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Abstract—Connected and autonomous vehicle (CAV) networks
face several challenges, such as low throughput, high latency, and
poor localization accuracy. These challenges significantly impede
the implementation of CAV networks for immersive metaverse
applications and driving safety in future 6G wireless networks.
To alleviate these issues, integrated sensing and communications
(ISAC) is envisioned as a game-changing technology for future
CAV networks. This article presents a comprehensive overview
on the application of ISAC techniques in vehicle-to-infrastructure
(V2I) networks. We cover the general system framework, repre-
sentative advances, and a detailed case study on using the 5G New
Radio (NR) waveform for sensing-assisted communications in V2I
networks. Finally, we highlight open problems and opportunities
in the field.

Index Terms—integrated sensing and communications, vehicle-
to-infrastructure, metaverse, beam tracking, 5G NR

I. INTRODUCTION

A. Background and Motivations: ISAC-Empowered Vehicular
Networks for Metaverse

The metaverse has the potential to be a revolutionary
application for future 6G mobile networks, bringing both
significant technical advances and commercial opportunities.
Connected and autonomous vehicles (CAVs) are mobile plat-
forms that can benefit from the metaverse. The significance
of the metaverse for CAV networks lies in providing a more
intelligent, convenient, and safe travel experience, achieving
seamless connectivity for CAV networks, improving trans-
portation management efficiency, and bringing more intelligent
and efficient development to future transportation and travel.
To this end, critical Quality of Service (QoS) requirements are
needed, including ultra-high throughput (at least 100 Gbps),
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high reliability (at least 99.9999%), and ultra-low delay (less
than 0.1 ms), etc.

With the help of digital twins of real road environments
and extended reality technologies, etc [1], all driving decisions
can be made within the metaverse, as illustrated in Fig. 1. To
enable a seamless integration between the physical and digital
worlds in the future 6G era, the metaverse requires ubiquitous
and highly accurate wireless sensing services. This will unlock
the potential for co-designing sensing and communications
(S&C) functionalities on a single platform, using the same
spectrum and even a unified transmitting waveform. This
approach, known as integrated sensing and communications
(ISAC), will facilitate the mapping of virtual and real ob-
jectives, ensuring an immersive metaverse experience. In an
ISAC system, S&C functionalities are no longer treated as
separate end-goals, rather they are co-designed to pursue
mutual benefits. The motivations of ISAC are influenced by
both internal technological trends and external commercial
requirements of S&C, as summarized below [2].

• Technical Trends: Both S&C are evolving towards
higher frequencies, such as mmWave and THz bands,
where ISAC is a cost-effective paradigm shift which pro-
motes the miniaturization of equipment, the improvement
of spectral and power efficiencies, and the reduction of
hardware and signal processing overheads, etc.

• Commercial Requirements: The convergence of S&C
technologies has the potential to enhance spectral effi-
ciency, resulting in significant economic benefits. Nev-
ertheless, current 5G mobile networks are not equipped
with basic sensing capabilities. Therefore, it is crucial
for the next generation of mobile networks, 6G, to in-
corporate sensing abilities such as tracking, localization,
mapping, and imaging.

Based on motivations above, two primary advantages of ISAC
can be summarized [2]. Firstly, ISAC provides integration
gains by allowing shared radio resources for dual-functional
S&C, which helps reduce the duplication of transmissions, de-
vices, and infrastructure. Secondly, ISAC offers coordination
gains by enabling mutual assistance between S&C.

B. Research Progress: Classifications of Beam Management

The vehicle-to-everything (V2X) networks enable infor-
mation sharing among vehicles, infrastructures, Internet, and
pedestrians, among which the vehicle-to-infrastructure (V2I)
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Fig. 1. Illustration of metaverse of road environments in 6G mobile networks, where ISAC plays an important role.

links are expected to be tightly connected with 6G mo-
bile networks. By exploiting massive multi-input-multi-output
(mMIMO) antennas and increasing the carrier frequency to
mmWave and THz bands, the communication throughput
is capable of being immensely improved due to the large
bandwidth provided by substantial spectral resources, and the
significant beamforming gain of pencil-sharp beampattern with
low sidelobes. To that end, the efficient mMIMO beam man-
agement becomes a basic premise and exhibits a more serious
bottleneck challenge in high-mobility V2I networks due to
fast-changing channel characteristics, which is regarded as a

limiting factor for practical implementation of CAV metaverse
applications. On the whole, representative beam managements
include the following three frameworks, as shown in Fig. 2.

• Communication-Enabled Method: In conventional V2I
networks, beam management is achieved through beam
training, which requires frequent signaling feedback be-
tween vehicles and base stations, and incurs significant
angle searching overheads throughout the spatial domain.
To this end, more pilots, such as synchronization signal
blocks (SSBs) and channel-state-information reference
signals (CSI-RSs), have to be allocated in the pream-
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Fig. 2. Illustration of three representative beam management frameworks.

ble of frames, which significantly reduces the spectral
efficiency. While the beam tracking technique is capa-
ble of reducing the angular searching region through
leveraging the temporal correlation between adjacent
transmission slots, it still needs repeated handover and
feedback to ensure seamless vehicular connectivity. As
a consequence, current beam management techniques
based on communication-only protocols are unable to
meet QoS requirements for both CAV and the metaverse
simultaneously.

• Extra Radar Sensor-Assisted Method: ISAC’s inte-
gration and coordination gains enable independent S&C
components to be co-designed collaboratively. In the
context of V2I networks, sensing-assisted communication
can reduce frequent sweeping overheads, while improving
localization accuracy and robustness in high-mobility
scenarios. An initial concept for implementing sensing-
assisted communications involves installing a radar sen-
sor to the roadside unit (RSU) [3]. This sensor would
be used to gather channel state information, which can
be utilized to aid for beam alignment in V2I networks.
While reducing training overheads may improve the S&C
coordination gain, incorporating an additional radar sen-
sor with its own spectral band, waveform generator, and
processing unit may lead to a loss of integration gain.
This may increase spectral consumption, hardware cost,
and equipment size, ultimately resulting in an approach
that may not be cost-effective.

• ISAC Method: One approach that exhibits more promise
is to use the communication signal itself for sensing,
rather than employing only the preamble. This can be
achieved by utilizing the entire data frame. Essentially,
the sensing receiver of the RSU can extract localization
information from echoes using radar sensing algorithms.
Compared to communication-only approaches, the ISAC-
enabled sensing-assisted communications approach offers
several advantages [4]–[8], including:

1 Release of Pilot Overheads: The use of an ISAC-
enabled approach can alleviate the burden on CSI-RS
and uplink feedbacks, as localization information can
be obtained through echoes at the sensing receiver.

It is important to note, however, that demodulation
reference signals (DMRS) are still necessary for co-
herent demodulation in the communication receiver
and are therefore included as part of the SSB. To
further illustrate this point, a comparison of frame
structures can be found in Fig. 3.

2 Significant Localization Gain: Although sensing
echoes experience larger path loss due to the round
trip as compared to the communication propagation
in a single trip, the benefits of using a larger block
for localization are still significant. The use of an
entire block instead of limited pilots results in a
remarkable improvement in the signal-to-noise ratio
(SNR) due to matched filtering, which is less affected
by path loss. Moreover, the additional degrees of
freedom (DoFs) of distance and velocity, beyond just
angle, also contribute to the SNR gain. As a result
of these factors, the overall localization accuracy is
significantly improved.

The remainder of this article is organized as follows. Firstly,
we start by holistically reviewing the systematic framework
of ISAC-enabled V2I networks. Subsequently, we introduce
the main challenges and their solutions. Furthermore, a case
study is elaborated by designing ISAC frame structures and
sensing-assisted beam management methods based on 5G NR
protocols. Finally, we shed light on a number of open problems
and opportunities deserved to be further studied in the future.

II. GENERAL SYSTEM FRAMEWORK

A. Fundamental Architecture

We consider mmWave RSU with active sensing capabilities,
specifically focusing on the collocated ISAC transmitter and
sensing receiver. The ISAC transmitter is particularly impor-
tant because it concurrently transmits a unified waveform for
both S&C functionalities. To ensure effective operation of the
system framework, it is crucial to maintain good isolation
between the ISAC transmitter and sensing receiver, especially
since the RSU transmits a continuous signal. This necessitates
that the RSU operates in in-band full-duplex (IBFD) mode
to eliminate self-interference. Current techniques are capable
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Fig. 3. Illustration of frame structures: communication protocol-based beam
training/tracking and sensing-assisted beam tracking.

of achieving self-interference cancellation of more than 110
dB, which is widely acknowledged [9]. Additionally, it is
noted that, the RSU utilizes a mMIMO uniform linear array
(ULA) or uniform plane array (UPA) to generate a pencil-sharp
narrow beam with exceptionally high array gain.

B. ISAC Transmit Waveforms

• Orthogonal Frequency Division Multiplexing
(OFDM): OFDM modulation has been widely applied
in 4G/5G cellular systems and WiFi networks, thanks
to its numerous benefits such as resilience to multipath
interference, simple structure and low implementation
cost facilitated by the fast Fourier transform (FFT)
algorithm, orthogonality of subcarriers, and frequency
diversity, etc. Moreover, OFDM has gained much
attention in the radar community due to its unique
properties, such as a thumbtack ambiguity function and
the ability to synthesize a large time-bandwidth product.
However, it is susceptible to severe Doppler spread. This
becomes particularly relevant in CAV networks where
high mobility is a key factor. The sensitivity of OFDM
to Doppler effects, including intercarrier interference
(ICI), can lead to beam tracking failures. In Sec. IV, we
present a case study using the 5G NR waveform, which
is based on OFDM, to illustrate this issue.

• Orthogonal Time-Frequency Space (OTFS): OTFS is a
modulation scheme that operates in the two-dimensional
domain of delay-Doppler (DD), enabling it to adapt to
the high dynamics of time-varying channels in the time-
frequency (TF) domain. The ingenious design of OTFS
enables a perfect interaction between transmitted signals
and the DD domain channel characteristics. By converting
information modulation to the DD domain, OTFS can
effectively mitigate the effects of channel fading and
interference. This is also crucial for exploiting echoes to
estimate delay and Doppler shifts. Compared to OFDM,
OTFS offers full diversity as each data symbol is spread
over the entire TF domain and has a lower peak-to-

average-power ratio (PAPR), making it a better candidate
for certain applications [6].

C. S&C Channels at MmWave Bands
Overall, both S&C exhibit similar channel characteristics as

they operate in common mmWave bands. Firstly, the mmWave
channels for both S&C are sparse, meaning that they involve
fewer non-line-of-sight (NLoS) components compared to con-
ventional sub-6GHz channels. Secondly, the lower sidelobes
of mmWave beams for both S&C contribute to a reduced
vulnerability to eavesdropping and jamming. Moreover, the
ISAC transmitter sends a unified signal to the vehicle1, where
the impulse response of sensing channel is determined by the
target being sensed. Many studies treat the vehicle as a point-
like object, which is usually based on the slowly fluctuating
Swerling I-type model. However, this model of the sensing
channel is inadequate when the resolution is higher. For
example, when using the mMIMO array in mmWave bands,
the sensed target has strongly extended contents, which will be
elaborated on in Sec. III-B. Despite mmWave S&C channels
having higher power attenuation than sub-6GHz channels, the
high array gain of mMIMO beams can effectively counteract
this path loss. Additionally, NLoS paths contribute to the
communication throughput, while NLoS clutter components
received by the sensing receiver may jeopardize the sensing
capability. The tradeoff between these factors will be further
examined in Sec. V-C.

D. Sensing Receive Algorithms

• Kalman Filtering: The Kalman filter, which is a linear
minimum mean square error (MMSE) estimator, uses
a series of measurements observed over time, includ-
ing statistical noise and other uncertainties, to estimate
unknown variables. It does so by estimating a joint
probability distribution of the measurement and state
variables for each time slot. Additionally, it determines
the optimal weight factor between the measurement
model and state evolution model, known as the Kalman
Gain. For non-linear models, the linear approximation
can be utilized, such as with extended Kalman filtering
(EKF) and unscented Kalman filtering (UKF), among
others. The Kalman filter family is especially useful for
high-mobility V2I communications due to its predictive
beamforming capabilities [4]. Based on its advantages,
including its ability to handle non-stationary data, the
Kalman filter family is a promising technique for beam
management applications. However, it is important to
note that applying Kalman filtering may result in non-
optimal performance in the presence of non-Gaussian
noise. Additionally, successful implementation of Kalman
filtering requires prior knowledge of measurement and
state errors, which can be estimated beforehand or sub-
stituted with the corresponding Crámer-Rao bound (CRB)
values.

1From a broader perspective, S&C channels in V2I networks are strongly
coupled, suggesting that the sensing target is also the communication user it-
self. That is why transmitting the unified waveform is sufficient to accomplish
both S&C tasks.
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• Bayesian Filtering: Kalman filtering is a linear filtering
technique that is considered optimal for estimating states
in systems with Gaussian uncertainties. It is a special
case of Bayesian filtering, which involves estimating
the probability distribution of unknown variables based
on sensor measurements and prior knowledge. From
an optimal estimation perspective, sensing-assisted beam
tracking involves inferring unknown variables such as
distance, velocity, and angle from measurements and
states using the maximum a posteriori (MAP) estimator.
The motion parameters of vehicles can be estimated and
predicted using a factor graph and the message passing
algorithm. While the standard message passing algorithm
cannot provide closed-form solutions, a modified mean
field message passing algorithm and second-order Taylor
expansion can be used to linearize the inverse trigonom-
etry functions [5]. This approach is preferable to particle
filtering, which requires a large number of particles
and can be computationally expensive. It is also worth
highlighting that using the mean field algorithm and
Taylor expansion balances complexity and performance
effectively.

III. CHALLENGES AND SOLUTIONS

The constructed ISAC-based system framework has dis-
played significant potentials in enabling sensing-assisted com-
munications for V2I networks. However, some key obstruc-
tions still prevent its practical implementation. To summarize,
we list some critical issues that we have solved as below.

A. ISAC Resource Allocation

At the macro level, one of the primary issues faced by ISAC-
enabled V2I networks is resource allocation. The allocation of
transmit resources to multiple services is crucial for achieving
better QoS of S&C. However, due to the limited resource
budget, such as power and bandwidth, there is a tradeoff
in performance among S&C users. To address this issue,
we emphasize the importance of allocating bandwidth to
different beams, as this approach can help to mitigate mutual
interference between adjacent beams, particularly when they
are partially overlapped. To illustrate this, a unified resource
allocation framework has been proposed [10], where the QoS
of sensing, including detection, localization, and tracking,
is quantified by specific metrics. This framework aims to
optimize the allocation of resources by prioritizing the most
critical metrics for each type of service, thereby improving the
overall performance of ISAC-based vehicular networks.

• Probability of Detection: When a threshold is set for a
specific probability of false alarm, the Neyman-Pearson
criterion can be used to measure how detectable a target
is.

• CRB: The CRB is known as a theoretical lower bound on
the variance of an unbiased estimator. Usually the mean
square error (MSE) is able to approach the CRB in the
high-SNR regime.

• Posterior CRB (PCRB): The PCRB is naturally tailored
for tracking services since the filtering procedure is
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Fig. 4. Illustration of beam tracking for extended targets, and the tailored
frame structures for this issue: ISAC-DB and ISAC-AB.

contributed by both the measurement and the prior state
evolution model.

By combining the three sensing QoS metrics with commu-
nication QoS, such as achievable sum-rate, it is possible to
achieve adjustable performance trade-offs for resource alloca-
tion by allocating power and bandwidth resources according
to the desired system requirements. Fortunately, the resource
allocation problems that arise from this framework can be
effectively solved by alternately optimizing the power and
bandwidth allocation variables, thanks to the convexity of the
formulated problems [10].

B. Point Targets versus Extended Targets

Thanks to the abundant spectral resources available at
mmWave bands for radio transmission, the sensing range res-
olution is relatively high. Moreover, the pencil-sharp mMIMO
beam may not illuminate the entire vehicle, resulting in highly
extended contents at the sensing receiver in both angular and
range domains. This phenomenon leads to an undesirable
outcome where the RSU cannot identify the precise location
of the communication antenna, even when the vehicle is
accurately tracked, as illustrated in Fig. 4. Furthermore, the
communication antenna may actually be outside the effective
mainlobe of the beampattern, resulting in poor data transmis-
sion performance. To address this problem, two novel schemes
[7] have been proposed, which are also displayed in Fig. 4 for
convenience.

• ISAC with Dynamic Beam (ISAC-DB): An intuitionis-
tic idea is to adjust the beamwidth dynamically to ensure
that the entire vehicle geometry can be illuminated.
This would result in the resolved scatters being almost
uniformly distributed throughout the vehicle geometry,
allowing us to infer the position of the communication
antenna. However, widening the beam can lead to a lower
array gain, which is not beneficial for communication
transmission.
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• ISAC with Alternant Wide Beam and Narrow Beam
(ISAC-AB): To improve the communication rate, an
upgraded scheme was proposed to split each transmis-
sion block into two stages. The first stage employs the
dynamic beamwidth described earlier, while the second
stage uses mMIMO narrow beam transmission aided by
the estimated angle from the first stage. In some sense,
the dynamic part of the first stage plays a similar role
to pilots, but also has communication ability. We also
construct an optimal duration allocation scheme as a con-
vex optimization problem. The objective is to maximize
the average achievable rate in each block. Thanks to this
frame-level optimization, the resultant communication
performance is much more reliable and robust compared
to communication-based counterparts, especially in high-
mobility environments.

Note that the beamwidth can be adjusted by activating
different transmit antennas, as demonstrated in [7], through
setting zero power on a transmit sub-array. However, it is
worth noting that this measure is not cost-effective since
each antenna suffers a larger power burden when the trans-
mit antennas are employed less frequently. Therefore, the
transmit array requires high-power amplifiers, which are more
expensive. To mitigate this adverse effect, we may rely on
optimization-based beamforming design, in which case all
available transmit antennas can be employed with equal trans-
mit powers (corresponding to multiple low power amplifiers),
and the beamwidth can also be adjusted according to system
requirements. From another perspective, one aims to expand
the beamwidth to illuminate the entire vehicle geometry.
However, a narrow beam sweeping the extended vehicle target
in fast time can also achieve a similar effect. This approach can
be realized using the random beamforming technique, which
deserves further study.

C. Multi-Target Association

In practical applications, the RSU should serve multiple
vehicles with multiple beams simultaneously. However, one
critical issue is the beam association on the multiple data
streams. Let’s assume that the RSU collects echo measure-
ments from vehicles. In this case, the task of beam association
is to establish the corresponding relationship between the mea-
surement set and the vehicle identity (ID) set. This relationship
directly affects whether the RSU can transmit the correct data
through the predictive beamformer to the intended vehicle.
If the beam association fails, then the beam tracking may
fail, due to significantly larger prediction errors. To address
this issue, advanced data association techniques like the well-
known joint probabilistic data association (JPDA) filter and
multiple hypothesis tracking (MHT), etc. may be used. For a
rapid and simple implementation, two association metrics have
also been employed and specifically developed in [4], [11].

• Euclidean Distance: Euclidean distance measures the
length of a line segment between the two points in
Euclidean space. When the predicted state of the vehicle
is obtained via Kalman filters, then its measurement
prediction can also be constructed with the measurement

mapping relationship. The beam association is therefore
completed by minimizing the Euclidean distance between
the measurement prediction and the real counterpart [4].
However, this scheme has ignored the uncertainties of
vehicle locations, since the statistical features of mea-
surements are not exploited.

• Kullback-Leibler (KL) Divergence : KL divergence
(also known as relative entropy) is a statistical distance,
which measures the difference between two probability
distributions. By fully considering the estimation un-
certainty, the KL divergence between state probability
distributions respectively conditional to estimated and
predicted states, can be calculated in Gaussian forms.
Finally, the beam association is completed by minimizing
KL divergence. Thanks to the exploitation of statistical
uncertainties, KL divergence-based scheme has a bet-
ter ID association performance than Euclidean distance-
based scheme [11].

D. Complex Road Geometry

Current beam tracking enabled by ISAC still primarily
focuses on regular road geometries, leaving broader scenarios
outside the scope of effective handling. In light of this limita-
tion, existing beam tracking approaches need to be developed
specifically to accommodate arbitrarily shaped roads. Towards
this end, three feasible schemes can be summarized as follows.

• Constant Angular Velocity Model: The beam tracking
method in the angular domain has been studied for the
highly non-linear mobile mmWave channel [12]. Specifi-
cally, this method assumes that the angular velocity of the
target is constant, allowing for tracking without roadway
information. However, in most common scenarios, the
angular velocity is not constant, leading to significant
approximation errors. Additionally, the method disregards
the DoF of distance, resulting in a relative loss of
localization information.

• State-Free Model: In this method, the kinematic func-
tion is decomposed in the Cartesian coordinate system.
The position of the vehicle is then predicted coarsely
based solely on the measurements attained from the
past 3 data frames [13], without taking into account the
state evolution model. While this approach shows good
tracking performance in high-SNR regimes and is simple
to implement, it can result in unacceptable predictive
errors in low-SNR regimes since the statistical properties
of noise are ignored.

• Curvilinear Coordinate System (CSS) Model: To ad-
dress the challenge in modeling the complex vehicle
motion using Cartesian coordinate system, one may rely
on the CCS model that is straightforwardly applied to
irregular roadway geometry. This model represents three
coordinate axes based on a curved geometry: the dis-
tance travelled along the curvature of an arbitrary road,
the lateral distance, and the perpendicular distance. The
interplay between the CSS system and the Cartesian
coordinate system is determined by the cubic spline inter-
polation algorithm, which achieves trajectory fitting with
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high accuracy. Overall, the application of the CSS system
enables superior and robust beam tracking performance,
thanks to the more precise characterization and fitting
equations of the road geometry [8].

IV. CASE STUDY: 5G NR IN V2I NETWORKS

For the sake of verification on the better reliability and
robustness of ISAC-enabled beam tracking technique, a case
study of utilizing 5G NR waveform in V2I networks is
elaborated. We commence with the detailed beam tracking
procedure of conventional NR waveform, and further con-
centrate on the benefits of introducing ISAC capabilities into
this procedure, which has been carried out in a ray-tracing
simulation for a fair comparison.

A. Conventional NR Beam Tracking

During the initial access phase in 5G NR, the gNodeB
transmits a set of SSBs over a 20ms period, with each
SSB pointing towards different directions. The user end (UE)
then measures the reference signal received power (RSRP)
of each SSB and determines the best transmit beam, which
it feeds back to the gNodeB. The gNodeB then transmits a
more refined CSI-RS beam, and the UE goes through the
same procedure to determine the best receive beam via beam
sweeping. Once the initial access phase is complete, the UE
operates in the connected mode.

B. ISAC NR Beam Tracking

Exploiting the ISAC signal can improve the overall through-
put by releasing overheads of some specific reference signals.
For example, in a single user MIMO (SU-MIMO) V2I case,
the CSI-RS report contains channel information such as RI,
PMI, and CQI. The PMI and CQI indicate the precoding
direction and the channel quality, respectively, but these can
be reduced with sensing-assisted communications. Specifi-
cally, the UE’s motion parameters, such as distance, velocity,
azimuth angle, and elevation angle, can be estimated from
the measured echoes using 2D-FFT and 2D-multiple signal
classification (MUSIC) algorithms. Finally, the state prediction
can be achieved via the Kalman filtering algorithm.

We utilized a ray-tracing based propagation simulator to
simulate realistic road scenarios, as shown in Fig. 5(a). The
simulation incorporates NR frames and parameters, which are
illustrated in Fig. 5(b), highlighting the reduction in overheads
resulting from the exploitation of the ISAC technique instead
of CSI-RS and uplink feedback. Thanks to these benefits, the
throughput of the ISAC-enabled signal is generally improved
relative to the communication-only benchmark, as demon-
strated in Fig. 5(c) [14].

V. OPEN PROBLEMS AND OPPORTUNITIES

Despite the proposed sensing-assisted communications tech-
nique exhibiting a promising capability of fast and robust beam
tracking in CAV networks, there still remain several open
challenges to address.

(a) Simulation scenario.

(b) Frame in simulations: conventional NR frame and ISAC NR frame.
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Fig. 5. ISAC enabled V2I transmission based on 5G NR.

A. High-Mobility Effect

As previously mentioned, high mobility presents a signifi-
cant challenge for ISAC systems. Time-varying S&C channels
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introduce several issues, including the serious ICI effect when
Doppler shifts of all subcarriers differ considerably in each
symbol duration. Furthermore, assuming the target is static
in the coherent time interval may be unrealistic, as high
mobility results in range migration that aggravates the ICI
effect. Additionally, the communication antenna is easier to
go beyond the mainlobe of the beampattern, resulting in a
high probability of beam misalignment. As a solution to
mitigate adverse effects arising from high mobility channels,
selecting OTFS as the transmit waveform or devising receive
algorithms for the complete signal model involving ICI effects
are underlying solutions.

B. Driving Behavior Cognition

In addition to the high mobility of vehicles, time-varying
driving behaviors such as overtaking and swerving can also
cause high dynamics in the S&C channels. This presents new
challenges for fast and robust beam management. To address
these challenges, the relationship between the state variables
(such as angle and distance) and driving behavior should be
fully exploited in the beam tracking process. In V2I scenarios,
it is particularly important to consider the varying lateral
velocity of lanes, which makes the classic kinetics model with
constant velocities on a straight road no longer applicable.
To account for multiple driving behaviors, a multi-hypothesis
model could be developed in conjunction with the interacting
multiple model (IMM) [8]-based Kalman filtering or Bayesian
filtering.

C. NLoS Exploitation and Clutter Suppression

As mentioned earlier, the spatial DoF referred to the total
number of propagation paths in the S&C channels, is an impor-
tant performance metric in ISAC scenarios, especially for the
V2I networks. In particular, multipath, including LoS/NLoS
paths, can all contribute to communication transmission, but
most of them are useless for sensing targets. The commu-
nication receiver on the vehicle collects NLoS components
for information transmission, while the sensing receiver also
receives undesired clutter from NLoS scatterers. Given this
tradeoff relationship between S&C channels in ISAC, an
appropriate resource allocation scheme may be devised to
improve the overall behaviors of beam tracking.

D. Multi-Extended Target Association: Shape Estimation

The side information regarding a vehicle’s shape and ex-
tension range can significantly aid in target recognition. How-
ever, the predictive beam tracking method described in [7]
is not capable of handling such information. This can result
in considerable localization errors, especially when dealing
with vehicles of irregular shapes. Moreover, tracking multiple
extended targets simultaneously becomes a more challenging
task. Recent research suggests that this issue can be addressed
by adopting the classic framework of random finite sets (RFS).
One specific implementation of this approach is the Poisson
Multi-Bernoulli Mixture (PMBM) filter [15].

VI. CONCLUSION

In this article, we present a systematic review of ISAC-
empowered V2I networks. We commence with an overview of
the general system architecture, which includes the platform
architecture, transmit waveforms, S&C channels, and receiving
algorithms, among others. We then elaborate in detail on four
challenging issues that have been studied in the literature.
Additionally, we provide a system-level case study of utilizing
5G NR waveform for predictive beam tracking simulation,
which reveals the potential of ISAC in V2I networks. We
also summarize some open problems that remain unsolved,
highlighting research directions for future study. Overall, this
comprehensive review sheds new light on the burgeoning ISAC
area, especially its significant role in the future CAV-based
metaverse applications.

REFERENCES

[1] F. Tang, X. Chen, M. Zhao, and N. Kato, “The roadmap of communica-
tion and networking in 6G for the metaverse,” IEEE Wireless Commun,
2022.

[2] F. Liu, Y. Cui, C. Masouros, J. Xu, T. X. Han, Y. C. Eldar, and S. Buzzi,
“Integrated sensing and communications: Towards dual-functional wire-
less networks for 6G and beyond,” IEEE J. Sel Areas. Commun, 2022.

[3] J. Choi, V. Va, N. Gonzalez-Prelcic, R. Daniels, C. R. Bhat, and R. W.
Heath, “Millimeter-wave vehicular communication to support massive
automotive sensing,” IEEE Commun Mag, vol. 54, no. 12, pp. 160–167,
2016.

[4] F. Liu, W. Yuan, C. Masouros, and J. Yuan, “Radar-assisted predictive
beamforming for vehicular links: Communication served by sensing,”
IEEE Trans. Wireless Commun, vol. 19, no. 11, pp. 7704–7719, 2020.

[5] W. Yuan, F. Liu, C. Masouros, J. Yuan, D. W. K. Ng, and N. González-
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