ). Then it can eventually be rewritten as

rℓ =
√
ρℓwH (

ψ̄UE,ℓ
)
HUR,ℓ (ψUE,ℓ)

·Ωℓ

(
ψ̂UE,ℓ

)
HRB (ψBS) f

(
ψ̄BS

)
s+ nℓ (21)

where, for the same RIS case, ψBS is a fixed value, and the fi-
nal observed signal is a time-varying signal related toψUE,ℓ. As
shown in Fig. 2, the RSU height is hRSU and the RIS height is
hRIS. At discrete time ℓ, the coordinates of the vehicle in the
moving direction (x-axis) are xℓ and the coordinates of the ve-
hicle to the RSU side curb direction (y-axis) are yℓ. The angles
of the RIS incident and reflected beam directions are decom-
posed into the azimuthal angle in the horizontal plane and the
pitch angle in the vertical plane, and then the azimuthal and
pitch angles in the incident and reflected directions are defined
as

sin ϑ̄x = xRIS
(
x2RIS + y2RIS

)− 1
2 (22)

cos ϑ̄y=
(
x2RIS + y2RIS

) 1
2

(
x2RIS+y

2
RIS+(hRSU−hRIS)2

)− 1
2 (23)

sinϑx,ℓ = (x− xRIS)
[
(x− xRIS)

2
+ (y − yRIS)

2
]− 1

2 (24)

cosϑy,ℓ =
[
(x− xRIS)

2
+ (y − yRIS)

2
] 1

2

85 www.jpier.org



Feng et al.

FIGURE 3. Beam tracking process.

·
[
(x− xRIS)

2
+ (y − yRIS)

2
+ h2RIS

]− 1
2 (25)

The beam angle ψBS in the incident direction and the beam
angle ψUE,ℓ in the reflected direction can be approximated by
the azimuth and pitch angle respectively in the corresponding
directions as follows [42]

ψBS = π sin θ̄x cos θ̄y

= πxRIS

(
x2RIS + y2RIS + (hRSU − hRIS)

2
)− 1

2 (26)

ψUE,ℓ = π sinϑx,ℓ cosϑy,ℓ = π (x− xRIS)[
(x− xRIS)

2
+ (y − yRIS)

2
+ h2RIS

]− 1
2 (27)

3. RIS-ASSISTED EKF BEAM TRACKING

3.1. RIS-Assisted Beam Tracking Process
In themmWave IoV scenario, V2I beam tracking of RSU to IoV
users is carried out based on the EKF algorithm. And RIS assis-
tance is introduced to switch to the cascaded channel of RIS to
continue beam tracking when the direct connection channel is
disconnected. The EKF algorithm runs on the RSU side. In this
way, RSU can predict the motion trajectory of the vehicle ac-
cording to the state information, so as to achieve beam tracking.
The tracking process is shown in Fig. 3. Based on the IoV sce-
nario, the vehicle user broadcasts its own status information to
other surrounding vehicle users and RSU, it is assumed that the
RSU can obtain the vehicle status information at the previous
moment. In this paper, we focus on the beam tracking process,

so we assume that the channel estimation has been completed to
establish the communication link in order to focus on the beam
tracking process.
First, the parameters are initialized, and channel estimation

is performed to establish the connection. Then, the EKF algo-
rithm is used for continuous beam tracking. After completing
the five-step process of EKF in each iteration, the existence of
the direct connection LOS path is detected. If the direct con-
nection path exists, the beam threshold detection mechanism is
executed. If it is within the set threshold, the next EKF iteration
is performed. If it is not within the threshold, the previous mo-
ment’s state information is used to make a one-step prediction,
correct the tracking variables, and perform EKF beam track-
ing again. In general, the threshold should be set so that the
absolute difference of the beam angle is less than or equal to
the half beamwidth. This ensures good communication quality
while leaving space for beam adjustment, so that a large num-
ber of errors are not accumulated during the beam adjustment
process, leading to communication disconnection.
If the directly connected LOS path does not exist, it detects

whether it is out of communication range. Out of the coverage
range of the RSU currently communicating ends the commu-
nication and tries to establish a connection with a new RSU
in range. If the communication range is not exceeded, it is
judged that the LOS path is blocked by an obstacle, probably by
a large vehicle or an overhead obstacle in the same scene that
blocks the communication link. In this case, the RIS-assisted
VLOS path is switched for temporary communication [43]. The
EKF beam tracking continues based on the cascaded channel of
the BS-RIS-UE. At this point, it is still necessary to detect the
presence of LOS paths at regular intervals. This is because in
high-speed moving scenarios, although the possibility of link
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disconnection due to obstacles is higher, thanks to the high-
speed moving situation, such blocking usually does not last
too long. Considering that the tracking performance and sig-
nal transmission quality of the direct connection channel are
higher than those of the cascaded channel, it is necessary to
switch back to the direct connection LOS path for communi-
cation again when the direct connection LOS path is no longer
blocked. Therefore, considering that this RIS-assisted tempo-
rary beam tracking does not last long, no threshold detection
mechanism is added to the RIS-assisted beam tracking to sup-
press the accumulated errors of the EKF algorithm. And it also
does not consider the case that the continuous tracking is too
long, which leads to the accumulation of errors to a certain ex-
tent and causes the communication quality to deteriorate and
further disconnects the communication.

3.2. RIS-Assisted EKF Beam Tracking Algorithm
This paper focuses on the case where the LOS path is blocked,
disconnected, and switched to the RIS-assisted VLOS path for
beam tracking.
The state model is constructed based on position and veloc-

ity. The position coordinates xℓ, yℓ, and velocity vℓ of the cur-
rent tracking user at discrete time ℓ are used as the tracking
objects. The channel gain of the subchannel can be obtained by
estimating the distance approximation. Then the state observa-
tion vector tℓ is defined as

tℓ = [xℓ, yℓ, vℓ]
T (28)

At this point, the state observation vector t0 = [x0, y0, v0]
T

at the initial moment can be considered to have been acquired
by the RSU. In practice, the tracking estimate before the LOS
direct connection path is disconnected can be extended, or a
more accurate initial connection can be re-established by the
channel estimation method.
The system state space equation can be expressed as

tℓ = Stℓ−1 + wℓ−1 (29)

The equation represents the actual change of the state obser-
vation vector. Where, wℓ−1 ∼ CN (0,Qω) is the noise exci-
tation vector at time ℓ − 1. According to the change model of
state variables, the state transition matrix S can be expressed as

S =

1 0 Ts cosφ
0 1 Ts sinφ
0 0 1

 (30)

The process noise matrixQω in the noise excitation vector is
expressed as

Qω = diag
[
T 2
s σ

2
ωcos2φ, T 2

s σ
2
ωsin

2φ, σ2
ω

]
(31)

where φ is the vehicle steering angle, which takes into account
the practical situation, and it takes the value range [−π/2, π/2];
Ts is the measurement period. The error parameter is the hy-
pothetical noise, which is used to represent the variation in the
speed of the vehicle, and σ2

ω is the variance of the error param-
eter.

The received signal rℓ is used as the system measurement
equation. Since the transceivers both have estimated angles,
both ψ̄UE,ℓ and ψ̄BS are fixed values. Since both RSU and RIS
are static, ψBS is a fixed value. The PBF scheme of RIS is re-
lated to ϑ̂x,ℓ−1 and ϑ̂y,ℓ−1, so ψ̂UE,ℓ is a fixed value. The po-
sition relationship is changing due to the constant movement
of the vehicle, so ψUE,ℓ is a time variable. Thus, (21) can be
re-expressed as a function related only to ψUE,ℓ as follows

rℓ = h (ψUE,ℓ) + nℓ (32)

The real and imaginary parts in the actual calculation need to
be calculated separately. To facilitate the state prediction and
update process in the same domain, (32) is rewritten in the real
domain as

r̃ℓ = h̃ (ψUE,ℓ) + ñℓ (33)
All the variables contained in (33) are reexpressed in the real

number field as

r̃ℓ =
[
rreℓ , r

im
ℓ

]T (34)

h̃ (ψUE,ℓ) =
[
hre (ψUE,ℓ) , him (ψUE,ℓ)

]T (35)

ñℓ =
[
nreℓ , n

im
ℓ

]T (36)

The basic idea of EKF is to linearize the nonlinear system by
Taylor series approximation and then perform KF. In order to
linearize the measurement process for EKF, the function ψUE,ℓ
of the direction of the beam reflected from the RIS to the UE
at the moment ℓ is defined as a function of the state vector ac-
cording to (27), expressed as

ψUE,ℓ = π (x− xRIS)
[
(x− xRIS)

2
+ (y − yRIS)

2
+ h2RIS

]− 1
2

.
= g(tℓ) (37)

At this point, (33) can be reexpressed as a function related to
g(tℓ) as follows

r̃ℓ = h̃ (g (tℓ)) + ñℓ (38)
Then, the first-order Taylor series of the received signal ob-

tained from the predicted state vector t̂ℓ|ℓ−1 at moment ℓ is ap-
proximately

r̃ℓ ≃ h̃
(
g
(̂
tℓ|ℓ−1

))
+ G̃ℓ|ℓ−1

(
tℓ − t̂ℓ|ℓ−1

)
+ ñℓ (39)

where t̂ℓ|ℓ−1 is an estimate of the observation vector tℓ based on
the moment ℓ− 1; h̃(g(̂tℓ|ℓ−1)) is the Kalman state prediction;
and G̃ℓ|ℓ−1 is the Jacobi matrix of the channel vector, denoted
as

G̃ℓ|ℓ−1 =
∂h (g (t))

∂t

∣∣∣∣t = t̂ℓ|ℓ−1

=

[
ḣre

(
g
(̂
tℓ|ℓ−1

))
ḣim

(
g
(̂
tℓ|ℓ−1

))] ġ (̂tℓ|ℓ−1

)
(40)

The terms in (40) are expressed as

ḣre (ψUE,ℓ)
.
=
∂hre (ψUE)

∂ψUE

∣∣∣∣ψUE = ψUE,ℓ
(41)
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ḣim (ψUE,ℓ)
.
=
∂him (ψUE)

∂ψUE

∣∣∣∣ψUE = ψUE,ℓ
(42)

ġ
(̂
tℓ|ℓ−1

) .
=

π


(
ŷℓ|ℓ−1 − yRIS

)2
+ h2RIS

−
(
x̂ℓ|ℓ−1 − xRIS

) (
ŷℓ|ℓ−1 − yRIS

)
cosφ

[(
ŷℓ|ℓ−1 − yRIS

)2
+ h2RIS

]
Ts


T

[(
x̂ℓ|ℓ−1 − xRIS

)2
+
(
ŷℓ|ℓ−1 − yRIS

)2
+ h2RIS

] 3
2

(43)
Equation (43) can be approximated by ∂x/∂v ≃ Ts cosφ

through the following process

∂g (t)
∂t

=

[
∂g (t)
∂x

,
∂g (t)
∂y

,
∂g (t)
∂v

] ∣∣∣∣t = [x, y, v]
T (44)

Expanding the received signal through the first-order Taylor
series approximation, namely (39), we can obtain

r̃ℓ ≃ G̃ℓ|ℓ−1tℓ + h̃
(
g
(̂
tℓ|ℓ−1

))
− G̃ℓ|ℓ−1 t̂ℓ|ℓ−1 + ñℓ (45)

Equation (45) is the observation equation after linearization.
This equation is put into the KF to perform the dynamic filtering
process, instead of using (33), which merely rewrites the real
and imaginary parts in the real domain.
The general Kalman iterative process is divided into five it-

erative steps, with the first two steps being the prediction pro-
cesses and the last three steps being the correction processes.
Dynamic filter tracking is achieved through continuous itera-
tions of the prediction processes and correction processes. The
EKF first approximates the nonlinear system linearly and then
uses the KF theory to process it. The specific process of KF is
shown as follows.
1. State prediction update

t̂ℓ|ℓ−1 = St̂ℓ−1|ℓ−1 (46)

where S is the state transition matrix in (29).
2. Calculate the prior covariance matrix

Pℓ|ℓ−1 = SPℓ−1|ℓ−1ST +Qω (47)

where the covariance matrix is initialized to P0|0 = σ2
ε(t0tT0)

at the moment 0; σ2
ε is the variance of the initial feedback error

parameters; and the process noise matrix Qω is shown in (31).
3. Kalman gain matrix update

Kℓ = Pℓ|ℓ−1G̃T
ℓ|ℓ−1

(
G̃ℓ|ℓ−1Pℓ|ℓ−1G̃T

ℓ|ℓ−1 +
I2
2ρℓ

)−1

(48)

where Kℓ is the Kalman gain matrix in the KF process;
G̃ℓ|ℓ−1 is the Jacobi matrix; and I represents the identity ma-
trix.
4. Update the posterior value of system state estimation

t̂ℓ|ℓ = t̂ℓ|ℓ−1 +Kℓ
(
r̃ℓ − h̃

(
g
(̂
tℓ|ℓ−1

)))
(49)

The value of this equation is the system estimate we need,
containing the predicted user coordinates and speed informa-
tion for the discrete moment ℓ.

5. Update the posterior covariance matrix

Pℓ|ℓ =
(
I3 −KℓG̃ℓ|ℓ−1

)
Pℓ|ℓ−1 (50)

The above is the completion of one iteration, the data up-
dated, and a new iteration started.
The prediction processes are cycled through with the correc-

tion processes to ensure continuous tracking accuracy. After
each round of iteration, the presence of the direct connection
LOS path needs to be detected. If it does not exist, the next
round of RIS-assisted beam tracking of the VLOS path is per-
formed. If it exists, the communication of the VLOS path is
ended, and the communication of the direct connection LOS
path is resumed.

4. SIMULATION RESULTS AND ANALYSIS
This section presents a simulation analysis of beam tracking
with RIS assistance. The main study is the performance of
beam tracking on the VLOS path of BS-RIS-UE when the di-
rect connection LOS path is disconnected and switched to RIS
assistance. Using Mean Squared Error (MSE) as the perfor-
mance metric, the previous algorithms were compared with
RIS-assisted VLOS beam tracking performance. The perfor-
mance with different parameter settings after the introduction
of RIS is also analyzed. A ULA-based MIMO system is em-
ployed, with the spacing between antennas set to d = λ/2 by
default. fc = 28GHz is specified as the center frequency of
the system, and B = 20MHz is specified as its bandwidth.
Accordingly, the magnitude of noise power within a specified
bandwidth can be computed as:

σ2
n = −174 + 10 lg(20× 106) ≃ −101 dBm (51)

Given a path loss exponent of n = 2 and a time slot
period size of Ts = 10ms, the vehicle’s initial position is
initialized at (−50m, 8.5m), the RSU height is configured
as hRSU = 10m, and the RIS is located at the coordinates
(−25m, 0m) [44]. When the error parameter is set to follow
a Gaussian distribution, its standard deviation is determined as
σω = 10−1.5 [23, 45]. The distribution characteristics of the
initial feedback error parameter are consistent with the afore-
mentioned error parameter, hence the standard deviation of
the initial feedback error is σω = 10−1.5. Additionally, af-
ter normalizing the reference power gain factor, its value is
β̃ = 1. Unless otherwise specified, both transmitting and re-
ceiving ends use 16 antennas by default, transmission power is
−20 dBm, and vehicle motion deflection angle and initial ve-
hicle velocity are π/27 and 10m/s respectively, and the RIS
employs a UPA array of size 4 × 4 [44]. Table 1 provides the
unified simulation parameter settings. Unless otherwise indi-
cated for comparison, these public simulation parameters shall
be used as the default configuration.
Figure 4 compares the tracking MSE of the algorithms

in [21, 22] and the VLOS path beam tracking algorithm
assisted by RIS in this paper. The method proposed in [21]
is an EKF algorithm based on an angle and gain tracking
model, combined with half-beam threshold adjustment. And
the method in [22] is an EKF algorithm with distance, velocity
and gain as tracking variables in a two-dimensional scene. To
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FIGURE 4. Performance comparison of tracking algorithms with and
without RIS assistance.

FIGURE 5. Performance comparison of tracking algorithm for x-
coordinate and y-coordinate.

TABLE 1. Public simulation parameters.

Simulation parameters Value
Carrier frequency fc 28GHz

Bandwidth B 20MHz
Noise power σ2

n −101 dBm
Path loss index n 2
Time slot period Ts 10ms

Vehicle initial coordinates (x0, y0) (−50m, 8.5m)
RSU height hRSU 10m
RIS height hRIS 10m

RIS coordinates (xRIS, yRIS) (−25m, 0m)
Error parameters σω 10−1.5

Initial feedback error σε 10−1.5

Power Gain Factor β̃ 1
Number of antennas at the transmitting end NT 16
Number of antennas at the receiving end NR 16
Number of RIS array elements NRIS = NxNy 4× 4

Transmitted power p −20 dBm
Deflection angle φ π/27

Initial speed v0 10m/s

more intuitively compare the differences in MSE performance
among various tracking models, the tracked coordinates were
converted into beam angles for comparison with the two
algorithms. From Fig. 4, it can be observed that the tracking
errors of all algorithms exhibit a gradually increasing trend.
This arises from the unavoidable linearization error that is
introduced in the EKF algorithm, and the error accumulates
with each iteration. The results indicate that the tracking error
of the method in [21] is the largest, further demonstrating
that the novel state evolution and observation model based
on position and velocity proposed in [22] is more suitable for
V2I communication. From the figure, it can be observed that
the simulation curve of the proposed algorithm outperforms

the other two algorithms, demonstrating lower MSE and
superior tracking performance, while also avoiding the issue
of millimeter-wave link interruptions caused by obstructions.
Figure 5 presents a comparison of the MSE performance of

RIS-assisted beam tracking along the x-axis and y-axis. It can
be observed that the MSE along the x-axis consistently exceeds
that along the y-axis, exhibiting significant error throughout
the entire time slot range. In contrast, the MSE along the y-
axis is markedly lower with a smaller initial error. This dis-
crepancy arises because the primary direction of vehicle mo-
tion is along the x-axis, leading to greater positional variations
in the x-coordinate and consequently accumulating more track-
ing error over time. In contrast, variations in the y-coordinate
primarily result from steering deviations during vehicle move-
ment, which are smaller in magnitude. Therefore, the tracking
error in the y-coordinate is significantly lower than that in the
x-coordinate. In the late iteration of time, the curve of the x
coordinate has leveled off, while there is still an increase in the
tracking error of the y coordinate. This is because the vehicle is
in the process of driving towards the RIS, and the closer the dis-
tance is, the greater the SNR is, and the better the signal quality
is. Therefore, the MSE of the x-coordinate reaches a smoother
stage faster. In order to make the simulation concise and intu-
itive, only the x coordinate with a larger tracking error and as
the main direction of advance is used as the simulation object.
Figure 6 compares the performance of the beam trackingwith

the introduction of RIS assistance when the RIS has different
array sizes. As can be seen from the figure, in the early stage of
tracking, different RIS sizes all exhibit close tracking errors, but
as the number of iterative rounds increases, the errors keep ac-
cumulating to show the variability. The tracking error is lower
when the RIS array size is 4∗4, while the tracking error is rather
larger when the RIS array size is 8 ∗ 8. Experimental results in-
dicate that as the size of the RIS array increases, tracking error
does not consistently decrease. On the contrary, excessively
large arrays may lead to performance degradation. This situ-
ation has been studied in detail in [26]. The beam becomes
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FIGURE 6. Performance comparison of tracking algorithmwith different
RIS array sizes.

FIGURE 7. Performance comparison of tracking algorithmwith different
number of antennas.

FIGURE 8. Performance comparison of tracking algorithmwith different
transmission powers.

FIGURE 9. Performance comparison of tracking algorithmwith different
deflection angles.

narrower when more RIS units are configured. The narrower
the beam is, the more sensitive it is to angular changes, and the
more difficult it is to align the beam in practice. However, the
RIS array should not be too small, and too small an array will be
less sensitive to changes in Gaussian process noise to achieve
accurate tracking.
Figure 7 compares the tracking errors of beam tracking

through the RIS-assisted VLOS path for different numbers of
antennas. With a different number of antennas, the MSE tends
to increase with the accumulation of errors in the EKF al-
gorithm as time advances. When the number of antennas is
32, the error accumulates more slowly and levels off more
quickly. While the number of antennas is 8, the error accu-
mulates quickly and shows a tendency to stabilize only in the
later part of the tracking time slot. The comparison shows that
the tracking error is larger when the number of antennas is 8
and smaller when the number of antennas is 32. That is, a large

number of antennas will have a smaller tracking error. As the
number of antennas increases, the beam gain will be higher,
and the energy will be more concentrated through beamform-
ing. Thus, the signal quality and directivity are continuously
improved. Therefore, the simulation results in Fig. 7 are con-
sistent with this rule. However, similar to the RIS array size,
the larger the number of antennas is not better. Too narrow a
beam will increase the difficulty of tracking, so the number of
antennas at the transceiver needs to be set reasonably with re-
ality.
Figure 8 compares the MSE performance of beam tracking

through the RIS-assisted VLOS path for different power cases.
Among them, the tracking errors show an increasing trend for
transmission powers of −20 dBm, −40 dBm, and −60 dBm,
and the MSE curves at −40 dBm and −60 dBm almost over-
lap. This is because the transmission power in both cases is rela-
tively low, making the impact of noise generation quite similar.
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According to (2), the SNR in these two cases is closer. When
the power is−20 dBm, the accumulation of error is slower than
the case of−40 dBm and−60 dBm, with a lower tracking error.
When the power is 0 dBm, the tracking error is very low and
shows a trend of rising and then falling. This is because when
the transmission power is 0 dBm, it will have a large SNR, and
the increase in SNR makes the MSE very low. As the vehicle
moves to the RIS, the communication distance becomes smaller
at the moment, which will show a trend of decreasing tracking
error.
Figure 9 shows the tracking performance at different deflec-

tion angles. Overall, as the number of time slots increases, the
MSE corresponding to all three deflection angles gradually in-
creases. The three curves almost overlap, indicating that the
deflection angle does not have much effect on the x coordinate
as the forward direction. By zooming in on the local part of the
curve in the later stage, it can be observed that when the de-
flection angle is relatively large, the tracking error is relatively
small. However, when the deflection angle is relatively small,
the MSE is slightly higher. The reason for this phenomenon is
that when the vehicle has the same forward speed, a larger de-
flection angle will reduce the velocity component in the x-axis
direction, thus reducing the tracking error in the x-coordinate
direction. Conversely, a smaller deflection angle will result in a
larger velocity component in the x-axis, leading to an increase
in tracking error. This result is consistent with the rule that “the
higher the speed, the worse the tracking effect.” It should also
be noted that this rule exhibits an opposite trend on the y-axis
direction: specifically, as the deflection angle increases, the ve-
locity component in the y-axis increases, thereby leading to a
larger tracking error.
Figure 10 compares the tracking errors at different initial ve-

locities. As shown in the figure, the curves show a rising and
then decreasing trend, except for the case where the velocity is
10m/s. According to (2), a smaller spatial distance will have
a higher SNR. As the vehicle approaches the RSU quickly, the
increasing SNR will suppress or even reduce the tracking er-
ror, and it will have a better communication quality. This al-

FIGURE 10. Performance comparison of tracking algorithm with dif-
ferent initial velocities.

lows for an earlier performance of the downward trend, even
at lower speeds. The faster the vehicle moves, the faster it ap-
proaches the RIS, then the faster curve exhibits a downward
trend at an earlier time slot. The curve with a velocity of 25m/s
again shows an upward trend in the last 10 time slots. This is
because the linearization error introduced by the EKF is still
in a constant state of accumulation. When the error reduction
due to the increased SNR drops to a trough, the upward trend
resumes. It is important to note that it is not the case that the
faster the velocity is, the lower the tracking error is. The per-
formance in Fig. 10 is influenced by the SNR that varies with
distance. When the effect of distance on SNR is not consid-
ered, faster motion speed increases the difficulty of tracking,
and lower motion speed results in more accurate tracking per-
formance.

5. CONCLUSION
Based on the new state model of position and velocity, the RIS-
assisted VLOS path beam tracking model in the 3D road scene
is derived. A cascade channel model for VLOS path tracking
is studied. The RIS-assisted beam tracking process is designed,
and the beam tracking under the VLOS path is realized based
on the EKF algorithm. The performance of the algorithm under
this system model is simulated and analyzed with MSE as the
performance index. The simulation results show that the RIS-
assisted VLOS beam tracking based on the new state model has
lower tracking errors than the conventional scheme, and pro-
vides a new solution to the problem of mmWave IoV scenar-
ios that are susceptible to occlusion. However, this paper does
not consider the case of multiple RIS-assisted communication,
which can be further studied in the future.
Additionally, the research framework proposed in this paper

possesses clear engineering application value, enabling the es-
tablishment of stable virtual LOS links in obstructed scenar-
ios to enhance beam continuity and communication reliability.
With its clear structure and strong modularity, the framework
is easily scalable to multi-RIS, multi-user, and real-world mea-
surement environments, demonstrating strong potential for en-
gineering implementation.
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