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ABSTRACT As we move towards the Beyond 5G/6G era, the importance of Open Radio Access
Network (Open RAN) is growing significantly. While traditional RAN systems are largely controlled by
specific vendors, the O-RAN alliance promotes open interfaces to enable a more inclusive market with
broader participation. A crucial component of O-RAN is the RAN Intelligent Controller (RIC), which
controls the RAN components. While much of the current research and development focuses on RAN-
side functionalities, there is still a need for a deeper exploration of application layers that interact with
the RAN, particularly in specific use cases that can benefit from enhanced RIC capabilities. This paper
proposes an O-RAN-assisted architecture that integrates vehicle-to-everything (V2X) applications with
the Near-Realtime (Near-RT) RIC to enhance millimeter-wave (mmWave) beam tracking for connected
automated vehicles (CAVs) under high mobility. Within the proposed architecture, we design a beam tracking
model that leverages periodic V2X vehicle-state updates (e.g., position and velocity) and a motion-based
predictor to assist beam-direction updates at the mmWave RAN side. To evaluate the proposed approach,
we implement a software simulation environment that injects CAV states and road/traffic information
generated by the Simulation of Urban MObility (SUMO) into the mmWave O-RU-side control loop, and we
conduct characteristic evaluations in straight and curved-road scenarios under different mobility conditions.
The results show that the proposed V2X-assisted beam tracking improves communication performance
compared to conventional beam sweeping and provides stable tracking in high-mobility settings. In addition,
we quantitatively analyze robustness under imperfect V2X inputs, including CAM latency and location
errors, clarifying performance degradation trends and practical requirements for reliable operation.

INDEX TERMS V2X, millimeter-wave, beam tracking, connected automated vehicles, O-RAN.

I. INTRODUCTION

The concepts of future societies, such as Society 5.0 and
Industrial 5.0, have been gaining traction globally [1].
These visions aim to harness advanced technologies such
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as Artificial Intelligence (AI), robotics, big data, and the
Internet of Things (IoT) to accelerate economic growth while
addressing societal challenges. Autonomous vehicles (AVs)
are pivotal to this technological revolution. Despite extensive
research and development, AVs still share limitations with
human drivers, such as their dependence on local informa-
tion. Therefore, the development of connected automated
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FIGURE 1. Overview of this study.

vehicles (CAVs) is crucial. These vehicles are integrated
with various transportation systems to perform cognition,
judgment, and execution tasks collectively, thereby overcom-
ing the inherent challenges of individual systems through
enhanced connectivity and sensor data from the roadside
unit (RSU) [2]. A digital twin mirrors the physical space in
cyberspace and is essential for translating data from CAVs
into control commands via wireless communication [3].
This transformation enables the management of physical
wireless communication infrastructure, necessitating a robust
virtualized infrastructure for effective interaction between
wireless systems and CAVs [4].

From a wireless communication perspective, the trend
towards small-cell coverage and millimeter-wave (mmWave)
frequency bands is essential to manage increasing mobile
data traffic within limited spectral resources. With the
launch of 5G, new frequency bands have been allocated to
3-5 GHz (Sub6) and 28 GHz (mmWave). However, these
higher frequency bands offer shorter propagation distances,
which pose challenges for network coverage. Despite the
compatibility of small-cell deployments with 5G, the high
costs have limited the widespread installation of mmWave
small-cell base stations since 2019 [5].

CAVs are equipped with advanced sensors, such as
Light Detection and Ranging (LiDAR) and high-definition
cameras, and engage in complex future path planning
and traffic coordination with other CAVs [6]. They share
traffic information through vehicle-to-everything (V2X)
communication, where mmWave technology, vital for high-
capacity communication, faces challenges in providing stable
coverage for constantly moving vehicles [7]. Beamforming
with phased-arrayphased array antennas could be a key
technology for enhancing the signal direction and strength
through precise control of the amplitude and phase for
the signal associated to each antenna of a phased-array.
Nevertheless, dynamically changing communication targets
necessitate adaptive beam direction control, which presents
significant challenges in communication control and signal
processing [8].

Currently, the 5G Radio Access Network (RAN) has seen
increased discussion of open-source solutions compared to
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4G [9]. The O-RAN Alliance, an international organization
that promotes vendor diversification and softwarization to
prevent market monopolization by fixed vendors for each
device, has gained global attention in this regard. Based on
the technical standards formulated by this organization, Open
Testing & Integration Center (OTIC) has been established
worldwide as a facility capable of verification and certi-
fication [10]. Within this community, the RAN Intelligent
Controller (RIC) for intelligently controlling the RAN has
been recognized as an important technology at events such
as “O-RAN Global Plug Fest Fall 2022 [11], “Fall 2022
OpenAirlnterface (OAI) North American Workshop [12]”,
etc. RIC is characterized by its ability to interact with
applications other than RAN. It is categorized into the Near-
Realtime (Near-RT) RIC [13], which can control operations
between 10 ms and 1 s, and the Non-RT RIC [14], which
can control more than 1 s. The RIC can serve as a
platform for the interplay between wireless communication
systems and CAV. Besides, OAI, which is notable for its
vibrant open-source project centered on Software Defined
Radio (SDR) and Network Function Virtualization (NFV)
technologies, supports the O-RAN architecture including
an open, interoperable, and flexible network ecosystem,
aligning with the global trend toward more inclusive and
adaptable communication infrastructures [15]. In the above
discussions, the focus has largely been on developing RAN-
side functions, with many studies emphasizing improvements
in the RAN performance [11], [12] and control mechanisms
[13], [14]. However, application parts that cooperate with
the RAN side, including specific use cases, still need to be
considered and implemented. Therefore, it is necessary to
consider research the use cases of applications that enhance
the RIC.

As a solution, this study proposes an mmWave beam
tracking method for CAVs moving at high speeds by defining
the information for CAV's within an O-RAN RIC, as shown in
Fig. 1. Specifically, we propose an architecture that includes
CAV information through xApp, a function of Near-RT
RIC, thus providing a detailed interface-inclusive design.
Furthermore, we proposed a rapid beamforming method
for CAVs using this architecture. The proposed system
was evaluated in multiple traffic environments using the
Simulation of Urban MObility (SUMO), a traffic simulator.
Previously, we proposed an mmW fast beam tracking
algorithm focused on wireless communication systems and
evaluated the extended system functions using a traffic
system compared to our previous study [16], [17]. This
study evaluated the characteristics of a beam across different
horizontal and vertical orientations. These early studies
focused only on the wireless communication perspective
and did not consider the design of the O-RAN architecture
between the RAN and V2X Apps. Given this background,
the major contributions of this study are as follows:

o Propose a Near-RT RIC-based architecture that enables

interplay between wireless communication systems and
CAVs.
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FIGURE 2. Near-RT RIC-based beamforming for V2X on O-RAN Platform.

e Propose a beamforming control method for Open
Distributed Unit (O-DU) that utilizes CAV information
via xApp in Near-RT RIC.

o Build an integrated traffic—wireless co-simulation
testbed and establish analytical requirement guidelines
(CAM latency/position accuracy) for reliable mmWave
beam tracking under high mobility.

The remainder of this paper is organized as follows. Section II
discusses the related works on O-RAN-based beamforming
for CAVs. Section IIT describes the proposed architecture.
Section IV presents a comparison of the simulation
results. Section V explores the potential future directions.
Finally, Section VI concludes the paper.

Il. RELATED WORK

Research on Near-RT RIC-based mmWave beamforming
for CAVs within the O-RAN framework has been growing
rapidly. Prior studies have primarily focused on RAN-side
functionalities; however, the integration of V2X applications
into the RIC remains underexplored. This section reviews
(i) developments in O-RAN and the critical role of the Near-
RT RIC, (ii) applications of O-RAN in V2X communication,
and (iii) existing beamforming and beam tracking methods
for V2X. We highlight the novelty of our study, which
explicitly integrates vehicular application data, such as
CAM/CPM, into the Near-RT RIC for synchronized beam
control, distinguishing it from conventional radio-only beam
tracking approaches.

A. O-RAN AND RIC

Several studies have investigated the potential and challenges
associated with O-RAN. Azariah et al. [18] provided an
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overview of the technology, its evolution, and its challenges,
whereas Mimran et al. [19] emphasized security issues and
countermeasures. U et al. [20] analyzed the economic and
technical implications through a Rakuten Mobile case study,
whereas Arnaz et al. [21] highlighted programmability and
Al-driven use cases. These works affirm the promise of
O-RAN but also stress open challenges such as interoperabil-
ity and robustness. The O-RAN architecture [22] introduces
O-RU, O-DU, and O-CU elements, with the RIC providing
software-defined control over RAN elements and enabling
real-time adaptability. Bonati et al. [23] and Rego et al. [24]
demonstrated the potential of xApps for network optimization
but noted challenges in terms of replicability and scalability.
Emerging solutions such as HexRIC [25] aim to enhance
robustness. Chen et al. [26] further proposed real-time multi-
cell scheduling, showing the feasibility of sub-millisecond
control, although application-level use cases such as CAVs
remain insufficiently explored.

B. O-RAN BASED V2X

The integration of O-RAN with V2X introduces opportunities
for advanced orchestration [27]. Multi-agent learning has
been applied to RIC to resolve conflicts between xApps [28],
while Agarwal et al. [29] introduced QoE-driven xApps for
high-resolution video. Rivera et al. [30] and Silva et al. [31]
investigated RAN optimization and orchestration frameworks
using O-RAN-compliant OSS. Moro et al. [32] proposed
an O-RAN/V2X integration but focused on RAN-side
configuration without addressing how external CAV data
could be leveraged. These works underline the social and
technical potential of O-RAN for V2X; however, the direct
interplay between vehicular applications and RIC has not

49313



IEEE Access

J. Nakazato et al.: Toward Incorporating mmWave Beam Tracking for Connected Autonomous Vehicles

V2X Apps

Vehicle 0O-eNodeB/Core

e.g., Dynamic Map

Near-Real Time RIC O-DU

PDU Session

Establishment

Preparation -

V2X Information Sync.

E2 Interface

Establishment

Complete

DB Sync.

V2X Messages —

V2X Information Update

Interval

:I Cell Selection

100 ms “|

V2X Messages

:l Waiting Count
V2X Information Update

FIGURE 3. Sequence diagram of the proposed approach.

been systematically evaluated. Our study fills this gap by
demonstrating how CAM/CPM data, typically updated at
100 ms intervals, can be utilized by xApps in the Near-RT
RIC to achieve fast and accurate beam tracking.

C. BEAMFORMING FOR V2X

Beamforming has been extensively studied in V2X.
Chu et al. [33] proposed a CQI-aware method to improve
SNR in NLoS scenarios, while Brambilla et al. [34] intro-
duced location-assisted beam alignment. Xu et al. [35]
leveraged computer vision for beam selection, and
Stiibing et al. [36] developed tools for adaptive beam design.
For fast beam tracking, Brambilla et al. [37] proposed sensor-
assisted methods, Liu et al. [38] investigated phased-array
tracking, and Wang et al. [39] applied LSTM networks to
consecutive beam tracking. Classical filtering approaches,
such as Kalman filter (KF) and extended KF (EKF), remain
popular baselines for mobility prediction; however, they rely
solely on radio measurements and cannot exploit application-
level data.

Beyond V2X-oriented beam tracking, distributed beam-
forming and beam-coordination have been widely studied for
networked array systems, including diffusion reduced-rank
adaptation with parametric matrix combination [40] and
entropy-driven collaborative tensor beamforming over array
networks [41]. To further reduce hardware/signaling com-
plexity, quantized (e.g., one-bit) diffusion strategies have
also been investigated for distributed beamforming in cell-
free architectures [42]. Energy-aware beamforming/control
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has additionally been explored in wireless sensor network
deployments [43]. While these works focus on distributed
beamforming rather than O-RAN-controlled vehicular beam
tracking, they provide complementary insights and motivate
future extensions of our RIC-assisted framework toward
collaborative and low-overhead beam coordination.

Unlike these prior works, which treat beam tracking as a
pure communication-layer problem, our approach leverages
vehicular application information (e.g., CAM/CPM) in
addition to radio metrics. By integrating this data into the
Near-RT RIC via xApps, our method enables synchronized
beam control across traffic and communication domains.
To the best of our knowledge, this is the first compar-
ative evaluation of RIC-based beam tracking with V2X
application data validated across straight and curved road
scenarios.

Ill. SYSTEM MODEL

In this section, we describe the proposed network architec-
ture. To clarify the relationship among Figs. 2—4, Fig. 2
provides a static architectural view of the O-RAN/V2X
functional entities and their interfaces. Fig. 3 presents the
corresponding time-ordered control/data flow (i.e., how
CAM/CPM-derived vehicle states are delivered to the xApp
and how beam commands are applied toward the O-DU).
Finally, Fig. 4 defines the physical geometry and notations
used in the system model and beam-tracking formulation in
Section III-B (Egs. (1)—(5)).

VOLUME 14, 2026
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A. NEAR-RT RIC-BASED BEAMFORMING FOR V2X

Fig. 2 shows the architecture of O-RAN. This architecture
assumes that the vehicle-to-network (V2N) component in
V2X primarily transmits messages managed by the CAV
system and that mmWave vehicle-to-infrastructure (V2I) is
used for high-volume data communication, such as sensor
data. The major contribution of this architecture is the
new interface that enables wireless communication control.
In contrast, in the existing 3GPP [44], V2X Apps are
connected via a UPF to achieve data communication. O-RAN
documentation [45] discussed the context-based handover
(HO) method supported by xApp for vehicular scenarios.
However, these documents lack a discussion on the interface
between xApps and CAVs. In Fig. 2, the open eNode
(O-NodeB) on the macro-cell side can provide a wide
coverage area using the microwave band for the constant
and stable transmission of a Cooperative Awareness Message
(CAM), including vehicle position and speed information,
and a Cooperative Perception Message (CPM) [46], which
includes sensor recognition information. The sensors are
connected to the O-eNodeB on the macro-cell. On the
other hand, the mmWave frequency O-RU is assumed to
coexist with sensors such as LiDAR and cameras and to
be installed in the RSU. The mmWave O-RU side operates
using an O-DU [47]. O-DU and O-CU also adhere to
O-RAN specifications and are therefore not detailed in
conventional studies [48]. RICs are categorized as Near-RT
RIC, controllable within a range of 10 ms to 1 s, and Non-
RT RIC, controllable over periods longer than 1 s. This study
focuses on the Near-RT RIC for control in beamforming
and HO scenarios. For Near-RT RIC, this study focuses on
two functions: xApp, which enables integration with external
applications, and Config Mgr (Manager), which manages the
configuration on the O-DU side.

In contrast, CAM and CPM sent via V2N are dynamically
updated on a dynamic map as an example of a V2X App
installed beyond the User Plane Function (UPF). On a
dynamic map, static information, such as a static map,
point cloud, and vector map, is deployed, and dynamic
information is superimposed on the static information [49].
An interface that can be linked to a RAN is required to
utilize dynamic information on the RAN side. Currently,
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FIGURE 6. Tracking speed adjustment.

there are two standardized interfaces for interfacing with
the external functions of xApp: Al and Y1, where Al is
mainly defined for interfacing with orchestrators and Y1 is
for publishing RAN analysis information for internal and/or
external functions. Therefore, we assumed that Al or Y1
is the interface that could be linked to the dynamic map.
In O-RAN deployments, an Al-like interface is typically
suited for policy/configuration exchange at relatively slow
time scales (e.g., selecting reporting rules, thresholds, and
control policies), whereas a Y 1-like interface (or an equiv-
alent service-exposure/message-bus link) is more suitable
for delivering near-real-time analytics/telemetry to the Near-
RT RIC/xApp. Since CAM/CPM-based vehicle states are
updated periodically (e.g., every 100 ms) and must be
delivered with bounded latency for beam updates, we assume
a Yl-like data interface for streaming the V2X state
updates, while an Al-like interface can optionally provision
slower-varying policies (e.g., subscription configuration,
reporting period, and fail-safe thresholds). We discuss the
pros/cons of these options and note that using an A1-like path
for per-vehicle CAM delivery may increase control-plane
overhead and mismatch the intended timescale, whereas a
Y1-like data path better fits the update granularity required
by beam tracking. In this study, the vehicle position and speed
information in the CAM collected by the dynamic map is sent
to the xApp of the Near-RT RIC via the Al or Y1 interface,
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and the xApp of the Near-RT RIC performs beamforming
control on the O-DU side based on the vehicle position
and speed information. The xApp side of the Near-RT RIC
performs beamforming control on the O-DU side based on
the vehicle position and speed information.

Fig. 3 shows a sequence diagram of the previously
described architecture depicted in Fig. 1. In the proposed
sequence design, as a preliminary preparation, the vehicle
must have a PDU session established with the anchor
0-eNodeB and a core for transmitting data to V2X Apps.
Moreover, on the O-DU side, although it is a prerequisite that
the M-plane with O-RU is established and the radio waves are
in OnAir status, control of the O-DU side becomes possible
through the establishment of the E2 interface between the
Near-Realtime RIC and O-DU. On the other hand, for the
collaboration between V2X Apps and the Near-Realtime
RIC proposed in this paper, the synchronization of V2X
Information is necessary. The information passed from the
V2X side includes map information and vehicle information
(SIM and vehicle ID). Through synchronization, it becomes
possible for the RIC to manage vehicle-specific beam
management (such as clustering) linked to map information
and the class structure data of the managed DUs and RUs.
With preliminary preparations, high-speed beam tracking for
CAVs is possible by keying in V2X messages [46], [50].
Specifically, based on ETSI specifications, CAM or CPM
are transmitted to V2X Apps at 100 ms intervals. V2X Apps
update this information on a dynamic map. This study targets
vehicle information in CAM, transmitting the vehicle ID,
location, and speed information as V2X information updates
to Near-RT RIC. Based on the received information, the
Near-RT RIC side searches for the RU and aggregates the
DU in the coverage area where the vehicle is moving. Here,
to initiate control towards beam tracking from near-time RIC,
rather than estimating at a one-time point, it starts after
the next 100 ms when the following V2X Message (i.e.,
CAM) [46] arrives to conduct estimation at least at two time
points. Based on data from two time points, it estimates the
vehicle’s position, determines the beam tracking information,
and controls through the E2 Interface from Near-RT RIC to
O-DU. It then repeats the estimation using the data obtained
every 100 ms as the correct values.

On the other hand, the Near-RT RIC is divided into
control and communication planes. In the Near-RT RIC, the
xApp defined the role of performing these functions within
this study. We assume that xApp is provided by a third-
party. Because the control plane involves the E2 interface,
an interface that supports the SCTP protocol is required
to establish a connection. We used a RESTful API for the
control plane. This architecture and sequence can be realized
by internally operating the aforementioned algorithms using
these protocols. Data flow and interfaces: (i) CAM/CPM
messages are generated on the V2X side and aggregated
by the V2X application (e.g., a dynamic map), (ii) the
vehicle-state tuple (vehicle ID, position, speed, timestamp)
is forwarded to the xApp via a Y1/Al-like interface, (iii) the
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xApp computes the target beam/beam ID, and (iv) the beam
update is delivered to the O-DU over the E2 interface (E2AP
over SCTP) using an appropriate service model carrying the
UE/vehicle identifier and the beam command.

B. PROPOSED METHOD: CAV SPEED ESTIMATION

The system architecture is illustrated in Fig. 4. Accurate
beam tracking is crucial for CAVs to move at high
speeds during beamforming. This study focuses on the link
between O-RU and CAV. Utilizing the mmWave band is
advantageous because of its abundant spectral resources.
Employing massive antenna arrays in beamforming can offset
the coverage limitations and enhance the spatial reuse of
frequency channels. The O-RU has a planar antenna array,
whereas the CAV has a linear array that is mounted on its roof.
In this scenario, the channel coefficient between the antenna
elements of the CAV and O-RU can be described as follows:

" A —j2nd; )
i = (29 .
T W)

where dj; denotes the geometrical distance between the
Jj-th antenna of the CAV and the i-th antenna of the O-RU,
and A is the wavelength. The O-RU performs beamforming
by controlling the phase component of each i-th antenna
element.

—j2ml .
wi = exp - {(m; — 1)cos¢psinf + (n; — 1)cosb} |,

(@)

where [ represents the antenna element spacing. In addition,
m; and n; denote the row- and column-wise indices of
the planar array antenna, respectively. Beamforming can be
achieved by estimating the azimuth angle ¢ and elevation
angle 60 in the vehicle’s direction.

The main objective of our study is to consider the
characteristics of a CAV that moves in a single direction along
a roadway. The O-RU retained the beamforming weight at
the initial edge of the monitored road area. As the vehicle
approach is identified through the signal strength, the O-RU
initiates the speed estimation v,y (¢) from a predetermined
initial value. Subsequently, the azimuth and elevation angles
are adjusted at each time interval At according to the
following formula:

Gest () = Pest (t — At) — Ag
= Qest (t — AL) — tan~! (M) ’ 3)

Ay
Az Sin g (1)

o5t (1) = tan™!
est (1) an [ Ay

] +90°. 4

As depicted in Fig. 5, Ay denotes the vehicle’s position in
the normal direction of the road from the O-RU, and Az is
the height difference between the O-RU and the CAV. These
values are known. The elevation angle 6,5 (¢) is uniquely
determined by ¢, (¢). The estimated speed v.s(t) is then
adjusted if the signal strength or SNR, G(¢), is lower than
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Algorithm 1 V2X-Assisted Beam Tracking at Near-RT RIC)

: traci.start()
. multiple_num_beam
. vertical _horizontal _method <— Vertical or Horizontal
: Set step size At and simulation end time fepq
: Set V2X update period fcam and (optional) RIC control period
Tric
: Initialize V2X buffer Q to store (position, speed , tcam)
7: Configure impairment models for evaluation: delay d and loss
probability pjogs (if enabled)
8: while r < r_end do
9:  traci.simulation.step()
10: t<—t+ At
11:  speed < traci.vehicle.getSpeed(’ vehicleID’)
12:  position < traci.vehicle.getPosition(’ vehicleID’)
13: /I Generate/receive CAM (may be delayed/lost only in
robustness evaluation)
14:  if t mod tcam = O then

[ I N O R R

[=))

15: Create CAM ({position, speed} with timestamp fcam = ¢

16: Apply delay/loss model and enqueue into Q if delivered

17:  endif

18:  // Use the newest available CAM for beam_track (hold-last
if none)

19:  if @ has a CAM with tcam < t then

20: (positionyox, speedyyx) < newest CAM in Q

21: Algale < 1 — ICAM

22:  else

23: (positionyax, speedyyx) < last available CAM (if any)

24: Alstale <~ 0

25:  end if

26:  beam_track(multiple_num_beam, speedvyyx, positionyox,
Altgale, vertical _horizontal _method)

27: end while

28: plot()

29: traci.close()

the previous value G(t — At). Two patterns of search beams
were prepared in the directions of +A¢, and the SNR was
measured for each candidate. Let these values denote G and
G_, respectively. v, is updated based on the beam direction
at which a stronger gain is observed.

Vest (1) = Vesr (t — At) + sgn (log ﬁ) aG(r) )

G_) Gt — At
Here, G(¢), G+, and G_ are to be fed back from the CAV
or directly obtainable via uplink reception, assuming a time
division duplex (TDD). As illustrated in Fig. 6, G+ > G_
indicates that beam tracking is delayed, and thus the estimated
speed should be increased and vice versa. This updated
formula also introduces the ratio of the reception signal
strength as a weight for speed correction, which can flexibly
respond to changes in the moving velocity of the CAV. « is a
parameter used to control the sensitivity. The above strategy
enables high-speed beam tracking owing to the ultimately
reduced search domain with only two candidates upon the
detection of a signal strength reduction. The instantaneous
received SNR G(7) is computed as

wf'H(t)w z
G(1) = 1010g10(|a—2t| :

n

(6)
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TABLE 1. Simulation parameters.

Parameters Values
Carrier frequency
28 GHz 400 MHz
Transmission bandwidth Number of O-RU/CAV
antennas
256 (16x16) /10 10/2m
Height of O-RU/CAV antenna O-RU/CAV antenna gain
8/0dBi 40 dBm
O-RU transmission Power Feeder loss
3dB 3GPP model [52]
O-RU antenna pattern Receiver (CAV) Noise power
—80 dBm Free space
Channel model CAV Velocity
30-90 km/h 20 m
Distance between BS and Road Simulation step size Az
10 ms 100 ms
CAM update period fcam CAM location error std. opos

0/0.5/1.0/3.0 m
CAM latency d
2/4

0/50/100/200 ms
Number of candidate beams

where H(r) = [h;;(¢)] is the channel matrix constructed from
the element-wise coefficients in (1) at time ¢, w and w; are the
transmit/receive beamforming vectors, and a,% is the receiver
noise power as given in Table 1. Here, wL"H(t)wt|2 repre-
sents the beamformed received signal power. Consequently,
we anticipate more accurate communication across a broader
range of scenarios in the future.

IV. SIMULATION RESULTS

A. SIMULATION SETUP

This study wuses the Simulation of Urban Mobility
(SUMO) [51] as a traffic simulator and MATLAB with
the implemented beamforming functionality to construct a
synchronized SUMO-MATLAB co-simulation environment.
SUMO reproduces realistic CAV mobility (time-varying
position and speed), whereas MATLAB executes the beam
tracking control loop based on the received vehicle states and
radio measurements.

The parameter values in Table 1 were selected to
represent a typical 28 GHz FR2 mmWave deployment
and are consistent with widely used NR assumptions
(e.g., transmit power, bandwidth, and the 3GPP antenna
pattern). Importantly, no parameter tuning or optimization
was performed to favor the proposed method; the same
settings are used for all baselines to ensure a fair comparison.
The control-loop parameters (e.g., At and tcam) follow
the SUMO—MATLAB co-simulation clock, and robustness
parameters (e.g., delay d and op0s) are swept in Section IV-C
to quantify sensitivity. To conduct a realistic simulation, the
computational processes in SUMO and MATLAB must be
synchronized to enable data exchange. Hence, an API is
required to coordinate these two software programs. In our
simulation, we employed an API provided by SUMO called
TraCI4Matlab.

Using TraCl4Matlab, SUMO functions as a server and
MATLAB functions as a client. Specifically, MATLAB can
retrieve information using functions within MATLAB, such
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as the speed and position of CAVs running in SUMO and the
width of the roads on which they are moving. The pseudocode
of the SUMO-MATLAB co-simulation and beam-tracking
procedure, incorporating the TraCI4Matlab API, is presented
in Algorithm 1. This pseudocode follows the method
described in Sect. III-B and explicitly clarifies the timing
and data-synchronization assumptions for reproducibility.
In Algorithm 1, multiple_num_beam corresponds to the beam
search mode (e.g., 2-way or 4-way candidate search in our
implementation), and vertical_horizontal_method represents
the dimension in which the beam search is conducted
(horizontal/azimuth in our implementation). Algorithm 1
also models the asynchronous V2X update by maintaining
a CAM buffer and using the newest available CAM; when
no fresh CAM is available, the controller holds the last value
and computes the staleness Afgyle to reflect outdated inputs
(including the robustness evaluation with CAM latency/
location errors).

The simulation configuration is illustrated in Fig. 7.
We used a GUI application called netedit, which includes
SUMO, to create the desired road environment and initiate
the simulation. Once the simulation started, the positions and
velocities of the CAVs were calculated in SUMO and sent to
MATLAB via TraCI4Matlab. MATLAB was used to perform
calculations for beam tracking. This process was repeated
at each simulation step with an interval of 10 ms (At =
0.01 s), while the V2X information (CAM) was updated every
100 ms (fcam = 0.1 s) and can include CAM latency and
location uncertainty in the robustness evaluation. The other
simulation parameters, including Af¢, fcam, ocam, and the
candidate-beam setting (2/4), are summarized in Table 1.
To isolate the impact of the proposed cross-layer control
loop and beam-direction updates, we adopt a deterministic
LoS-dominant channel with distance-dependent path loss
(free-space) and the 3GPP antenna pattern [52], without intro-
ducing stochastic multipath fading in the main evaluation.
This simplification allows a fair and reproducible comparison
of beam tracking behaviors under controlled mobility, while
standardized V2X channel models (e.g., 3GPP TR 38.901)
and transient blockage events are discussed as prioritized
extensions. Finally, the results, such as the measured received
SNR, are calculated and plotted.

Hereafter, the following four beam tracking methods are
compared:

« Conventional beam sweeping [53]: Beam direction is
searched from 60 candidates; 40° to 140 ° in azimuth
with 7° resolution and from 90° to 120° in elevation with
10° resolution.

o Ideal beamforming [54]: The first eigenvector is
extracted from the composed channel matrix.

« Proposed fast beam tracking: Beam direction is updated
every 10 ms based on the algorithm described in
Sect. III-B, where the beam search candidates were
2 or 4.

o Proposed fast beam tracking with Near-RT RIC:
Accurate location and velocity information are provided

49318

ITS Simulator

N netedit
= oA
/> Create Original Road
SUMO :“ .............. {l—]} ...... ......---.....“
i CAV Position/Velocity Calculation

{loop |

| TraCl4Matiab (API) |

‘\ Proposed Beam Tracking Method',-5

A Je
Plot results
Wireless Communication Simulator

FIGURE 7. Simulation Setup.
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FIGURE 8. Curve road design.
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(a) R=60

(b) R=30.

FIGURE 9. Curve road condition.

every 100 ms and 10 ms, respectively. Beam tracking

was performed every 10 ms.
To consider a realistic road, it is necessary to create curved
roads in SUMO. While the shape of a straight road is uniquely
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FIGURE 10. Straight road: varying velocity from 30 km/h to 45 km/h.

determined by its length, in the case of a curve, an additional
parameter representing the sharpness of the curve must be
considered in the model. For a quantitative discussion of
this metric, this study used the radius of curvature as R.
The netedit function is used to create roads in SUMO.
In the netedit function, it is impossible to directly specify
the radius of curvature to create a curved road. Instead, the
distance between the arc and chord of the curve, which is
considered a sector, can be specified, as shown in Fig. §as ¥,
to create the desired curved road. The relationship between R
and Y can be expressed using the properties of a circle and
Pythagorean theorem, as shown in the following equation:

Y =R—+vR2—900 )

In this simulation, a simple road model is used to evaluate
the effectiveness of the proposed architecture. Specifically,
two scenarios were examined: a straight and a curved road.
For the curved road scenario, both a smoothly curved road
and steeply curved road were considered. Fig. 9 illustrates the
smooth curved road (R=60) and steep curved road (R=30).

B. EVALUATION
In this study, we conducted assessments in scenarios of
straight and curved roadways. In each scenario, we compared
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FIGURE 11. Straight road: varying velocity from 45 km/h to 60 km/h.

the conventional method with the proposed method by
controlling and varying the speed of SUMO, as described in
Section IV-A.

1) STRAIGHT ROAD

In the initial evaluation, we examined the effectiveness of the
proposed beam tracking algorithm described in Sect. I1I-B
with varying velocities on a straight road. Figs. 10 and 11
show the SNR and cumulative distribution function (CDF)
results at variousvelocities. The black line represents the the-
oretical (ideal) value, the green line represents conventional
beam sweeping, and the red line shows the results of the
proposed beam tracking with two beam search candidates.
From the SNR results in Fig. 10(a), it is evident that the
proposed method is superior to the conventional methods.
In addition, beyond 25 m, the results of the proposed
method work well with the difference between the estimated
and actual velocities, indicating a more accurate velocity
estimation. The difference of up to 25 m was due to the
inability to accurately estimate velocity. The highest SNR at
30 m occurs because the mmWave O-RU is placed at that
point. In Fig. 10(b), it is clear that the proposed method
outperforms the conventional method in all CDF cases,
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FIGURE 12. Straight road: varying velocity from 60 km/h to 75 km/h.

as evidenced by the results in Fig. 10(b). The proposed
method was superior to the conventional method for straight
roads with a velocity change from 30 to 45 km/h. On the
other hand, the results for a velocity change from 45 km/h
to 60 km/h are shown in Fig. 11. Fig. 11(a) shows that the
proposed velocity estimation deteriorates owing to the initial
increase in velocity, leading to worse performance than the
conventional method from approximately 15 mto 35 m. As a
result, the CDF in Fig. 11(b) is almost equivalent to that of
the conventional method for approximately the top 50 %.

To address this problem, increasing the range of velocity
estimation by increasing the number of beam searches from
two to four, and a collaborative method with the proposed
architecture, Near-RT RIC, is proposed. The results of these
proposals are shown in Figs. 12 and 13. The content indicates
that there are two beam search candidate is 2, represented
by the red line. The red dotted line represents the proposed
method with four candidates for beam search, and the blue
line indicates the results of applying the Near-RT RIC. In both
results, it is clear that increasing the number of candidates
for beam search from two to four improves the performance,
but there is a degradation in performance when the velocity
increases from 60 km/h to 75 km/h, similar to when the beam
search direction is two. However, results almost equivalent
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FIGURE 13. Straight road: varying velocity from 75 km/h to 90 km/h.

to the ideal value were achieved by inputting the proposed
algorithm, which estimates the CAV location every 10 ms,
into the Near-RT RIC every 100 ms using CAM information.

Thus, beam tracking is feasible in low-velocity environ-
ments of up to 30 km/h. However, the so-called 10 ms
periodic CAV velocity estimation in the RAN is utilized only
in the Near-RT RIC. However, in high-velocity environments,
there is an issue of gain degradation owing to conventional
beam sweeping because the accuracy of capturing CAVs
within the velocity estimation range deteriorates. Therefore,
we integrated the CAV speed estimation with a newly
proposed architecture that receives CAV position information
from CPM via the xApp of Near-RT RIC within a 100 ms
range to achieve results close to the theoretical value in a
high-speed environment.

2) CURVE ROAD

Building on the previous subsection, we evaluated the
performance on curved roads with R = 60 and 30, changing
the speed from 75 to 90 km/h. The results are shown in Fig. 14
and 15, respectively. Fig. 14(a) shows that the Near-RT RIC
using CAM performs better than any other method, achieving
results almost equivalent to the theoretical values. It is also
quite effective on curved roads. This outcome is also reflected
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FIGURE 14. Curve road (R=60): varying velocity from 75 km/h to 90 km/h.

in the CDF, as depicted in Figs. 14(b) and 15(b), leading to an
improvement of approximately 5 dB, which is achievable at a
high speed without increasing the number of beam searches.

However, using only the CAV speed estimation in Eq. (5),
although initially effective when increasing the number of
beam searches, the accuracy levels off at approximately
39 dB, which is nearly equivalent to conventional methods.
In addition, as shown in Fig. 15(a), for the sharper curve with
R = 30, the overall SNR decreased owing to the increased
distance at the farthest point of the curve. This figure shows
that the results with Near-RT RIC are more accurate than
those of any other method, successfully tracking the beam
for high-speed moving vehicles.

3) COMPARISON WITH KALMAN FILTER-BASED
RADIO-ONLY BEAM TRACKING

Additionally, we implemented a KF-based radio-only beam
tracking baseline and compared it with the proposed Near-
RT RIC-assisted method. The KF baseline relies solely
on radio-layer observations and does not exploit any V2X
application-layer information such as CAM/CPM. Specifi-
cally, we model the state as

X = [, il (8)
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FIGURE 15. Curve road condition (R=30): varying velocity from 75 km/h
to 90 km/h.

where ¢ denotes the azimuth AoD and ¢y is its angular rate,
and adopt a constant-angular-rate motion model as expressed
by

Xp+1 = AX + Wy )

1 At
A=b1] (10)

The observation z; is obtained from SNR-based local
probing. At each update, we form a small candidate set
around the predicted AoD on a discrete angular grid
(e.g., 7° step) and select the candidate that maximizes the
instantaneous SNR as zi. This zx is then used to update the
KF and determine the transmit beam for the subsequent slot.

Fig. 16 compares the proposed method with conventional
beam sweeping, a radio-only KF baseline, and the CAM-only
baseline under the curved-road scenario (R = 60). As shown
in Fig. 16(a), the proposed method maintains higher SNR
along the trajectory, whereas the radio-only KF and CAM-
only baselines achieve moderate improvements over beam
sweeping but remain below the proposed method. Fig. 16(b)
further confirms the performance gap in terms of the SNR
distribution.

The observed ~3 dB gap is largely explained by the
difference in how prediction drift is suppressed. The proposed
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FIGURE 16. Comparison among the proposed method and baselines
(beam sweeping, radio-only KF, and CAM-only baseline) under
curved-road condition (R = 60): varying velocity from 75 km/h to

90 km/h.

method periodically corrects the beam direction using V2X-
assisted vehicle-state information (e.g., position and speed),
which mitigates the accumulation of tracking errors under
acceleration and curved motion. In contrast, the radio-only
KF relies on SNR-derived AoD observations that are
quantized on a discrete angular grid and confined to a local
search window around the prediction. As a result, residual
pointing errors occur more frequently, which reduces the
effective array gain and leads to a systematic SNR loss
compared to the proposed cross-layer approach.

We also implemented a CAM-only baseline to isolate the
contribution of simply providing CAM-based steering targets
without using the proposed motion-based update rule. In this
baseline, the beam direction is updated only when a new
CAM is available (every fcam = 100 ms) by steering
toward the CAM-reported vehicle position, and the selected
beam is held between CAM updates. For the remaining
time steps (every At = 10 ms except the CAM-update
instants), we apply full beam sweeping to select the beam;
thus, CAM is used only as a periodic hold/update reference
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while the tracking performance is mainly governed by
radio-only sweeping.

4) ROBUSTNESS: CAM LATENCY AND LOCATION ERRORS
To quantitatively evaluate robustness against imperfect V2X
signaling, we introduce an additional latency t and location
errors to CAM delivery to the Near-RT RIC and measure the
resulting SNR distribution.

Fig. 17 shows the CDF of SNR under t € {0, 50, 100,
200} ms. The results indicate that small latencies (0-50 ms)
cause only marginal changes, whereas 100 ms latency yields
a noticeable left shift of the CDF, implying a systematic
SNR degradation due to outdated vehicle-state priors. When
the latency increases to 200 ms, a significant probability
mass appears in the low-SNR region, which corresponds
to frequent beam misalignment events. This behavior is
consistent with the geometry-driven nature of the proposed
control: a delayed CAM represents the vehicle state at time
t — 7, and the vehicle can move approximately vt during the
delay. Such a displacement translates into an angular error in
the estimated beam direction, and mmWave links with narrow
beams are highly sensitive to this pointing error, leading to
a sharp array gain loss and thus SNR degradation. These
results highlight that timely V2X updates are critical for
sustaining mmWave beam alignment and motivate fail-safe
designs such as (i) enlarging the search window as a function
of t and (ii) switching to radio-only tracking (e.g., KF-based
predictor) when the age of CAM exceeds a threshold or when
successive CAM updates are missing.

In practical CAV operations, CAM/CPM position informa-
tion is subject to GNSS/IMU uncertainty and sensor-fusion
errors. To quantify the robustness of the proposed Near-RT
RIC-assisted beam tracking against such imperfections,
we inject a zero-mean Gaussian perturbation into the

CAM-reported vehicle position as p = p + e, where
e ~ N(0, ogosl). We consider op0s € {0,0.5,1,3} m,

where opos = 0 corresponds to the ideal (Perfect CAM).
Fig. 18 shows the CDF of the received SNR under the
curved-road condition (R = 60 m). As opos increases,
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the probability of beam misalignment increases, leading to
a systematic left shift of the SNR CDF. This result indicates
that, while application-layer priors are effective for narrowing
the search space, accurate beam control in high-mobility
mmWave links still requires tight synchronization with fast
radio-layer feedback and robust update logic.

V. DISCUSSION ON FUTURE WORKS
This section discusses the future possibilities of studies
related to O-RAN-based V2X, including RIC.

A. COMPARISON WITH EXISTING BEAM TRACKING
METHODS

Beam tracking has been widely studied using radio-only
predictors such as KF, EKF, and machine-learning based
methods (e.g., LSTM networks) [38], [39]. It is worth noting
that CAM messages already contain position and velocity
information that are typically stabilized within the vehicle
using Kalman filtering or sensor fusion techniques. This
vehicle-side filtering improves GNSS/IMU accuracy, but the
update interval of CAMs is typically 100 ms, which is too
coarse for sustaining mmWave beam alignment under high
mobility without additional fast radio-layer feedback.

By contrast, our proposed architecture leverages CAM/
CPM information as higher-layer priors while fusing them
with radio-layer feedback such as SNR, which is available at a
10 ms timescale through Near-RT RIC. This cross-layer syn-
chronization enables more accurate and timely beam tracking
than relying solely on CAM information (even when using
KF) or conventional radio-only predictors. To further position
our contribution, we provided a quantitative comparison with
a KF-based radio-only beam tracking baseline under the same
evaluation setting. In the baseline, the state was modeled by
the azimuth AoD and its angular rate, and the observation
was obtained from the SNR-based local probing around the
predicted AoD direction. As shown in Fig. 16, the proposed
method achieves consistently higher SNR and a right-shifted
SNR CDF compared to both conventional beam sweeping
and the radio-only Kalman baseline, demonstrating the
benefit of incorporating V2X application-layer priors into the
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Near-RT RIC control loop. A head-to-head comparison with
learning-based radio-only predictors (e.g., long short-term
memory (LSTM)) and more diverse propagation conditions
is left as future work.

B. PREDICTIVE COMMUNICATIONS

The AV has a planning function that includes future path
planning information. It is possible to predict future com-
munications by aggregating vehicles’ future path-planning
information within the communicable range of RSUs and
sharing this information with others. For instance, this
can lead to a more efficient allocation of resource blocks
timed with the occurrence of future communications and
suppression of interference. Moreover, it can be useful
in controlling beamforming in line with the prediction of
blocking that may occur during a vehicle’s movement and
in coordination with technologies such as cell-free. Thus,
future predictive communication can target a few seconds
or even a few minutes to several hours ahead, depending on
the technology and its intended purpose. These AV data are
useful because communication is exchanged every few mil-
liseconds. However, it is important to conduct research based
on a proper understanding of multiple technological elements
and to base this research on the proposed architecture.

C. ROBUSTNESS SUPPORT

This study proposes a method for integrating V2X applica-
tions with the Near-RT RIC. However, robustness is a signif-
icant challenge when considering actual implementation in
society [55]. Specifically, problems such as the interruption
of information from V2X Apps during beamforming updates
in O-DU can lead to a loss of control in beam tracking.
To quantitatively examine such robustness issues, we eval-
uated the performance degradation under imperfect CAM
information, including CAM latency and CAM location
errors (Sect. IV-B4), Figs. 17 and 18. The results indicate that
increased latency and larger location errors lead to a system-
atic SNR degradation and raise the probability of beam mis-
alignment events, emphasizing the importance of timely and
accurate V2X inputs for mmWave beam control. [n mmWave
V2X, transient vehicle blockages can trigger abrupt LoS/
NLoS transitions and severe link degradation, where system-
level mobility management (e.g., beam/cell HO across
multiple RSUs/O-RUs) becomes tightly coupled with beam
tracking. A comprehensive evaluation under standardized
channel models and explicit blockage/HO dynamics is
therefore an important next step beyond the single-coverage
beam tracking focus of this paper. In addition, these results
suggest that similar events may occur during RIC as a
system failure. Therefore, practical fail-safe mechanisms
should be considered to maintain stable operation under stale
or unavailable inputs, e.g., holding the last valid control
decision with a timeout, suppressing excessive switching
to avoid control jitter, enlarging the local search window
as a function of CAM age, and falling back to radio-only
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tracking (e.g., the KF-based baseline in Sect. IV-B3)) when
successive CAM updates are missing or stale. Therefore,
it is necessary to investigate the redundancy in each system,
interface, and method for failover mechanisms. This includes
health monitoring (e.g., heartbeat/watchdog) and redundant
connectivity for xApp/E2-related control paths to enable
rapid failover when the RIC/xApp experiences overload or
failures. In particular, for resilience to multiple conditions,
it is essential to develop algorithms that ensure reliable
operation under various conditions, including extreme or
unexpected environmental, operational, or input changes.
The ability to diagnose problems with independent interface
functionalities and initiate corrective actions without external
intervention is especially important. Furthermore, ensuring
scalability, flexibility, and security is crucial, particularly to
protect the integrity and authorization of control messages
on interfaces such as E2 (e.g., preventing spoofing,
tampering, and unauthorized access). Finally, while the
current evaluation is conducted in a synchronized simulation
environment, integrating the proposed control logic with
open-source 3GPP- and O-RAN-compliant software stacks
(e.g., OAI [56]) is an important next step toward practical
validation and will be pursued in future work.

D. USE CASE DISCUSSIONS

The integration discussion with Near-RT RIC is not limited
to V2X but can also be applied to aerial vehicles such
as unmanned aerial vehicles (UAVs). In particular, it is
necessary to consider equipping aerial vehicles with O-DU
or O-CU. In such cases, the discussion should not only
focus on integration, but also require a re-examination of
the architecture, including reducing power consumption in
the minimal configuration of O-DU and O-CU and operating
with limited computational capabilities. Furthermore, when
considering multiple UAVs operating collaboratively and
controlled via RIC, there may be a need for redefinition
within the O-RAN Working Group if a sub-10 ms order is
required. Therefore, research based on use case scenarios
plays a crucial role in further enhancing the discussion of use
cases utilizing RIC.

Leveraging AI/ML as part of RIC functionality is a critical
approach. For instance, Miyazawa et al. [57] demonstrated
the effectiveness of an RIC rAPP by predicting future human
flow based on past data to control power consumption. Addi-
tionally, Marinova et al. [58] surveyed AI/ML workflows and
highlighted the importance of RIC in maintaining datasets to
enhance intelligence. Salvatore et al. [59] proposed a design
and algorithm to enhance the orchestrator using AI/ML
workflows, evaluating both simulations and a prototype for
the intelligence of the orchestrator in an O-RAN. These
studies underscore the importance of maintaining datasets
within applications to make RAN functions more intelligent.
Consequently, future discussions should emphasize the
significance of applications that hold data as datasets to
further enhance the functionality of the RAN.
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VI. CONCLUSION

This paper proposed an O-RAN-based architecture that
enables the integration of V2X applications with the Near-RT
RIC for mmWave beam control. We clarified the interaction
sequence among the functional components in the proposed
architecture and developed a system model for mmWave
beam tracking that leverages V2X-derived vehicle states.
To evaluate the proposed concept, we implemented a software
simulation environment that injects CAV states (e.g., position
and velocity) and road/traffic information generated by
SUMO into the mmWave O-RU side, and we quantitatively
compared the resulting performance against representative
baselines, including conventional beam sweeping and a
KF-based tracking baseline.

The results showed that the vehicle speed estimation
model can improve beam tracking performance in low-speed
environments compared with conventional beam sweeping.
However, at high speeds, the speed estimation model alone
may not accurately follow rapid vehicle motion, resulting in
performance that can become comparable to the conventional
method. In addition, we also need evaluate including dynamic
blockage as well as channel model [60] (e.g., reflection,
diffraction). On the other hand, when accurate CAV position
information is provided periodically (every 100 ms) through
V2X, combining it with the speed estimation model enables
beam tracking for high-speed CAVs in both straight and
curved-road environments, achieving performance close
to the theoretical reference. These findings indicate that
positioning V2X as an application and coordinating it with
the Near-RT RIC can overcome limitations of radio-only
beam management.

We also investigated robustness against imperfect V2X
inputs by evaluating performance degradation under CAM
latency and CAM location errors. The results confirmed that
increased latency and larger location errors directly degrade
beam control performance, highlighting the importance
of timely and accurate V2X information and motivating
practical fail-safe operation under stale or missing inputs.
Finally, while our current simulation software focuses
on a Python-based implementation of the beamforming/
beam-tracking logic, an important next step is to map and
validate the proposed framework on 3GPP- and O-RAN-
compliant open-source 5G full stack test platforms such
as OAI [56]. In addition, a comprehensive evaluation in
more complex environments (e.g., multi-lane roads, dense
traffic, and urban layouts with multiple RSUs) and fair
comparisons with learning-based baselines will be addressed
as prioritized future work. While this paper focuses on beam
tracking within a single O-RU coverage region, the proposed
V2X-assisted Near-RT RIC control can be extended to
mobility management functions such as proactive HO across
neighboring O-RUs/RSUs including overheaf computation in
Algorithm 1. By leveraging trajectory prediction and periodic
V2X state updates, the RIC can pre-configure candidate
beams and HO targets before link degradation, potentially
reducing beam/cell HO outages and interruption time in
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dense and multi-lane traffic scenarios. We have started to
address standardized channel modeling and blockage/HO
dynamics in a companion study that evaluates multi-BS
mmWave V2X HO under 3GPP TR 38.901-based LoS/NLoS
and blockage scenarios [61], [62].
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