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ABSTRACT: With the growth of demand for high-rate and high-quality wireless communication services, Unmanned Aerial Vehicle (UAV)
communication technology has received a lot of attention. By deploying Reconfigurable Intelligent Surface (RIS) on the UAV, more users
can be reached while effectively expanding the signal coverage. The rotational nature of the UAV also provides new degrees of freedom in
the design of RIS-assisted millimeter-wave Multiple Input Multiple Output (MIMO) systems. In this paper, using the advantages of UAV
and RIS technologies, Aerial Reconfigurable Intelligent Surface (ARIS) is introduced to assist the communication, and the millimeter-
wave Vehicle to Infrastructure (V2I) communication scenario based on the ARIS-assisted multi-vehicle beam tracking problem. First,
Zero Forcing (ZF) beamforming is employed at the base station to eliminate inter-vehicle interference. On this basis, the vehicle-side
beam combining matrix, RIS-side reflection beamforming matrix, along with the rotation angle of the ARIS, are jointly designed to
maximize the number of vehicles and data rates, thereby providing high-quality communication for beam tracking studies. Secondly, an
ARIS-assisted multi-vehicle beam tracking model is derived in a MIMO-based 3D communication scenario. Finally, an Extended Kalman
Filter (EKF) algorithm based on the angular deviation correction mechanism is proposed to realize the beam tracking of multiple vehicles.
Simulation results show that the proposed EKF algorithm can effectively reduce the beam tracking error in multi-vehicle communication
scenarios with robust beam tracking capability under the joint design based on beam merging matrix, beamforming matrix, and ARIS
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rotation angle.

1. INTRODUCTION

n wireless communication systems, MIMO technology not
Ionly realizes high-rate information transmission, but also
provides users with high-gain directional beams through beam-
forming, which is regarded as a key technology to support the
development of Internet of Vehicles (IoV) [1-4]. However, this
directionality makes it necessary to switch beams frequently to
achieve beam alignment in dynamic scenes, which incurs sig-
nificant system overhead. Therefore, for IoV scenarios, it is
necessary to use a low-complexity beam tracking technique to
track the beam direction and achieve beam alignment at the re-
ceiver and transmitter ends to ensure a stable connection of the
communication link. In addition, millimeter waves are suscep-
tible to occlusions resulting in failure to communicate properly,
which in turn degrades the performance of beam tracking. RIS,
as one of the potential key technologies for 6G, can effectively
solve the problem of millimeter-wave link obstruction by con-
structing an intelligent and controllable wireless transmission
environment [5-8].

In IoV systems, when the Line of Sight (LoS) path of the
BS-UE is disconnected by obstacles, the Virtual Line of Sight
(VLoS) transmission path constructed by RIS can be utilized
to achieve reliable communication in the occluded area [9, 10].
With the assistance of RIS, it effectively reduces the coverage
blind spot of oV in high-density urban clusters, improves net-
work connectivity, and enables stable and reliable V21 commu-
nication. Meanwhile, in the process of using RIS to assist in the
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optimization of wireless communication systems, the key chal-
lenge is how to cooperatively optimize beamforming at both
the base station side and RIS side in order to achieve system
performance goals. RIS generally consists of a series of low-
cost electromagnetic reflective units that are programmed to ad-
just the bias voltage of each unit to control the phase of the
electromagnetic waves radiated by that unit, introducing addi-
tional beamforming to the communication system [11]. Opti-
mizing only the beamforming at the base station end and ig-
noring the phase shift configuration design of the RIS will re-
sult in the reflected beam not being accurately aligned to the
user, thus limiting the potential gain in system performance.
Only through the joint beamforming design of the base station
side and RIS side can precise control of the signal transmis-
sion direction be realized, so as to establish high-quality com-
munication between the transceiver side and give full play to
the technical advantages of RIS [12]. From the perspective
of mathematical analysis, beamforming design is usually con-
structed as an optimization problem, where constraints such as
minimum Signal-to-Noise Ratio (SNR) constraint, maximum
power constraint of the base station, and the modulation capa-
bility of the antenna are satisfied, and the performance of the
system is improved by taking the maximization of spectral and
energy efficiencies, the maximization of the sum-rate of mul-
tiusers, the maximization of the minimum SNR of multiusers,
etc. as the optimization objectives to improve the system perfor-
mance. In RIS-assisted wireless communication systems, the
optimization model for beamforming is generally more com-
plex, and its specific form presents differences depending on
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the application scenario. This variability depends mainly on
the antenna configuration scheme at the transceiver end (single
antenna or multi-antenna array), the number of RISs deployed
in the system (single RIS or multiple RISs), and the distribu-
tion of users (single user or multiple users). The introduction of
RIS provides a new development path for future mobile com-
munications, but RIS also has its limitations. Ground-based
RISs are usually placed on the surface of buildings, where the
location is fixed and difficult to optimize, and can only pro-
vide a 180° reflective span, limiting coverage capabilities. In
addition, in complex environments such as cities, the signal
from the transmitter to the receiver may need to be reflected
by multiple RISs in order to bypass the intervening obstacles,
which, although effective in overcoming the occlusion prob-
lem, leads to severe path loss [13]. UAV has received exten-
sive attention and research in wireless communication networks
due to its significant advantages such as low cost, high mobil-
ity, and flexible deployment on demand [14—17]. Carrying RIS
through the UAV to aid communication with an ARIS allows
for 360° omnidirectional reflections and the ability to estab-
lish higher probability LoS links for better channel conditions.
In addition, ARIS can further enhance the performance of the
communication network by flexibly adjusting its position and
using its high mobility to enhance signal coverage and fill in
blind spots. ARIS is also more flexible in terms of layout com-
pared to ground-based RIS [18] and provides a new paradigm
for land and air-ground communications through the new three-
dimensional wireless networks it enables. In addition, ARIS ef-
fectively overcomes the shortcomings of a single UAV. Specif-
ically, low-cost UAVs are limited by on-board battery capacity
and communication bandwidth resources, making it difficult to
meet the functional requirements of small flying base stations.
ARIS can significantly reduce the energy consumption of UAV's
by optimizing the propagation path of wireless signals. In con-
trast to the need to frequently adjust the UAV position to adapt
to the user’s mobility, ARIS can dynamically adjust the phase
shift of the RIS to establish a new LoS link, thus avoiding the
energy loss and delay problems of UAVs due to frequent move-
ment. In addition, the RIS mounted on a UAV has a rotational
character, which provides a new degree of freedom for the opti-
mization of RIS-assisted millimeter-wave MIMO communica-
tion systems [19]. In summary, the research of beam tracking
technology in millimeter-wave IoV scenarios can be assisted by
combining the advantages of UAV and RIS with ARIS.

In the study of RIS-assisted wireless communication
based on RIS, [20] studied the channel tracking problem of
RIS-assisted millimeter-wave Multiple-Input Single-Output
(MISO) system, which employs a traceless Kalman filter-
ing algorithm to track the channel parameters. In order to
minimize the mean square error of the tracking parameters,
the beamforming vectors at the base station end and the
reflection vectors at the RIS are iteratively designed, and the
resulting sub-problems are solved by the semipositive definite
relaxation method and Gaussian stochastic method. Ref. [21]
investigates the channel estimation problem in RIS-assisted
multiuser networks taking into account user mobility. Using
the KF tracking cascade channel, expressions for the state
and measurement covariance matrices for the case of Rice

49

fading and pilot frequency contamination are derived, and the
discrete Fourier transform matrix is used as the phase shift
matrix. Ref. [22] addresses the RIS-assisted millimeter-wave
MIMO downlink system with the optimization objective of
maximizing multiple users and rates by co-optimizing the
passive beamforming, power allocation, precoding matrices,
and merging matrices for RIS by utilizing flow optimization
techniques. Ref. [23] derives a per-user resolved downlink
error rate (SER) as a function of phase shift and beamforming
vectors for RIS-assisted multiuser scenarios and proposes
an average SER minimization problem. In optimizing the
active and passive beamforming variables in an RIS-aided
communication system, differential evolution algorithm is
used to address the non-convexity of the considered SER
optimization problem, and local search is introduced. Ref.
[24], for a multi-RIS-aided multi-vehicle MIMO V2I network,
an alternating optimization-based method is proposed to jointly
optimize the transmitter beamforming and RIS phase shifts.
The max-min quality of service is achieved in the form of
weighted Signal to Interference plus Noise Ratio (SINR).

The introduction of UAV and RIS to assist the communica-
tion in wireless communication systems has been widely stud-
ied and applied. Ref. [25] studies the problem of secure com-
munication in ARIS-based multi-user networks. The problem
is modeled as a secrecy rate maximization problem with chan-
nel uncertainty constraints. Since it is a non-convex prob-
lem, it is decomposed into beamforming, phase-shifting, and
UAV trajectory subproblems. Ref. [26] constructes a weighted
and rate maximization problem for ARIS-assisted multiuser
MISO communication networks by jointly optimizing the trans-
mit beamforming and ARIS phase shift at the base station
end and proposes a solution based on the block coordinate
descent method and Lagrangian dyadic transform. Ref. [27]
studies a multi-user localization scheme in RIS-assisted UAV
millimeter-wave wireless networks and proposes an alternating
algorithm that minimizes the maximum position error bound
among all users by iteratively optimizing the UAV trajectory,
user scheduling, UAV beamforming, and RIS phase shifting un-
til convergence. Ref. [28] uses ZF precoding in the beamform-
ing design at the base station end for multi-ARIS scenarios and
developes an iterative algorithm based on first-order approxi-
mation, block coordinate descent, and alternating optimization
aiming at maximizing the network throughput by optimizing
the power control coefficients at the base station end and phase
shifts for multiple RISs.

Most of the existing studies on beamforming for RIS-assisted
wireless communications are for single RIS-assisted single-
user MISO or MIMO systems. The few beamforming de-
signs for single RIS-assisted multiuser MIMO systems are also
mainly based on iterative optimization algorithms, which usu-
ally have high time complexity, and at the same time need to
pay attention to the convergence efficiency as well as avoid-
ing falling into local optimums in the iterative solving process.
This is for high-speed mobile scenarios, where the resulting
time overhead increases the difficulty of beam alignment during
communication and affects the quality of communication. Cur-
rent research on single RIS-assisted millimeter-wave MIMO
multiuser beam tracking also focuses on static environments
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and lacks research on IoV scenarios, which has certain appli-
cation limitations.

Based on the above, this paper deploys reconfigurable smart
metasurfaces on UAVs, proposing an ARIS-assisted multi-
vehicle beam tracking solution to fully leverage their high ma-
neuverability and rotational freedom. The main research con-
tent is as follows. ZF beamforming is introduced at the base
station side. The vehicle-side beam combining matrix, RIS re-
flection matrix, and ARIS rotation angle are jointly optimized.
The maximization of the system sum rate is thus achieved;
an ARIS-assisted three-dimensional beam tracking model was
established and derived; an extended Kalman filter algorithm
incorporating an angular deviation correction mechanism was
proposed, effectively enhancing the accuracy and robustness of
beam tracking. This provides a feasible and efficient solution
for millimeter-wave communication in highly dynamic IoV.

The main contributions of this paper are summarized as fol-
lows:

(1) At the base station, ZF beamforming technology is em-
ployed to effectively eliminate inter-vehicle interference
in multi-vehicle communication scenarios. Concurrently,
with system and rate maximization as optimization objec-
tives, the vehicle-side beam combining matrix, RIS-side
reflection beamforming matrix, and ARIS rotation angle
are designed jointly.

(2) The Kronecker product structure based on RIS antenna
arrays decomposes the RIS beamforming optimization
problem into low-dimensional horizontal and vertical sub-
problems for solution, effectively reducing computational
complexity and making it suitable for millimeter-wave
V2I scenarios. The user-end beam combining matrix is
solved using the Singular Value Decomposition (SVD)

method.

(3) A beam tracking model for ARIS-assisted multi-vehicle
communication scenarios with rotational characteristics

has been derived.

(4) Finally, an EKF algorithm based on an angular devia-
tion correction mechanism is proposed to achieve multi-
vehicle beam tracking. Building upon the traditional EKF
algorithm, this approach incorporates angular deviation
threshold detection, effectively suppressing the error accu-
mulation caused by linearization approximations inherent

in the EKF algorithm.

The remainder of this paper is organized as follows. Sec-
tion 2 details the system model described herein. Section 3
introduces ARIS-assisted multi-vehicle beam tracking. Sec-
tion 4 presents simulation results and analysis. Finally, Sec-
tion 5 summarizes the entire paper.

2. SYSTEM MODEL

2.1. Scenario Model

Considering a unidirectional two-lane IoV scenario covered by
a single Road Side Unit (RSU), where a single RIS is retrofitted
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FIGURE 1. Scenario model.

to a UAV, and an ARIS is deployed in the air to assist the com-
munication between the RSU and the vehicle user, the studied
scenario model is shown in Figure 1. Communicate with mul-
tiple vehicle users at the same time via the reflective path of the
ARIS within the communication coverage of the RSU. Based
on millimeter-wave MIMO, signal transmission and reception
are carried out, that is, both RSU and vehicle users are equipped
with multiple antennas. In the research scenario of this paper,
only the communication between the RSU and the vehicle user
through the VLoS path constructed by ARIS is considered, that
is, there is no communicating LoS path between the vehicle
user and the RSU. Unlike previous RIS-assisted wireless com-
munication models, this paper considers the ability of the RIS
to rotate around its axis on the UAV, which can be controlled by
a mechanical rotation device integrated underneath the UAV. In
the millimeter-wave V2I scenario, the performance impact on
beam tracking is investigated by introducing additional degrees
of freedom provided by ARIS rotation. When an RIS-equipped
UAYV moves continuously from one position to another, it con-
sumes a lot of energy. However, if the UAV remains in the same
position while rotating the RIS by means of a low-power mo-
tor, the same or even better performance can be achieved with-
out continuous movement. With this RIS rotation, the energy
consumed is negligible compared to the continuous trajectory
optimization of the UAV.

2.2. Transmission Model

This paper focuses on the ARIS-assisted downlink V2I com-
munication process. In millimeter-wave MIMO multi-vehicle
systems, RSUs and ARIS jointly serve L vehicle users. Since
the vehicle is in a highly mobile state, if the ARIS is mov-
ing in flight in either horizontal or vertical plane, both are in
a dynamic state, which will inevitably increase the difficulty
of aligning the RIS with the vehicle user’s beam, and thus re-
duce the performance of beam tracking. In this paper, ARIS
is considered to be fixedly deployed at a certain altitude from
the ground, and the positions of ARIS and RSU are accurately
acquired in advance. Taking the position of the fixed deployed
RSU as the origin, the direction of vehicle driving is defined as
the x-axis; the direction perpendicular to it as the y-axis; and
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FIGURE 2. Study model.

the direction perpendicular to the road surface as the z-axis, in
order to establish the three-dimensional spatial coordinate sys-
tem. Taking a certain vehicle in the scenario as an example, the
specific research model is shown in Figure 2. ARIS is deployed
in the communication coverage area of the RSU to construct a
VLoS path to reflect the communication beam. Assume that in
the ideal case where there are no scattering points, there is only
one LoS path between BS-ARIS and ARIS-UE, and there is no
NLoS path due to scattering points. The number of antennas
configured by the RSU is all Ngg, and the number of antennas
configured by the vehicle users is Nyg, arranged in a Uniform
Linear Array (ULA). ARIS consists of Nagris = Ny x NNy re-
flective units arranged in a Uniform Planar Array (UPA). Both
antenna/unit spacings are set to d = A/2, and \ is the signal
wavelength.

Let Hgr and Hgy,; denote the channels from the RSU to
ARIS and from the ARIS to the /th vehicle, respectively, @ =
diag(&1e7% £5e7% ... €790 be the reflection phase shift
matrix at the ARIS, and the reflection coefficients and phase
shifts of the mth EMU of the ARIS reflecting surface satisfy
&m € 10,1] and 6,,, € [0,27). The cascading channel model
from the BS to the /th vehicle can be expressed as follows:

Hgru,; = Hru,©Hgr (1

Then, the received signal of vehicle [ at discrete time x can
be expressed as:

H
r; = +/pw; Heru,ifis;

L P A \" q4
DRI Ce R S

where w; is the beam merging vector of vehicle /; f; is the beam-
forming vector of the transmitting end about vehicle [; s; is the
transmitting signal of vehicle /; Zf:u# leHBRU}lfj is the in-
terference from other vehicles to vehicle [; n; is the normalized
noise, obeying a Gaussian distribution with mean 0 and vari-
ance 1; p; is the average SNR of each antenna, which can be

expressed as [29-31]:

P A \"
== (M dl) 3)

where the maximum transmit power at the transmitter is as-
sumed to be P, and the transmittin% power assigned to the /th
vehicle is P;. Then, it satisfies 21:1 P, < P, and o2 is the
noise power, n the path loss exponent, A the wavelength, and
d; the distance of the VLoS path.

The cascading channel at discrete time « is modeled based on
the extended Saleh-Valenzuela channel model [32]. The chan-
nel Hgr from the BS to ARIS and the channel Hl({z]) ; from the
ARIS to the /th vehicle are denoted respectively:

Hpr = Bpraars (Jx. y) afs (¥ps) 4)
Hr(gj),l = é%),zaUE (wl(ﬁi)l> Anpis (ﬂi'fl)v 19513)) )

where [gr and ﬂ]({fj) ; are the channel gain coefficients for the
two segmented subchannels, BS-ARIS and ARIS-UE; apgss is
the UPA array response vector of ARIS; 1gs and z/Jl(J'? , denote
the beam pointing direction at BS and /th vehicle, respectively;
Iy and 1§y denote the azimuth and pitch angles of the beam in the
ARIS incidence direction, respectively; 19,(('3) and 1953) denote
the azimuth and pitch angles of the beam in the ARIS reflection
direction with respect to the first vehicle, respectively.

The gain coefficients Sgr and »31(1’31 of the two segmented
subchannels can be expressed as functions of their correspond-
ing link distances, respectively, as follows [33]:

27 fe

o ®)

51 _j25d 51§
Br = Bdgg e’ > ™ = Bdgg e’

~ (r) ~

—1 com —1 o fe (%)
I({?J).,l :6 (dl({’al) 6J2TdRUJ = ﬂ (dl({%),l> e]2 cf dpiiy (7)

where dgp is the distance between the BS and AISIS; dl(z%), , isthe
distance between the ARIS and the /th vehicle; 3 is the channel
power gain at a reference distance of 1 m; Sgp is a fixed value;
Bru, is a time-varying value.

The ULA response vectors at the BS end and the /th UE end
can be expressed as respectively:

1

ags (YBs) = N
1

[1, CijS, ey 6j<NBS*1)¢Bs:| T (8)
r jh ) j () 17T
s (42) = iz (L
UE

The top view of the study model when ARIS is rotated is
shown in Figure 3, when the azimuth angle is ﬁi"l) The UPA
array response at ARIS in the incident and reflected directions
can be expressed as respectively:

AARIS (5)(,5},, Oé) = ax (ax, a) ® ay (Ey, Oé) (10)
aws (907,007, 0) =a (007,0) @ ay, (97.0) (D)
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FIGURE 3. Top view of ARIS rotational model.

where « denotes the angle of rotation of ARIS, and ® denotes
the Kronecker product. The above two equations can be ex-
pressed in detail as:

— 1
AARIS (19)(3 19y7 OZ) = \/m

o ej(Nxfl)wcos(gxfa)]T

i

[1’ ej7r cos(gxfa)

® |:1 6j7'r sin(@xfa) cos 1§y

) )

., ej(Ny—l)Tl' sin(gx—oz) cos 1§y:| T (12)

. 1 (9
AARIS (19)(('3)’ 79}(/,1)’ Oz) _ \/m [1’ &) cos(ﬁi,ﬂ )’

ej(Nxfl)w cos (ﬁii)a):| !
R

&

)

|:1’ 6j7r sin (ﬂi;) —a) cos ﬂ;fcl)

T
B 7ej(Ny—1)7T sin(ﬂiﬁ)—a)cosﬂx)] (13)

In Figure 2, the height of the RSU is hgrsy, and the height of
the ARIS depIO))/ment is haris. At discrete time s, vehicle [ has
coordinates xl(” on the z-axis and yl(”) on the y-axis. When
the ARIS is not rotating, the beam angles in the incident and
reflected directions of the ARIS are decomposed into azimuth

and pitch angles, which can be defined as respectively:

Nl

sin 1y = Zaris (9512“115 + y?\RIS) - (14)
— 1
cos dy = (xims + yims) :
2 _%
: (x/%RIS + Yaris + (hrsu — haris) ) (15)
. (k) _ 2 2 —3
sind, ' = (21— zaris) |(1 —2aris) "+ (Y1 —Yaris) (16)

Nl

cos 9;’;) = {(fcl — zaris)” + (g1 — yARlS)Q}
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Nl

(a7

(= xARIS)Q +(y— yARIS)2 + h,zgms

When the RSU communicates with vehicle [ over a cascaded
channel, if the rotation angle of the ARIS is «, the beam an-
gle 1ps in the incident direction and the beam angle z/Jl(fE) , In
the reflected direction of the ARIS can be expressed by their
corresponding azimuth and pitch angles, respectively:

Yps =7 sin (Jx — o) cosdy

= (sin 4 cos @ — cos Y sin a) cos Uy

™
=7 (xAR[S COS ¥ — Y ,pys SIN Oé)

1
2] 72
(2200 + 9 + Uy = )] (18)
z/Jl(fE),l = msin (19)(('3) - a) cos 1933)
=7 (sin 19)(('3) cos a — €O 19)(('3) sin a) cos 19;?
=T ((Z‘l — xARIS) Cosx — (yl — yARIS) sin 0&)
2 2 ~3
i {(ﬂ —@aris)” + (Y1 — Yaris)” + hims] 19)

Model the spatial distribution of vehicles on two-lane roads
to reflect the traffic distribution. To simplify the research
model, it is assumed that vehicles are uniformly distributed
in the communication service area, that is, S = [—dx, dx] X
[do,do + dy], where dy is the distance from the RSU to the
lane, and dy is the width of the total lane. The initial posi-
tion of the vehicle on axis = follows a uniform distribution
X = z ~ U(—dx, dx). Therefore, the probability density func-
tion of X is:

1

fx (z) = 551 _ay,dx) (2)

= 2dy (20)

The initial position on axis y follows a uniform distribution
Y =y ~ U(dy, dp+dy). Then, the probability density function
of Y is:

1

fy (y) = El[do,d(ﬂrdy] (v) (21

3. MULTI-VEHICLE BEAM TRACKING BASED ON ARIS
ASSISTANCE

3.1. ARIS-Assisted Millimeter-Wave MIMO Beamforming De-
sign

Beamforming is a key technique in MIMO systems for concen-
trating signal energy in the direction of the target user and mit-
igating interference from other users. The principle of beam-
forming technique is to adjust the weighting coefficients of each
array element in the antenna array, so as to generate a beam with
directionality, in order to achieve the purpose of improving the
signal gain. In MIMO systems, beamforming technology not
only enables directional signal transmission but also facilitates
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spatial multiplexing. Multiple data streams can be simultane-
ously transmitted to different users within the same frequency
band, and system capacity and spectral efficiency are signifi-
cantly improved.

The optimization problem is modeled next. From Eq. (2), the
signal-to-dry noise ratio of the first vehicle is given as:

pi |WiHggru i f; |2

= (22)
Zj:l,j;ﬁl (?5 (47@) ) ‘Wl Hgru, f; | +1
Therefore, the signal rate of the /th vehicle is:
R, =log, 1+ ) (23)

The rates discussed in this paper are all rates per unit band-
width. The sum rate of this multi-vehicle system can be ex-
pressed as:

24

L L
:Z Z 029 (14+m)
=1 =1

To improve the beam tracking performance of the sys-
tem, in this paper, ZF beamforming is selected at the base
station end to eliminate the interference between vehicles
in Eq. (2). Received signals are linearly processed via ZF
beamforming. Through this linear processing, interference is
completely eliminated. As a result, the impact of interference
on communication quality is greatly reduced, and system
performance is thus improved. The main principle of ZF
beamforming is to use the pseudo-inverse of the channel
matrix to eliminate the interference in the received signal and
thus recover the transmitted signal. Define the equivalent
channel matrix of the entire BS-ARIS-UE cascade channel
as D = [Wll{HBRU,DWIQ{HBRU,Qv'"aWEHBRU,L] - The
transmitting beamforming matrix at the base station end is
given by the following equation:

-1

F = [fy,f;,....f]] = D" (DD") (25)

After normalization, the transmitting beamforming vector at
the base station end about the /th vehicle is obtained as follows:

(26)

where f; is the Ith column of matrix F. Therefore, Eq. (2) can
be changed to:

H
ry = /piw; Heru,fis; +ny

Since the multi-vehicle user interference in Eq. (2) has been
eliminated, the signal rate of each vehicle user only depends on
its own signal power and noise. Then, according to Eq. (27),
the signal rate of the Ith vehicle can be obtained as:

27)

2
R, = log, (1 + pr [ W Hpry £ ) = log, (1+ ) (28)
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where wo; is the received SNR of the [th vehicle. The sum rate
of this ARIS-assisted multi-vehicle system can be expressed as:

(29)

L L
:Z z:og2 1+ o)
=1 =1

The purpose of this paper is to maximize multi-vehicle and
rate R by jointly designing the reflected beamforming matrix ©
for RIS, the beam merging matrix W = diag(wi, wh, ... wil)
for vehicle users, and the rotation angle o for ARIS. Then, the
optimization problem for this system can be expressed as:

L
1: 1 (1
P, 2 e (14 =)
st.w|?=1, Vie{l,2,..., L}
L
30
SoR<P G0
=1
Om €[0,21), Vme{1,2,...,M}
&m€10,1], Vme{l1,2,...,M}
0<a<2r

where the constraint conditions are in the following order, user-
side beam merging vector constraint, transmitting power con-
straint, the phase constraint of the RIS, the amplitude constraint
of the RIS, and the constraint on the rotation angle of the ARIS.
This objective function is in the form of logarithmic sums.
First, simplify this objective function by introducing an arti-
ficial auxiliary variable A = [A1, A2,..., Ar]. According to
the Lagrange duality transformation, the objective function in
Eq. (30) can be simplified as:

L L L L (142) @
1) @i

€1y

If X\ is fixed, then this calculation process transforms the
multi-vehicle and rate maximization problem into the SNR

maximization problem, that is:

max ™|
W. 0« =

(32)

To solve the above problems, it is first decomposed into three
sub-problems, namely the design sub-problem of beam merg-
ing matrix W, the design sub-problem of RIS reflection beam-
forming matrix ©, and the design sub-problem of ARIS rota-
tion angle o. In IoV scenario, vehicles are in a state of high-
speed movement. Therefore, to achieve fast beam alignment,
the time overhead caused by computational complexity cannot
be ignored. When a single vehicle performs beam tracking,
all antenna resources of the RSU are allocated to this vehicle.
Therefore, the signal rate of the single vehicle represents the
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system optimum. However, when beam tracking is performed
for multiple vehicles, two factors must be considered: first, the
system sum rate, second, the fairness among vehicles. This is
to prevent the performance degradation of edge users. For this
purpose, this paper chooses to distribute the power evenly to
each user, thatis, P, = P/L,l € {1,2,...,L}.

For the design of the RIS reflection beamforming matrix ©,
given W and a, the optimization problem becomes:

L
P2 : m(gx ; w;
- (33)

stbpy € [-m,7m], VYme{l,2,... M}

Since RIS employs a UPA, it can be seen from Eq. (12) and
Eq. (13) that at the RIS, the array response vectors for inci-
dent and reflected directions can be obtained by combining
the horizontal and vertical array response vectors via the Kro-
necker product, respectively. Compared to ULA, UPA gen-
erates beamforming with an additional dimension. Therefore,
leveraging the inherent Kronecker product structure of UPA,
the RIS beamforming design problem can be decomposed into
low-dimensional horizontal and vertical subproblems, thereby
avoiding the multiplication of large matrices that would arise
with an increase in the number of RIS elements [34]. There-
fore, this method can significantly reduce the computational
complexity and is more suitable for V21 communication sce-
narios. The overall solution is obtained by solving the unidi-
rectional subproblem and later combining the solutions of the
two subproblems using the Kronecker product.

The MIMO channel is decomposed based on the Kronecker
product. The ULA response vector at the base station end is
first rewritten by mathematical operations:

ags(¥Bs) = ags x(¥Bs) ® ags y(¢ps) (34)

Then, the channel Hgr from BS to ARIS can be expressed
as:

Hgr = Ber [ax (U5, @) @ay (Jy, )] [aps x (VBs) ®ags,y (Vps)]"

= Brr [ax (gm a) ags,x (¢BS)] & [ay (Eyv a) ags,y(l[}BS)]
= Hpg x ® Hpr,y (33)
Therefore, channel Hpgr can be composed of two
low—dimﬁensional channel components, where Hpryx =
Berax (Vx, ) a}BISA’xi (1Bs) is the horizontal channel component,
and Hgry = ay(Vy, a)ags7y(¢Bs) is the vertical channel
component. Similarly, the channel Hry,; from ARIS to UE
can be expressed as:

Hru,; = Bru,i [avex (YuE) @ avgy (YuE,)]

[ax,l (ﬁx,lv O[) & ay | (’19}',17 a)]H
= Bru,t [auex (Yue,) Ay (Vx1, )]

® [auey (Yue,a) ayH,z (Vy,1, )]

== Hl,x ® Hl,y (36)

54

where Hy y = Bruavex(Yue)ay; (Ox, @) and Hy y = ayg,,
(QZJUE,l)a;{ ;(¥y.1, @) are the horizontal and vertical channel com-
ponents respectively. According to Eq. (35) and Eq. (36), the
received signal can be rewritten as:

r = /oW (Hix ® Hy ) © (Hpg x @ Hpry) 151 + 11 (37)

In order to completely decompose the received signal into
horizontal and vertical components, the receiver-side beam
merging vector w;, base station-side beamforming vector fj,
and RIS reflection beamforming matrix ® are combined by
mathematical operations using the Kronecker product structure,
respectively, which can be expressed as follows:

W = Wi @ Wy (38)
fl = fl7x®fl,y (39)
O = 6,20, (40)

Then, Eq. (37) can be expressed as:
r= /W (H;x ®H;y) © (Hpg x ® Hpg y) fi5, + ny

=P (Wix® Wl,y)H (Hix @ Hiy) (O ® Oy)
(Hprx ® Hpryy) (fix @ fi1,y) 81 +
= \/E [(wEle,xngBRﬁxfl,x)

® (W', Hyy© Hpr yfi y)] 51 + 7y
= ﬁ(rl,x@)rl,y) Sp+ny (41)

where, 1 x = W?XHZ,XGXHBR,xfl,x is the signal component in
the horizontal direction and Tiy = waHl7y@yHBR7yfg7y is the
signal component in the vertical direction.

Using the decomposed signal model in Eq. (41), solving ®
is to solve ®, and ©,. Meanwhile, maximizing SNR in the
horizontal and vertical directions, respectively, is equivalent
to maximizing the overall SNR. Then, the complete optimiza-
tion problem in Eq. (33) can be decomposed into two low-
dimensional optimization sub-problems in the horizontal and
vertical directions, namely:

X

L
P3 : max E ]«
&

(42)
st Omx €[0,27], VYme {1,2,..., M}
Emx € 10,1, Vme{1,2,..., M}
L
P4 rrgyx;wl,y
(43)

S.t.Omy € [0,2%] , VYme {1,2,...,My}

&my € [0,1],

The solutions to the neutron problems in Eq. (42) and
Eq. (43) can be obtained through optimization algorithms.
In this paper, the design scheme for RIS terminal reflection
beamforming from Reference [35] is adopted. The model is
modified according to the research scenario of this paper and
subsequently applied to each direction. The specific design
process is as follows.

vm e {1,2,..., M}
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The equivalent channel matrix D of the entire cascaded
channel of the BS-ARIS-UE is reconstructed horizontally and
vertically:

Dq = WhRU,q@qHBR,q

Oq,1

Hll?‘R,q
= Whgy,q : (44)
HII3VR,q ®q7N
where Hgg = (hgg o, h3g g, - hgk q) denotes the nth row
vector of the BS-ARIS channel matrix Hpgr satisfying n €
{1,2,...,N}. Oy = diag(wqn,wWqn;---,wqn) is a diago-
nal array with all the same diagonal elements. In the above
notation, q € {x,y} denotes the horizontal or vertical direc-
tion; M € {Ngsx, Nps,y} represents the number of equiva-
lent horizontal or vertical antennas at the base station end; and
N € {Njpis, Nipis} denotes the number of equivalent hori-
zontal or vertical elements in ARIS.

Define the matrix Hc 4 to be:

H%%R,q
H.q = Whgy 4 (45)
Hik
According to Eq. (45), it can be obtained that:
) Agit Agn2 Ag N
H -1 . . .
Yq (He,quvq) =Aq= : :
Ag N1 AgN2 Ag NN
(46)

where \q is a normalization factor and is fixed, and Ag . is a
diagonal array with all the same diagonal elements and value
Cq,be- The following 2N — 1 equation relationship exists:

q,ll

0,01,

H
O NOy N = Ag NN

47)
0,10, = A

@q 16 Ag1N

Solving the system of equations yields the diagonal elements
of the RIS beamforming matrix ® in a single direction as:

Eqae® =\ /G
i Cat2
ejéq,z — q,
gq,Z /(’“
(48)
13 nedlan — Coan
& AVASRY

55

In summary, the Kronecker product can be utilized to obtain
the complete beamforming matrix ® of the RIS as:

. 0 O 50w
© = dnag((sx,lef 6 e N)

For the user-side beam merging vector W, the Singular
Value Decomposition (SVD) method is used for the design.
Given © and «, since the beam merging vectors are located
at the vehicle user end and are independent of each other, the
optimization problem in Eq. (32) can be equivalent to the SNR
maximization problem for each vehicle user. Then, the opti-
mization problem becomes:

P5 : max ©o;
W
(50)
stwl> =1, Vie{l,2,...,L}

It is possible to let Hggr = Zf’i“l uk,BRnk,BRV]]iBR and Hpy

=y 0 RU ! ui,mi,lufl be denoted as the SVD forms of Hggr and
Hgu , respectively [36], where Rgr = rank(Hgr); Rru,; =
rank(Hry ;); w are singular values; 7 is the left singular vector;
and v is the right singular vector.

Since the user terminal typically has limited computational
resources and must process dynamic ARIS-UE channel
changes caused by high-speed movement in real time, com-
putational complexity must be taken into account. Therefore,
adaptive rank reduction is necessary to concentrate beamform-
ing energy on the primary region, achieving a balance between
computational complexity and system performance. Dynamic
adjustment is carried out based on the power proportion thresh-
old. Assuming that the threshold is X, then RRU ; 1s adjusted
to Rry; = min{Y| Zt L (uer)? /Zt Rl () > ), that
is, the minimum Y is found so that the smgular value power
proportion exceeds the threshold x.

Thus, the SNR of the [th vehicle can be obtained as:

RRU,I RBR
H 2
pr [Wi'Hpru,f1|” = pu g E Uj | Uk, BR

=1 k=1

H H H 2
Wi 13,1V ONg srYy r il

(a) Rrus Rer
< m 5 5 Us; Uk BR
=1 k=1

(Wit [ Omi e [ saf])

b RRU,I RBR

(b) 5 9

< piRru, Rer E E U3 Uk BR
=1 k=1

lw' mzl Iz ®nkBR| |VkBRfl’ (51)
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Among them, inequality (a) is due to the triangle inequality,
and inequality (b) is due to the Cauchy-Schwarz inequality. In
order to design w; and thus derive the upper bound of the in-
equality in Eq. (51), the following lemma is started.

Lemma: Forall k = 1,..., K, there are a; > 0 as well as
e = 0. Ifozl e < 1, ay, > ayg, then 'ZkK=1 arcr < ag,
where a; = max (a1,az,...,ax).

Proof: forallk = 1,..., K, there is a; > ay such that there
exists a nonnegative d1,...,0x and ay = ag — 0. Then, the
result follows:

Z akEr = agEj + Z — 0k )e

kAk

K K
=ag E,;—FZ&]C —Z(Sk&g

k+£k k#£k
K K
=a; > ex— Y Otk < g (52)
k=1 k#k

Since Zszl er < 1, d; and e are nonnegative, then
Zszl apER<ay,.

The design process of the beam merging vector w; for the
lth vehicle is as follows. For Eq. (51), ignoring the constant
leRU,lRBR, the following can be obtained:

RRU,Z RBR

Z ZU?,IU%,BR |W?m‘,z‘2 |Vﬁ@7lk,}3k|2 |l/;l:,gkfz|2
=1 k=1

Rpu,; Rpr

< Z U?,l ‘Wani,l’ ? Zui,BngX{‘ Vﬁ G)nk,BR’ 2} | VII;I,BRfl‘ 2(53)
i—1 =1

The above mequallty holds after taking the max1r2num Value
on © suchthatg; = 37, uk BRmax{Jz/Z 'Oprpr| i BRfl|
and N = max{|Vz 190k, BR| }|Vk BRfl|

Foranyi=1,..., RRUJ, the upper bound of g; is denoted:

Rgr

g = Z Uj pr max { ‘Vﬁ@nk,BRf} Vi e |2
=1

2
< u%(i),BRm(gx {| Vi],l;@nfc(i),BR |2} ‘V,El(i)yBsz‘ (54)

where the above equation is obtained by induction, such that

2
k(3), prll die

Substituting Eq. (53) and Eq. (54) into Eq. (51), the following
is obtained:

M= max{\u”(-)nk( BR| el

Rru,1

H 2 % 2 | WH 2
pu|W;'Hpru,ifi|” < piRru,i Rer E gy (Wil
i=1

56

2
(LL%(i) BRITEX {'Vﬁ On;,;),prl 2} ‘ VI]:,BRfl ’ )

< piRru,1 Rpru?

il k()BR
H 20,4 ’
(mgx{| v OM56) bR }’VE,BRfl‘ )
RRU LR il k(i) BRM (55)

where M = (maxe {1/ ©n;,;) g }|VI':BRfl| ). According
to Eq. (26) and Eq. (49) the solutlons of f; and ® have been
obtained. The last inequality is due to the normahzed vec-
tors w; and 7, ;, satisfying |w}' m;, l| <1 |win; z‘ denotes
the beam merging gain of the beam merging vector w; with
the channel subspace 7; ;. The beam merging gain reaches a
maximum value of 1 when w; is perfectly aligned with n; ;.

At this point w; = n; ;, where i = argmax;u? u? v M and
k(i) = argmax,u? BRN Additionally, when a vehicle travels
continuously at hlgh speed, the SVD method cannot quickly
adapt to the dynamic changes of the channel. As a result, beam
tracking lag is caused. Therefore, under the adaptive rank re-
duction mechanism, by integrating prediction vectors to com-
pensate for channel variations, the V2X beam tracking sys-
tem is enabled to reduce resource consumption while maintain-
ing communication quality, providing an efficient solution for
highly dynamic scenarios. The prediction vector is as follows:

w(T5) = A [ B (s
Nug

Then for the [th vehicle, the normalized beam merging vector
after applying weighted fusion is:

w;

— 57
Wl ©7)

W, =

where W; = 71; ; + (1 —7)w( 78;3)71), 7 are the weights. For the

other vehicles, the design process regarding the beam merging
vectors is the same as above, then the beam merging matrix
W = diag(wil, wi, ... wil).

For the design of the rotation angle o of ARIS, given W and
©®, the optimization problem in Eq. (32) becomes:

L
P6 : maxz ™
- (58)

st.0<a<2r

At this time, since the transmitting beamforming matrix F'
at the base station end, the reflecting beamforming matrix ® of
RIS and the beammerging matrix W at the client end are fixed,
only the ARIS rotation variable « in the optimization problem
of Eq. (58) is considered. The optimal ARIS rotation angle «
can be calculated using the fmincon solver from the MATLAB
Optimization Toolbox. The fmincon solver is used to find the
minimum value of a constrained nonlinear multivariate func-
tion. By taking the negative of the objective function, it can
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be converted into a maximization problem. The mathematical
model of the fmincon solver is generally represented as:

min f(2)

c(z) <0

ceq(x) = (59)
st.qA-z<b

Aeq - x = beq

Ib<z<ub

where the constraints are, in order, nonlinear inequality
constraints, nonlinear equivalence constraints, linear in-
equality constraints, linear equivalence constraints, and
upper and lower bounds on the variables. b and beq are
vectors; A and Aeq are matrices; c(x) and ceq(z) are
functions that return vectors; f(x) is a function that re-
turns a scalar; and x, b, and ub can be passed as vectors
or matrices. The common format of the fmincon solver is
x = fmincon(fun, 20, A, b, Aeq, beg, Ib, ub, nonlcon), where
fun denotes the objective function; x0 denotes the initial
value of x; and nonlcon denotes the nonlinear constraints
whose parameter values are typically constraint functions.

3.2. ARIS-Assisted Multi-Vehicle Beam Tracking Algorithm

Suppose that the state information feedback is carried out
through the uplink detection signal, or through the existing ini-
tial channel access method, RSU can obtain the initial state in-
formation of the vehicle, including the initial position and ini-
tial speed. Then, focus on the beam tracking after the initial
channel access. Meanwhile, in the scenario of the IoV, vehi-
cles can obtain the status information of surrounding vehicles
through sensors and Vehicle-to-Vehicle (V2V) communication,
and then broadcast the information to the RSU. If the state space
model is constructed based on position and velocity, then in
discrete time «, the state vector ul(n) of the [th vehicle can be
defined as:

) = [, ] (60)

The equation of state of the system can be expressed as:
w™ = Ap{= Y pwiY (61)

where wl('ﬂfl) ~ CN(0,Q.,) is the error transfer vector at

time k — 1. According to the change model of vehicle motion,
the state transition matrix can be expressed as:

1 0 Tscosyy
Ar=10 1 Tssing (62)
0 0 1

The covariance matrix Q,,; of the error transition vector is
expressed as:

Q. = diag [TQ lcos o1, T?02 lsm i, 0 wl] (63)

where ¢; € [—m/2,7/2] is the steering angle of the [th vehi-
cle; T is the measurement cycle; and 037 ; 1s the variance of
the speed error parameter. The speed error parameter is the as-
sumed noise, which is used to represent the change of vehicle
speed [37].

In the communication process, since the BS and ARIS are
deployed in fixed positions, and the Vehlcle user 1s in motion,
Ber and 1gs are fixed values while BRU , and wUE , are tlme-
varying values in the channel. Taking the received signal 7"
as the system observation equation, Eq. (27) can be reexpressed

as follows:
= \/PTK) Bru,i (df{f},z) t ( 81?1) +al (64)

In order to facilitate the state prediction and correction pro-
cess in the same domain, Eq. (64) is rewritten in the real number
domain, namely:

f'l(ﬁ) =/ pl(H)BRU.,l (d}({al) t; ( 8;;)1) + fll(ﬁ) (65)

where all variables contained in Eq. (65) are rerepresented in
the real field as follows:

.,(K) [ (rc),re (K,) 1m:|T (66)

o [ i) ()]
&
= [n

RU = e (d(“) )
RU l RU l RU N RU,I

0 (ui)) = [ () o (5)] (6%)

T
~(r€) ),re 1m:| (69)

7

According to Eq. (19), the function 1/)[(}'3 ; of the beam direc-
tion from ARIS to the /th UE reflection path at time « is defined
as a function of the state vector, that is:

wé‘;?l =7 (21 — zaris) cOS @ — (Y1 — yaris) sin )

1
2

X [(l'l - $AR15)2 + (g — yARIS)2 + hims
= g (u") (10)

Similarly, the distance df{; 1 between the ARIS and the /th
vehicle can be defined as a function of the state vector, that is:

1
d](z%),l: {(Iz — zris)’+ (1 — Yris) Jrhms} = = gru,l (Hl( )>

(71)

Atthis point, Eq. (65) can be reexpressed as a function related
to g(u():

f(”):mﬁau,z (&zu,z(H( )>)tl (gl< " )>)+ﬁzﬁ)
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o () +Af (72)
In summary, the channel vector can be expressed as:
[ ()
h; (H( ): |:h|lm (u(A))]
(73)

-~ Bru,i | &rut Pz(n) (g Hz(m) */’ﬁ"ﬁ,t Eru, H(N) 6" g z(n.)
5&"1‘1,! 8ru, Pz(K) (g Hz(h) + Bru. Eru,i P[(N) " (g 127 )

Then, the first-order Taylor series approximation of the chan-
nel vector h; obtained from the predicted state vector pl(ﬁln Y

at the moment « is:
fll (ul(n)) ~ fll (ﬁl(fdrc—l)) _’_("'}l(rc\ﬁ—l) (pl(rz) - ﬂl(rc\fc—l)) (74)

The received signal in Eq. (72) can be approximately ex-
pressed as:

)~ Wﬁl (ﬂ(fdf{,—l)) +\/[FGZ(H|K71)

(u“‘) _ ﬂ<~|~—1>) + (75)
where u( #1==1) is an estimate based on the observation vector
('i at moment x — 1, and G(H‘K_l) is the Jacobi matrix, de-
noted as:
Gl |:l'1§c (ﬁgnm—l)) i (u(“'“ 1))r (76)
The terms of equation are denoted as:
7 () 80 (1) e () )
i g (7)o (1) e (07
77
o 1 o ) R A () A ()
= e (1)) (1) e )
)20 ) ) )
+61l2"l1jl (gRu,l <H1(H>>> 8ru,! (Hz(h)) <gz (ﬁl(n‘N71)))
(78)
+Bru, (gRU,l <Pl§n>>) tllm (gz (HZ(K‘K U)) g <ﬁ§N|N71)>

-‘rﬂRuz(gRUl(ul ))gRUl(”z( ))tim(gl< (klo— 1)))

where the derivatives of the distance function and beam direc-
tion function from ARIS to vehicle [ are shown as follows:
gRU,l(u(w)

[ffl(nl'%l) —TARIS, 95”‘” Y

v 2 KIK—
{(HAUI(K‘N 1)*37ARIS) +(Y§ )

~yams: c0s @y (#" TV —zxpis) T } (79)

1/2
yARns) +hims}
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& ()
yf“""’ ) yAR;5> ((y; Kle=1) qAR|;) cosa + <L K=l J‘AR|5) sina) + h3gs COS @
|- ((;Ef"‘“’” - xAR.g) ((i'f”‘”’” - 1,\.{;;) sina + (y(”‘ yAms) coszy) + hf\msim) (80)
“05»‘5[(9[("“ 1)*Ll/Am% (9?” 1)*L/.AR1S>COSLY+< (e 1)*%uus)Sind)+h;2xms°°5d} Ts
[(”A’I(h‘hiu - ZAms>2 + (yz(h‘hil) - 1/Akls)2 + hiRlS} :

Let the Jacobi matrix G = dlag (G1,Ga,...,Gp),
state  vector u = [A], 95, ey ﬂL} , recelved sig-
nal r= [rl L H , state  transfer = matrix
A = diag(Aq, A27 ...,Ar), and covariance matrix
Q, = diag (wal, Qw’Q, e 7QW’L) of the error transfer

vector, the specific procedure of the EKF-based beam tracking
algorithm under multi-vehicle is shown as follows:

(1) State prediction update

F"‘l(lﬂfi—l) — A}"‘l(fi—lhﬁ—l) (81)
(2) Compute a priori covariance matrix
P(K‘H*l) _ AP(Nfllnfl)AT 4 Qw (82)
(3) Kalman gain matrix update
K®) — plsls—1) ((p(ﬁ) ® Iz)é(ﬁlﬁ—l))T
% ((pm ® I,)G kI =D plelr=1)
I -1
((p“’“) ®1 )G(”"‘“_l)) + 2;) (83)
where p(®) = diag([\/p\, /oS, ... /o), K®

are Kalman gain matrices and I represents the unit matrix.

(4) Update system state estimate a posteriori
k) — g(ﬁ\n—l) +K® (f-(fi) _ <p()§) ® 12)ﬁ(£1(“|”—1)))
(34)

[(Ry (RO=D)) T, (R (Rl15=1)",

. (ﬁl(ﬂ("“'“’l)))T]T is the channel vector.

sl
where h((#l5=1)) =

(5) Update a posteriori covariance matrix

plalr) — (IgL—K("‘) (pm)@b) @(nm—l))p(n\n—l) (85)

The above is done in one round of iteration. By iterating con-
tinuously, we can find the system state estimation value needed
at each moment, including the position and speed information
of each vehicle.

When the vehicle is driving at a high speed, frequent beam
switching or channel estimation will lead to beam tracking lag,
a sharp decrease in the quality of the received signal, and com-
munication interruption. In addition, the linear approximation
of the EKF algorithm inevitably introduces an estimation er-
ror, and the estimation error becomes progressively larger with
time, which leads to a significant degradation of the system
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TABLE 1. Multi-vehicle EKF beam tracking algorithm based on angular deviation correction mechanism.

Algorithm 1: Multi-vehicle EKF beam tracking algorithm based on angular deviation correction mechanism

Initialize: Number of time slots 7', covariance matrix PO = 037, x 31, State vector Q(O) = p(o) + ec

fort =0to T do
State prediction update: fi<I"~D=Ap<—1lx=1

Calculate a priori covariance matrix: P(#~1) = AP(—tlx=DAT 4 Q,,

Kalman gain matrix update:

K — P(H\Hq)((p(ﬁ) ®12) G(»m_n)T((p(@ ®12> é(n|n—l)P(n\nfl)((p(n) ®12) G(N\m—l)) n %

Update system state estimate a posteriori: 1(®1%) = [(xl==1) 4 K(x) (f'(") —

Update a posteriori covariance matrix: P(*%) =

if AISZ),Z - 71(;3?1 > 7 then
B(F1R) — (v | =D cos o
gf%lm y<” 1>_|_Vl(nfl)TS sin g
5 = vy
end if

end for

(pm ® 12) h (ﬁ(m—l) )

([3L _K® (pm ® 12) @(n\n—l)) plrlr—1)

performance. Therefore, this paper introduces an angular de-
viation correction mechanism at the end of the EKF algorithm
iterations to correct the state variables that exceed the threshold
value, suppressing the cumulative error, and at the same time
ensuring fairness among multiple vehicles without the commu-
nication quality of one vehicle being too poor. Define the de-
viation threshold +. When the angular deviation exceeds the
threshold +, that is, WUE . z/)UE ;| = 7, itis convenient to cor-
rect it based on the state information obtalned through broad-
casting at the previous moment, where wa ; is the a posteriori
estimate in the EKF algorithm, and dJU is the a priori esti-
mate. These two angles can be derived accordlng to Eq. (19).
The calibration process is as follows:

jl(nl ®) _ xl('ifl) +yl“*1)Ts cos ¢y (86)
g = Y I T singy (87)
NECI (88)

The multi-vehicle EKF beam tracking algorithm based on the
angular deviation correction mechanism in this paper is shown
in Table 1, where the computational complexity of the algo-
rithm can be obtained as O(N,,) based on the number of itera-
tions. When initializing the parameters, it is assumed that there
is e. = en(® feedback error in the initial state information of
the vehicle obtained by the RSU. If the initial feedback error is
modeled as A, the state vector is initialized as (1{?) = p(© +¢_,
that is, the situation of beam tracking under non-ideal feed-
back signal conditions is considered, where e ~ N(0,02) is
the feedback error parameter.

4. SIMULATION RESULTS AND ANALYSIS

In this section, the multi-vehicle beam tracking system
with the introduction of ARIS assistance is simulated

59

and analyzed. Comparison of beam tracking perfor-
mance is evaluated by using root-mean-square error

\/ Zl 12k 1‘$ln

g2

(RMSE) M, = — &2 and

\/% SESE for different sce-
narios. In this paper, the center frequency of the system is
considered to be f. = 28 GHz, and the noise power magnitude
is 02 = —101dBm. The default number of antennas at the
receiver and transmitter is 16; the path loss index is n = 2; the
time slot period size is Ty = 10 ms; and the RSU height is set to
hrsu = 10 m. The total number of vehicles, L = 3, is assumed
to have initial positions (—30,10), (—25,8), and (—20,5),
all with initial speeds vg = 10m/s, all with deflection angles
7/27, and traveling for a duration of 1s. The height of ARIS is
set to haris = 15 m, the array size to 4 x 4, and the coordinates
to (zaris, Yaris) = (0,15). The error parameter is assumed
to follow a Gaussian distribution with a standard deviation of
0, = 107!, The reference communication channel parameters
are § = 1, the beam merging vector weights 7 = 0.5, and
the deviation threshold v = 0.001. First consider the case of
beam tracking under the condition of ideal feedback signal,
that is, . = 0. The detailed simulation parameters are shown
in Table 2.

Figure 4 compares the beam tracking performance of multi-
vehicle with respect to z-coordinate and y-coordinate at differ-
ent launch powers, where the simulation mainly compares the
joint beamforming scheme proposed in this paper, the random
RIS reflective beamforming scheme, and the joint beamform-
ing scheme that applies [24] to a single RIS scenario. In the ran-
dom RIS reflection beamforming scheme, the phase shifts of all
the RIS cells follow a uniform distribution of [0, 27). As can be
seen in Figure 4, the performance of all the schemes improves
with the increase in transmitting power. This is because as the
transmission power increases, the effective signal strength re-
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FIGURE 4. Comparison of multi-vehicle beam tracking performance with different beamforming schemes. (a) Tracking performance in x-coordinate.
(b) Tracking performance in y-coordinate.

TABLE 2. System simulation parameters.

Simulation parameters Retrieve value
Carrier frequency f. 28 GHz (s)
Noise power o2 —101dBm
Number of transmitter antennas Nt 16
Number of receiving end antennas Ng 16
Path loss index n 2
Time slot cycle T 10 ms
Total number of vehicles L 3
Vehicle initial position (—30,10), (—25,8), (—20,5)
Initial vehicle speed vy 10m/s
Vehicle deflection angle ¢ /27
RSU height hrsu 10m
ARIS height haris 15m
Number of ARIS array elements Naris = Nx X Ny 4 x4
ARIS coordinates (xaris, Yaris) (0,15)
Error parameter o, 107!
Feedback error parameters o 0
Beam Merge Vector Weights 7 0.5
Deviation threshold y 0.001
Power gain factor B 1
ceived by each vehicle also increases, that is, the SNR will also the tracking error decreases with the increase of transmit power
be improved. It means that there is less noise disturbance, and in both cases, and the tracking error in y-coordinate is lower
therefore there will be better beam tracking performance. Com- than that in z-coordinate. This is because in the established co-
pared with the other two algorithms, the joint beamforming ordinate system, the main direction of travel of the vehicle coin-
scheme proposed in this paper has better effect, a better abil- cides with the x-axis direction, and the movement on the y-axis
ity to utilize the transmission power, and requires less trans- is due to the deflection of the vehicle’s motion being taken into
mission power when achieving the same beam tracking perfor- account, but this deflection is at a smaller angle, which leads
mance. The poor enhancement of the RIS stochastic phase-shift to a smaller tracking error in the y-coordinate than in the z-
scheme is due to the lack of beamforming optimization of the coordinate. For the sake of simulation simplicity and focusing
RIS, and thus plays only a weak role in optimizing the sum rate on the core problem, only the z-coordinate, which has a larger
of the multi-vehicle system, which also illustrates the impor- tracking error and represents the main motion direction of the
tance of the design of the phase-shift for the RIS. Regarding the vehicle, is selected as the simulation object.

beam tracking performance in x-coordinate and y-coordinate,
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FIGURE 5. Comparison of multi-vehicle beam tracking performance
with different numbers of transmitting antennas.

Figure 5 compares the effect of the number of transmit-
ting antennas on the multi-vehicle beam tracking performance.
From Figure 5, it can be seen that the tracking error is mini-
mized when the number of antennas is 32, and the tracking error
is maximized when the number of antennas is 8, i.e., the more
the number of antennas is, the smaller the beam tracking error
is. This is because as the number of antennas increases, the
beam gain is higher, and beamforming enables the generation
of narrower, more energy-focused beams, resulting in continu-
ously improved signal quality and directivity. It means that the
beam tracking performance of the system can be improved by
increasing the number of transmit antennas at the base station
for the same transmit power. From the array antenna principle,
it can be seen that with the increase in the number of anten-
nas, the beam will become narrower, although it can signifi-
cantly improve the beam pointing accuracy, but when the vehi-
cle is traveling at high speeds, this will increase the difficulty
of beam alignment, which in turn reduces the performance of
beam tracking. Therefore, the number of transmitting antennas
needs to be set reasonably according to the actual scenario.

Figure 6 compares the effect of ARIS rotation angle opti-
mization on multi-vehicle beam tracking performance. From
Figure 6, it can be seen that the optimization of ARIS rotation
angle plays an important role in improving the performance of
beam tracking, which is because the reflected beam can be di-
rected more accurately to the target vehicle by the rotation of
the ARIS, and the beamforming gain can be improved. This
shows that introducing the rotational property of ARIS makes
RIS more directional and also influences the phase shift design
of the RIS reflector unit, which provides an effective degree of
freedom for beamforming optimization to adjust the beam an-
gle in real time according to the position and speed information
of the vehicle, and reduces the problem of beam misalignment
due to the movement of the vehicle, so as to maintain a stable
communication link.

Figure 7 compares the effect of different initial speeds on the
tracking performance of the multi-vehicle beam. From Figure
7, it can be seen that the tracking error is maximum at a speed
of 10 m/s and minimum at a speed of 30 m/s. It is known that
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FIGURE 7. Comparison of multi-vehicle beam tracking performance
with different initial speeds.

the faster the speed is, the greater the distance is traveled by
the vehicle in a unit of time, and the tracking beam cannot be
quickly switched to the optimal communication beam, which
causes a certain tracking lag and makes the accuracy of beam
alignment greatly reduced. In this paper, by introducing an an-
gular deviation correction mechanism in the EKF algorithm, the
faster the speed is, the larger the angular deviation is between
the receiving and transmitting end beams, then the state infor-
mation obtained at the previous moment will be frequently uti-
lized to make corrections, thus making the system tracking error
lower. In addition, from the initial moment, all the vehicles in
the scene approach the RSU, and from Eq. (3), the shorter the
distance of the path, the larger the average SNR of the antenna,
then the tracking error is reduced. But that doesn’t mean that
the faster the speed, the better the tracking performance. The
ability to improve the filtering accuracy by using this mecha-
nism is limited. As can be seen from Eq. (61), this correction
mechanism does not consider the influence of the error transfer
vector. Therefore, as time increases, errors will continuously
accumulate. Moreover, in the later stage of driving, the vehicle
will continuously move away from the RSU, thereby resulting
in a significant reduction in system performance.
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different initial feedback conditions. (b) Effect of initial feedback error parameters on beam tracking performance.

Figure 8 compares the multi-vehicle beam tracking perfor-
mance of the proposed beam tracking algorithm with the con-
ventional EKF algorithm. Meanwhile, in order to further ver-
ify the robustness of the proposed beam tracking algorithm,
the simulation performances of the two algorithms under ideal
and non-ideal initial feedback conditions are compared, where
0. = 10715, Moreover, the multi-vehicle beam tracking per-
formance is simulated using the proposed beam tracking algo-
rithm under different initial feedback error parameters, where
the standard deviation of the feedback error parameter is set
to 0. = {0,1071° 107'}. As can be seen from Figure 8(a),
under ideal initial feedback conditions, compared with the tra-
ditional EKF algorithm, this paper further improves the perfor-
mance of beam tracking by introducing the angular deviation
correction mechanism, which effectively suppresses the accu-
mulation of estimation error over time. Under non-ideal initial
feedback conditions, the tracking error of the proposed algo-
rithm in this paper is still smaller than that of the traditional
EKF algorithm. In addition, it can be seen from Figure 8(b)
that the smaller the initial feedback error is, the smaller the in-
fluence on the initial state information of the vehicle is, and
thus the beam tracking performance obtained is good. In sum-
mary, the proposed beam tracking algorithm works better than
the traditional EKF algorithm, as well as verifies that the pro-
posed beam tracking algorithm has a more robust beam tracking
capability under non-ideal conditions.

5. CONCLUSION

In this paper, ARIS-assisted multi-vehicle beam tracking based
on millimeter-wave MIMO networks in V21 communication
scenarios is investigated by taking advantage of UAV and RIS
technologies. The beam tracking model for ARIS-assisted
multi-vehicle communication scenarios is derived by jointly de-
signing the beam merging matrix at the user side, the reflective
beamforming matrix at the RIS side, and the rotation angle of
ARIS to maximize the system and rate, and an EKF algorithm
based on the angular deviation correction mechanism is pro-
posed to realize beam tracking for multi-vehicles. Simulation
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results show that based on the above joint design scheme and
the proposed EKF algorithm, the error of multi-vehicle beam
tracking can be significantly reduced. However, in real com-
munication systems, it is difficult to represent the RIS-assisted
wireless communication system model by an accurate mathe-
matical model, and the corresponding computational overhead
is high due to the mobility of the users, the complexity of the
communication environment, and the uncertainty of the inter-
ference. So subsequently, the design of beamforming can be
considered using artificial intelligence algorithms to overcome
the limitations of traditional optimization algorithms.
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