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Cooperative, Connected and Automated Mobility (CCAM) is expected to leverage the full potential of 
wireless communications. With the growing adoption of 5G and its support for Vehicle-to-Everything 
(V2X) communications, beamformed vehicular communications at millimeter-wave (mmWave) bands 
are expected to enable the most demanding connected driving applications. Beamformed V2X links 
present the challenge of beam management in such a fast-changing scenario. This paper goes through 
the practical limitations of the 5G V2X stack to support successful beamforming procedures. Two beam 
management strategies are proposed. Both strategies are evaluated in terms of power performance, beam 
recovery time and channel usage. The results suggest that significant differences apply when the beam is 
more frequently updated, whereas little improvement is seen by increasing the size of the beamset. Also, 
the selection of a proper strategy is shown to be important to alleviate the channel from overheads, and 
substantial differences in required signaling can be seen depending on the beam-tracking approach.

© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The automotive industry has recently emerged as one of the key 
vertical industries expected to extract the full potential of mod-
ern wireless communications. The foreseen transformation of mo-
bility towards safer, more efficient transportation and the much-
anticipated inclusion of increasingly automated driving systems 
have accelerated the development of communication standards es-
pecially designed for vehicular communications. As such, vehicle-
to-everything (V2X) has lately surfaced as the driving force to 
support a wide set of advanced driving applications that not only 
address the main concerns associated with the industry, but also 
constitute a roadmap for the envisioned Cooperative, Connected 
and Automated Mobility (CCAM) future.

Initial V2X implementations aimed at providing status informa-
tion for driver awareness, and standards such as IEEE 802.11p and 
LTE-V2X offer sufficient performance to fulfill this goal. However, 
the next step in the CCAM roadmap goes through the integration 
of V2X data into the vehicle’s decision-making to provide fail-safe 
automation. The 5th generation of mobile communications (5G) 
stands as a promising enabler for this objective, and the 3rd Gen-
eration Partnership Project (3GPP) recently gave support for a new 
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set of applications by updating its V2X stack with New Radio (NR) 
features.

Applications such as cooperative perception and cooperative 
maneuvering will turn essential to increase the Levels of Automa-
tion (LoA), V2X will then serve both as a sensor beyond line of 
sight and a trustworthy negotiator, and hence reliability and qual-
ity of service (QoS) assurance will become paramount. With this 
forecast, V2X will need to leverage the full capacity of 5G, and this 
includes the use of the millimeter-wave (mmWave) band and the 
large available bandwidth it offers.

Operating at the mmWave band generally implies the use of 
beamforming techniques to focus the radiated power towards the 
intended transmitter or receiver, as propagation at these frequen-
cies suffer from increased attenuation sources. Radiation in this 
situation is not omnidirectional, but based on sharp beams where 
power is concentrated in a specific angular region in space. There-
fore, communicating pairs need to maintain their beams constantly 
aligned to prevent outage and additional signaling between them 
is required for this purpose. Beamforming to communicate with a 
static base station is now possible and the mechanisms are widely 
present in the specifications [1], but the same does not apply for 
beam-based device-to-device (D2D) – e.g., vehicle-to-vehicle (V2V) 
– links, which still remain an open research topic.

The need for sidelink (SL) beamforming was recently introduced 
in 3GPP discussions [2], where beam-based operation is suggested 
to be supported for all bands to reduce interference in V2X scenar-
le under the CC BY-NC-ND license 
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ios. In [3], the benefits of beamformed vehicular communications 
on interference are analyzed and promising results on resource re-
use are presented.

Beam management, conceived as the set of procedures to ac-
quire and update the optimum beams for communications, is gain-
ing importance in V2X studies. In [2], the specification of beam 
management procedures for SL is proposed, suggesting the use of 
NR mechanisms as the baseline. A deeper look into how these 
mechanisms could be adapted for vehicular communications is 
then detailed in [1]. Nevertheless, the developments found in the 
literature tend to idealize channel and antenna modeling; as in 
[4], where both channel and antenna set-ups are idealized to op-
timize the beamwidth of beamformed V2V links. In this paper, 
the performance of two beam management strategies for V2V is 
evaluated in practical channel realizations and antenna implemen-
tations, with the goal to obtain realistic representations of the 
behavior of beamforming in vehicular scenarios when the vari-
ability in vehicles’ distributions and the channel among them is 
decisive for proper beam-based operation. To do so, the proposed 
strategies are defined so that they comply with the mechanisms 
expected to be used for such links, and thus, further realism is 
pursued by constraining the configurations to the signaling that 
they would require. In Section 2, the resources provided by 3GPP 
for beam management for NR is presented. In Section 3, the chal-
lenges and potential mechanisms to enable beamforming in V2X 
scenarios is described. Then, in Section 4, the simulation frame-
work and the proposed strategies are detailed. Finally, the results 
of the performance of the strategies are comprehensively com-
mented in Section 5.

2. Beam management in 5G NR

5G NR introduced in Release 14 support for analog beamform-
ing at both the base station and the user equipment (UE) with the 
so-called beam management procedures. Forecasting the need for 
sharp steerable beams, pertinent to maintain links operating at the 
mmWave band, beam management comprises a set of features to 
align the beams at both ends and ensure link stability. The proce-
dures include the following aspects:

• Beam determination: selection of a suitable beam at one or 
both ends of the link.

• Beam measurement: allowing both ends to measure the char-
acteristics of the received beamformed signals.

• Beam reporting: whereby beam measurement information is 
fed back to the transmitter.

• Beam sweeping: covering an angular sector by switching to 
different analog beams over the area.

These features allow acquiring enough information to deter-
mine proper beam pairs (i.e., aligned transmitting and receiving 
beams) along a data session with low-layer signaling.

2.1. Procedures for beam management

Even though the 3GPP does not state unambiguously the spe-
cific method to perform beam management, the following proce-
dures – described in [5] – are supported:

• P-1: specially used to find initial beam pairs, a beam sweep at 
the transmitter is performed to select one or more transmit-
ting and (if possible) receiving beams.

• P-2: once a beam pair is determined, a smaller set of beams 
from the transmitter can be swept over a reduced angular 
region to maintain the link. If needed, this smaller set can 
2

consist of narrower beams – a process also known as beam 
refinement.

• P-3: focused on beam determination at the receiver side, a 
previously-determined transmitting beam is fixed during a re-
ceiver beam sweep.

Note that in each of the procedures, one or more suitable beam 
measurements can be reported to increase robustness against 
beam failure, thereby a fast recovery can be triggered upon block-
age, misalignment or outage. Nevertheless, some of these proce-
dures are meant to be done periodically, while others (such as 
beam refinement) can be triggered if conditions allow it. It is 
therefore worth considering the overheads produced by the re-
quired signaling, and aim for a trade-off between perfect, sharp 
beam alignment and coarse beam pairing to alleviate channel con-
gestion.

2.2. Signals for beam measurement and reporting

The support of NR for mmWave frequencies and beamform-
ing entails defining reference signals that allow beam management 
procedures.

2.2.1. Synchronization signals
To perform initial access and synchronization between UE and 

Base Station (BS), NR makes use of the Synchronization Signal (SS) 
Block, or SSB. Initially conceived for downlink (DL), an SSB spans 
4 Orthogonal Frequency-Division Multiplexing (OFDM) symbols in 
time and 240 subcarriers in frequency. It comprises the Primary 
Synchronization Signal (PSS), the Secondary Synchronization Signal 
(SSS), as well as the Physical Broadcast Channel (PBCH) and its 
associated DeModulation Reference Signal (DMRS) [6].

In order to suit for beam management SSBs can be beam-
formed, and therefore, the 3GPP defines the so-called SS bursts, 
where a number of SSBs (NSSB) can be transmitted to measure 
different beam pair combinations. Currently, the specifications sup-
port up to NSSB = 64 per burst for mmWave bands, which are 
grouped in the first 5 ms (half frame) of the SS burst periodicity 
(TSS). This potentially allows encapsulating 64 different beam mea-
surements in 5 ms, in a process that can be periodically repeated 
every TSS = {5,10,20,40,80,160} ms [7].

2.2.2. Channel state information
The Channel State Information (CSI) framework in NR is a com-

plex scheme by which UEs can perform channel measurements 
and report relevant information for link configuration. In DL, base 
stations send UE-specific CSI Reference Signal (CSI-RS) with a high 
level of flexibility regarding its resource mapping, number of ports, 
and periodicity, and thus CSI-RS can be allocated virtually any-
where within the resource pool. Upon reception, the receiver mea-
sures the signals to issue a CSI report.

CSI-RS can also be beamformed to different angular regions 
providing a complementary, yet more flexible mechanism for beam 
management operations. As a result, CSI-RS can be used to per-
form additional beam searches during the remaining time between 
SS bursts. CSI-RS resources can be linked to the previous SSB, 
which can be convenient to update coarse beams in a surround-
ing reduced angular space, to trigger beam refinement, or even 
perform another full beam sweep in between. As such, CSI is in-
deed responsible of reporting which beamformed SSBs and CSI-RS 
resources have resulted in better received power in the measure-
ments.

3. Beam management for V2X scenarios

Although NR V2X allegedly supports the same frame structure 
and spectrum options as those established for downlink/uplink 
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communications, the procedure to manage beamformed links in 
SL remains unspecified. This study aims to elucidate some of the 
main limitations that SL will experience for beam management as-
pects and also evaluate suitable strategies and configurations based 
on these constraints.

3.1. Challenges for beamformed V2V links

One concern that was raised with Long Term Evolution (LTE)-
based V2X was the quick loss in reliability when tens of vehicles 
where simultaneously sharing the 10 MHz channel reserved for 
intelligent transportation systems (ITS) at 5.9 GHz. To increase re-
silience against interference, a need for additional bands for V2X 
was expressed by several studies in the field [8]. At the same time, 
the use cases defined for future V2X easily made LTE V2X and the 
5.9 GHz ITS band to fall short at fulfilling the requirements im-
posed by the industry. As a result, it is agreed that NR V2X should 
support both licensed and unlicensed ITS bands for SL operation. 
Access to any band can be orchestrated by base stations in a time 
division fashion, except when nodes are out-of-coverage and have 
to schedule autonomously their transmissions. This latter case has 
been particularly relevant in the design of LTE V2X at 5.9 GHz, but 
with the introduction of NR V2X this scheduling can extend to 
new bands. In this line, mmWave bands such as the 30 GHz and 
63 GHz bands have been object of study by 3GPP [9] as they pro-
vide enough bandwidth to support some of the most demanding 
use cases.

Beamforming has been established as one the key enablers to 
make use of these higher frequency bands. This increase in gain 
comes from focusing the power towards a specific angular range at 
the expense of less exerted power towards the remaining angles. 
Beamformed V2V links differ from V2I/V2N links in the sense that 
the pointing vectors between nodes are essentially spread over a 
2D space – i.e. in the azimuth plane. This geometry has proved 
detrimental in sub-6 GHz bands, as interference between neigh-
boring nodes became unwieldy with high vehicle densities; but 
using V2V beamforming at high frequencies might potentially re-
duce the interference radiated over unwanted directions which can 
be specially advantageous to alleviate channel congestion and en-
joy better link performance [10,11].

The spatially filtered footprint generated by beamformed V2V 
links can also lead to a greater time-frequency resource re-use. 
The authors from [12] by addressing V2V resource association as 
a matching game problem yielded a 50% increase in the num-
ber of established V2V links compared to the minimum-distance 
and asynchronous long-term pairing approaches presented in [13]. 
Nevertheless, devising an optimum link distribution and resource 
allocation to maximize resource re-use is not a trivial exercise, as 
it would require extensive knowledge of node pair locations and 
their resource use expectations. An omniscient base station can 
support this scenario. However, out-of-coverage nodes will require 
autonomous resource selection and, as pointed in [14], even new 
hidden node scenarios can arise. As such, resource management 
for beamformed V2V links remains an open research challenge.

Another challenge for beamformed V2X links is beam manage-
ment. Initial beam establishment and continuous tracking is of-
ten associated with overheads, which in the V2V case can easily 
congest the channel if complete, frequent beamsweeps are exe-
cuted by all nodes. Solutions to this have been subject of study 
in the literature. Some approaches suggest using location data of 
the intended transmitter/receiver for beam determination, either 
by means of sensors [15,16] or periodic V2X messaging through 
the ITS band [14,15]. Also in [17], the authors suggest multiplexing 
data transmissions with beam trainings, which does not necessar-
ily lead to overhead reduction, but can help reduce the latency 
associated with training.
3

The authors in [18] have tackled the beam update requirements 
for these scenarios by looking at the coherence time. When migrat-
ing from the ITS band at sub-6 GHz to the mmWave candidates, the 
Doppler spread can increase tenfold. As such, the inversely pro-
portional channel coherence time can require too frequent chan-
nel measurements. Although the results from [19] show how us-
ing narrower beams can lead to more relaxed channel coherence 
times; it is suggested in [18] to use the beam coherence time as 
the baseline for realignment. The benefits in overheads when the 
beam update rate approaches the beam coherence time, represent-
ing the time over which the beams stay aligned – i.e. between the 
peak power and a defined loss ratio – appears to outweigh the loss 
due to channel time variation and suboptimal beam selection due 
to fading.

3.1.1. Considerations on V2X resources
The frame structure in NR V2X SL follows the same principles 

of NR. Resources are divided in Physical Resource Blocks (PRBs), 
which consist of 12 subcarriers in frequency and a slot (14 OFDM 
symbols) in time. Numerologies determine the subcarrier spac-
ing (SC S), which relates to the slot duration (Tslot) in an anti-
proportional manner [6]. At mmWave, SC Sμ = {60,120} kHz are 
supported, making each PRB to span T μ

slot = {0.25,0.125} ms, re-
spectively.

Adopting the resource grid used in NR allows for flexible re-
source allocation. In SL, the building block for this grid is a sub-
channel, which is a slot-long cluster of Nsch

PRB = {10, 12, 15,20, 25,

50, 75, 100} PRBs. It is thus worth noting that subchannel band-
width will depend on numerology, but following the aforemen-
tioned anti-proportionality, when fewer subchannels can be acco-
modated in the available bandwidth, more slots will fit within a 
frame (10 ms).

With this arrangement, nodes using autonomous resource se-
lection sense the available subchannels during a sensing window 
and determine which subchannels are unavailable for transmission, 
either by measuring an unacceptable level of interference (over 
a dynamic threshold) or by decoding the SL Control Information 
(SCI) of incoming transmissions, in which future resource reser-
vations by other UEs are indicated. Then, resource selection by 
the sensing UE depends on multiple factors, as NR V2X supports 
both periodic and aperiodic traffic, as well as the newly introduced 
feedback-assisted unicast and groupcast. Generally, this resource 
selection will eventually depend on the priority and Quality of Ser-
vice (QoS) requirements of the packet to be delivered, and there-
fore each UE will modulate its resource selection based on service 
requirements and whether the Channel Occupation Rate (CR) ex-
ceeds a certain threshold for congestion control [20]. Note that 
beamforming drastically reduces the interference spread over un-
wanted directions, so a mmWave SL data transmission will inher-
ently exert less pressure on channel congestion than its sub-6 GHz 
counterpart, fostering greater spatial re-use of the time-frequency 
resources.

3.2. SL signaling for beam management

As suggested in [2], beam management should be supported in 
NR V2X using NR mechanisms as baseline. As such, both Sidelink-
SSB (S-SSB) and CSI-RS should be used for beam sweeping and CSI 
reports must provide the necessary feedback for beam alignment.

Synchronization in SL is structured to unify the resources oc-
cupied by SS bursts across all supported bands. As NR V2X might 
need to co-exist with LTE V2X at some bands, the 10 MHz channel 
bandwidth – relevant in LTE V2X – is to be supported, and thus 
11 PRBs (132 subcarriers) is established as the frequency scope 
for all NR V2X S-SSB [21,22]. The slot structure of each S-SSB to 
accomodate Sidelink-PSS (S-PSS), Sidelink-SSS (S-SSS) and Physical 
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Fig. 1. SS Burst and S-SSB structure in NR V2X SL.

Fig. 2. Slot and resource grid structure in NR V2X SL [25].

Sidelink Broadcast Channel (PSBCH) [6] is depicted in Fig. 1. Using 
this structure, it is specified that up to NSSB = 64 for 120 kHz SC S
(up to 32 for 60 kHz SC S) can be encapsulated within an SS burst 
in a 10 ms window [7,21]. Finally, as also shown in Fig. 1, consec-
utive SS bursts are transmitted with a periodicity that is fixed to 
TSS = 160 ms in SL [23].

The SS burst periodicity limits the ability of performing SS-
based beam sweeps to 160 ms. Although the configurability of 
this parameter is suggested to be supported [21], complemen-
4

Table 1
Configuration of vehicular traffic modeling for the case scenarios under evaluation.

Urban Highway

Description 9 blocks of 
Manhattan Grid

Two-way highway

Lanes 2 in each 
direction

3 in each direction

Lane width 3.5 m 4 m
Grid size 433 x 250 m N/A
Simulation area 1299 x 750 m 2000 m
Vehicle velocity 60 km/h 80/100/140/40/30/20 km/h
Intersection turn probability Going straight: 

50%
Turning left: 25%
Turning right: 
25%

N/A

tary beam determination and refinement can be realized by CSI-
RS in SL. As illustrated in Fig. 2, the slot structure in NR V2X 
is designed to accomodate the Physical Sidelink Shared Channel 
(PSSCH), the Physical Sidelink Control Channel (PSCCH) and the 
Physical Sidelink Feedback Channel (PSFCH) in a single subchannel. 
While PSCCH and PSFCH are used for general control information, 
resource reservation, and Hybrid Automatic Repeat Request (HARQ) 
feedback control, and are not necessarily present in all the PRBs 
that form a subchannel [20]; CSI-RS signals and the corresponding 
CSI reports are always allocated in the PSSCH [24]. The CSI-RS only 
supports 1 or 2 antenna ports, and an average of one resource el-
ement per PRB [6], assuming CSI-RS will extend across each PRB 
within the subchannel [7]. CSI reports, here as well, will provide 
feedback to the transmitter to indicate those resources most suit-
able for optimum reception.

4. Evaluation of SL beam management

4.1. Simulation framework

In order to evaluate beam management in realistic driving sce-
narios, the framework for simulation is designed so that the link 
performance between vehicles and the underlying channel real-
izations are calculated from a dataset that exemplifies a variety 
of microscopic traffic situations. Besides, to give flexibility to as-
sess different beam management strategies, the measurements are 
based on parameterized antenna front-ends which can be pre-
configured with standard-compliant beam steers.

4.1.1. Vehicular scenarios
Two traffic scenarios are modeled for the evaluation, Manhattan 

(urban) and highway, according to the evaluation methodologies 
of 3GPP for V2X [26]. The properties of each scenario are sum-
marized in Table 1. To obtain realistic vehicle distributions across 
the scenarios, vehicles are dropped in Simulation of Urban Mobil-
ity (SUMO) tool [27] so that the distance between new vehicles 
in the same lane corresponds to a safety distance proportional 
to the lane speed. Vehicle dropping thus follows an exponential 
probability distribution where the mean time gap between consec-
utively dropped vehicles is 2 s at the lane speed. In the simulation, 
dropped vehicles interact with each other following basic traffic 
rules.

4.1.2. Antenna configuration
Vehicles in the simulation carry a mmWave antenna system 

with four antenna panels operating in the n257 5G band (26.50 – 
29.50 GHz). Each panel sectorizes the azimuth plane in a way that 
each one faces its corresponding 90◦ sector – for convenience: the 
front, back and sides of the vehicle. The panels consist of multi-
element antenna arrays with beamforming capabilities designed to 
cover the steering range required for each sector (±45◦).
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As V2V links occur in the same elevation plane, the antenna ar-
rays in this calculation have a single vertical element, whereas the 
required steering range in azimuth is covered with Nant horizon-
tally arranged elements. Each panel operates with a pre-configured 
beamset with Nc coarse beams and Nf fine beams. The fine beams 
are formed with a generalized Discrete Fourier Transform (DFT) 
codebook with an offset of −(1 + Nant)/2. The weights for ana-
log beamforming for each of these beams (ui ) is expressed as in 
[28]:

ui = 1√
Nant

[
e
− j 2π

Nf

(
i− Nf+1

2

)
, e

− j 2π
Nf

2
(

i− Nf+1
2

)
,

... , e
− j 2π

Nf
Nant

(
i− Nf+1

2

)]
,

(1)

where i = 1,2, ..., Nf and, depending on the oversampling (O ) 
of the codebook, the number of fine beams is Nf = O Nant + 1. 
This method quantizes the angular space and uniformly covers the 
steering range. Coarse beams are then formed by combining fine 
beams in a hierarchical fashion. By assuming a fully-connected hy-
brid beamforming architecture with NRF RF ports, NRF beams can 
potentially be combined to create increasingly wide beams. The 
antenna system thus combines fine beams into coarser widths us-
ing:

vk = 1√
NRF

∑
up e jwo p , (2)

where k = 1,2, ..., Nc. Here, p denotes the indices of each of the 
contiguous fine beams being combined. The parameter wo is op-
timized for each different NRF value so that the gain ripple of the 
aggregated radiation pattern is minimized.

4.2. Channel estimation

The channel modeling is performed for the vehicular scenar-
ios detailed in Table 1. The link-level interactions are calculated 
by means of the Quasi Deterministic Radio Channel Generator 
(QuaDRiGa) tool [29] for the vehicle trajectories initially obtained 
in SUMO. The channel response is the result of geometry-based 
stochastic channel modeling (GBSCM) simulation based on the 
specifications of the 3GPP in [26]. GBSCM provides a trade-off be-
tween repeatability, generalization and accuracy. Purely stochastic 
models suffer from a lack of physical meaning and some spatial in-
formation is lost, whereas ray tracing tools offer a highly accurate 
channel model at the expense of very time consuming calculations. 
In addition, the latter reduces the applicability of the results to the 
specific scenario under study and it is constrained to the realism 
of the actual model.

Different visibility conditions between vehicles are considered 
following the abovementioned recommendations [26]: line of sight 
(LOS), non-line of sight (NLOS) (building blockage) and vehicle-
blocked NLOS (NLOSv) (LOS path blocked by one or more vehicles). 
The QuaDRiGa channel calculations defines a set of arbitrary mul-
tipath radio channels by determining some initial settings with 
stochastic models, whereas the particular contributions of the scat-
tering clusters are computed with the addition of various rays with 
individual angular and temporal features based on GBSCM [30].

4.3. Beam management strategies

In this study two beam management strategies constrained to 
the aforementioned tools provided by NR-V2X are compared to as-
sess which one might be more suitable for V2V scenarios. A set of 
5

Fig. 3. Proposed beam management strategies for V2V beamforming.

vehicle pairs in the scenario are linked and the strategies are eval-
uated by measuring the power received by each of the target nodes 
during the simulation time, being the results affected by visibil-
ity conditions and channel selectivity phenomena. The following 
strategies, and their underlying power profiles, are measured for 
the linked vehicle pairs under evaluation:

• Reference (R). Perfect beam-alignment: all the fine beam 
combinations for both vehicles are measured every simulation 
snapshot and the beam pair that provides the maximum Ref-
erence Signal Receive Power (RSRP) is always chosen.

• Strategy 1 (SG1). Coarse anchoring and refinement: Every TSS
a SS burst measures all coarse beam combinations for both 
vehicles and defines a coarse anchor. Then, KCSI CSI bursts are 
performed between SS bursts for each node, where a subset of 
1 + Nngh fine beams from the transmitter are measured using 
the coarse anchor from the receiver end, as shown in Fig. 3a. 
The transmitting fine beam that provides the maximum RSRP 
is chosen. The same process is also performed inversely KCSI
times to choose the most suitable receiving fine beam.

• Strategy 2 (SG2). Fine tracking: Both S-SSB and CSI are used 
to measure fine beams. Every TSS and KCSI times in between
both nodes measure all combinations of a subset of 1 + Nngh
fine beams, as shown in Fig. 3b. The beam pair that provides 
the maximum RSRP is chosen until the next measurement. The 
initial beam is determined by a full sweep.

These two strategies exemplify two different approaches to 
tackle beam management in V2V scenarios. Both strategies aim to 
maintain a beamformed link with fine beams, yet present signif-
icant practical differences regarding stability, resource utilization 
and failure recovery. The reference signal is assumed as the maxi-
mum achievable power performance between the nodes. However, 
as it is unfeasible resource-wise to perform the reference measure-
ment, the proposed strategies make use of (Nngh) neighbor beams. 
When used, this subset of beams takes the previously chosen fine 
beam (from the previous measurement) and Nngh/2 contiguous 
beams within the beamset at each side.
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Table 2
Parameters used for the simulation.

Parameter Value

Transmission power P tx [0,23] dBm
Channel model 3GPP 37.885 [26]
Number of panels 4
Combined RF ports NRF 1 (fine), 3 (coarse)
Antennas per panel Nant 4
DFT Oversampling O 1
Fine beams per panel Nf 5
Coarse beams per panel Nc 1
Aggregated pattern flattening wo 5.75
Simulation time 120 s
Central frequency f 28 GHz
Bandwidth BW 50, 100, 200 MHz
Subchannel size Nsch

PRB 10 PRB
Number of neighbors Nngh 4, 6, 8, 10
Number of CSI bursts KCSI 1, 3

Fig. 4. Radiation pattern for the beamset used in the evaluation. Directivity [dB].

5. Results

The proposed strategies have been evaluated in terms of power 
performance and channel usage. In Table 2 the configuration pa-
rameters used for the simulation are detailed.

5.1. Power performance

The performance of both strategies has been measured for dif-
ferent configuration parameters. The power profile for each pair 
of nodes is compared with the reference beam alignment strat-
egy in order to evaluate the overall performance of the proposed 
strategies. A two-level hierarchical beamset is built using Nant = 4
antenna elements per panel, using 1 port for the fine beams and 
3 ports for the coarse beams. The resulting pre-configured beam-
set for one panel, which is replicated and rotated to face the 
sector of each corresponding panel, is shown in Fig. 4. The result-
ing beams have a directivity of 12 dB and 7.9 dB for the fine and 
coarse configurations, respectively. The coarse beam has a half-
power beamwidth of 94◦ , covering the whole sector, whereas the 
half-power beamwidth for the fine beams ranges from 24◦ to 35◦ , 
being sharper in the broadside. The most steered beams in neigh-
boring panels overlap so that the panel switching is less frequent 
when the steering angle is at the edge of the steering range. A total 
of five fine beams and one coarse beams result from the calcula-
tions in (1) and (2), thus accounting for a total of 20 fine beams 
and four coarse beams using all panels.

From this beamset the beam management strategies are evalu-
ated using different number of neighbors (Nngh = {4,6,8,10}). In 
Fig. 5, the mean time it takes for each configuration to recover 
from a misalignment is illustrated for the Manhattan scenario, 
where both LOS and NLOS visibility conditions are given. This re-
covery time is extracted from the instant at which the power 
6

Fig. 5. Mean recovery time of beam management strategies for different number of 
neighbors in LOS and NLOS visibility conditions.

profile deviates from the reference and ends when the strategy 
finds the same beam as the reference. Here, two values for KCSI
are considered. As CSI-based beam trainings occur in-between SSB 
burst, the KCSI values being compared, 1 and 3, can be translated 
to a mean beam update rate of 80 ms and 40 ms, respectively. As 
seen in Fig. 5, the dashed lines correspond to a slower update 
and thus an increase in the mean recovery rate is shown in every 
situation. Strategy 2, in Fig. 5b, exhibits higher resilience to mis-
alignment, as an increase in update rate only delivers a mean of 
15.9 ms less recovery time in LOS conditions and 23.4 ms in NLOS 
conditions. Conversely, Strategy 1 (Fig. 5a) sees its recovery time 
improved from 38 ms to 42.9 ms when switching to a more fre-
quent beam update rate, around twice the time compared to SG1. 
It is worth noting that none of the strategies gets severely impaired 
in terms of beam recovery when visibility conditions worsen, and 
NLOS conditions remain comparable to LOS in all cases.

From Fig. 5 it can also be seen how none of the configurations 
exceed 160 ms of sustained misalignment. This might appear ob-
vious for SG1, as a full coarse beam search is performed every 
160 ms, but also gives merit to SG2, which has no mechanism 
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to ensure certainty about the fact that the chosen beam is the 
optimum one. As for the number of neighbors, none of the consid-
ered configurations gets close to a perfect beamalignment, so full 
misalignment prevention may require more aggressive strategies. 
Nevertheless, all configurations at least appear to stabilize with a 
less ambitious beamset size. SG1 shows little improvement when 
changing from 4 to 10 neighbors. SG2 presents nonetheless a no-
ticeable improvement when more than 6 neighbors are used, and 
it presents in this situation the best performance in terms of beam 
recovery.

To properly evaluate the damage exerted over the link qual-
ity due to the misalignment, the loss in power with respect to 
the reference profile is calculated for both strategies. In Fig. 6, the 
loss dimension when the strategies’ power profiles deviate from 
the reference is shown. To visualize this loss, the complementary 
cumulative distribution function (CCDF) of the experienced losses 
for all vehicles is deemed convenient to evaluate which potential 
losses each strategy would experience. In Fig. 6, a noteworthy dif-
ference between scenarios can be seen, which can be due to the 
variability of the required pointing angles. Links in a Manhattan 
scenario may experience a wider range of potential angles of ar-
rival in the same data session, whereas links in a highway scenario 
require less frequent beam switch. This increased beam update re-
quirement in the Manhattan scenario, when handled by practical 
beam update rates and manageable beamsets, provides an increase 
in losses, as in some manoeuvres the optimum beam quickly devi-
ates from the one being used.

In these results, 70% of the time the loss stays below 3 dB 
which, according to the ripple in the aggregated fine pattern, can 
be seen as if the chosen beam is generally the optimum one or 
one consecutive neighbor. Although this loss can be acceptable in 
normal operation, it is also important to consider the loss expe-
rienced at a low probability as it will eventually extrapolate to 
reliability at link level. When CCDF = 10−1, the loss observed in 
Fig. 6 is exceeded 10% of the time. SG1 (Fig. 6a) presents then a 
10% probability of exceeding a 10.9 dB power loss with Nngh = 4
and 10.5 dB with Nngh = 10 in the Manhattan scenario, and this 
margin when using different Nngh slightly increases for the high-
way scenario – which ranges from 6.0 dB to 5.3 dB, respectively – 
consolidating further its independence from the number of neigh-
bors. SG2 presents less power loss with the same probability, with 
8.2 dB for the Manhattan scenario and 5.4 dB in highway for the 
case with 4 neighbors, a value that decreases uniformly around 
1.5 dB when Nngh = 10. Again, the increase in Nngh makes a no-
ticeable impact on SG2 (Fig. 6b) performance. It is also worth 
paying attention to the data when it approximates the 1% thresh-
old. For the highway scenario – allegedly the best performing one 
– switching from 10 to 4 neighbors increases the 1% probability-
conditioned loss more than 10 dB for SG1 and around 6 dB for SG2, 
and the losses quickly reach over 30 dB for the Manhattan sce-
nario; a marginally-occurring but decisive loss that can severely 
impair the link down to outage and might be critical when aiming 
for negligible error rates.

5.2. Channel usage

One relevant difference between the proposed strategies is the 
need for resources. SG1 is able to measure fine beams against a 
coarse anchor beam previously established, every CSI burst consists 
of 1 +Nngh measurements and thus 2 ×(1 +Nngh) CSI resources are 
required to obtain a fine beam pair. Conversely, by using SS bursts 
also for fine beam tracking, SG2 needs to attempt all fine combina-
tions every measurement, requiring (1 + Nngh)2 CSI resources and 
therefore having exponentially increasing resource needs.

To measure the resource usage of each strategy, the interfer-
ence sensed by receiving vehicles is calculated in a scenario where 
7

Fig. 6. Loss complementary cumulative distribution of beam management strategies 
in different traffic scenario for Nngh = {4, 10} and LOS conditions.

all vehicles are performing the same strategy. The traffic model in 
the highway scenario has been slightly modified to showcase an 
extreme case with very high vehicle density, in a way that all ve-
hicles are separated with a safety time gap of 2.5 s [8]. The param-
eter used to compare resource usage is the Beam-based Channel 
Usage Ratio (BB-CUR), which represents the extent to which the 
channel is utilized by the occupied resources conditioned to the 
receiving beam in each case. Each link pair exchanges data with 
medium traffic intensity, which according to [26] implies a 20% 
and 80% chance of generating a 1.2 kbyte and 0.8 kbyte payload, 
respectively, with a 30 ms inter-packet reception rate; and also ex-
change the S-SSB and CSI resources required to align their beams. 
BB-CUR is thus calculated, for a 100 ms window, by measuring 
PRB-wise the intended data exchange and the sensed interferences 
captured by the receiving beam for each vehicle, and then averag-
ing the sensed channel usage for all the vehicles with respect to 
the total resource pool capacity.

The share of the channel used when all the vehicles exchange 
data with the proposed strategies is shown in Fig. 7. Here, the BB-
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Fig. 7. Beam-based Channel Usage Ratio (BB-CUR) for medium intensity data traffic 
and the resources needed by the proposed strategies, compared for different total 
channel bandwidths (BW ) and number of neighbors (Nngh).

CUR occupied by the data traffic with and without the overheads 
associated with each strategy is presented for different channel 
bandwidth options (BW = {50,100,200} MHz) and transmission 
power (P tx). The power transmitted, which is homogenized across 
the entire simulation for simplicity, affects the extent to which 
each radiated signal spans in space and therefore increases the 
coverage of an interfering wave. BB-CUR appears to increase lin-
early with the configured transmission power, yet at different rates 
depending on the total channel bandwidth. Indeed, our BB-CUR 
results for only data can be fairly approximated by BB-CUR [%] �
9.5 P tx [dBm] e−0.02 BW [MHz]. The usage ratio when the strategies 
are used together with data increases considerably, and especially 
in the 50 MHz case none of the strategies would support the 
largest configurable P tx [26] without exceeding the total pool ca-
pacity.

In these results, SG1 curves for different Nngh are almost equal 
and an average of all Nngh configurations is presented in Fig. 7. 
A data exchange using SG1 uses a smaller share of the channel 
compared to any of the evaluated SG2 configurations. Although 
how BB-CUR relates to the final link reliability is left out of the 
scope of this evaluation, some practical limits found in the lit-
erature can be applied to the study. According to [8], an usage 
ratio up to 80% might be reasonable for broadcast links with re-
laxed reliability requirements. However, for unicast/groupcast links 
where link reliability can be a stringent demand for some applica-
tions, the channel usage ratio must be significantly reduced. In this 
cited study, an usage ratio of 33.6% is used as an acceptable bound 
for reliable data exchange, based on results from [31]. Accordingly, 
such a threshold is easily surpassed in most of the evaluated cases, 
and the maximum power cannot be used for transmission. Only in 
the 200 MHz configuration, BB-CUR stays below 25% regardless of 
the strategy. However, for smaller channel bandwidths, the max-
imum P tx that may be used in SG2 is from 2 dB to 4 dB lower 
to that of SG1, with the underlying loss in coverage for the same 
BB-CUR.

A closer look to the effects of the strategies on channel occu-
pancy can be seen in the slice shown in Fig. 8. Here, the maximum 
transmission power is used (P tx = 23 dBm) to exemplify the high-
est levels of BB-CUR. Channel usage is not significantly affected by 
the increase of CSI bursts, and BB-CUR increases less than 2 per-
centage points when the beam is more frequently updated. The 
number of neighbors does however affect SG2. While Nngh makes 
negligible increments for SG1, the BB-CUR for SG2 increases lin-
8

Fig. 8. Beam-based Channel Usage Ratio (BB-CUR) of the resources needed by the 
proposed strategies for different KCSI, transmission power of 23 dBm and 200 MHz 
bandwidth.

early and is twice as high for 10 neighbors compared to 4. SG2 
presents always the largest values of BB-CUR, even for 4 neigh-
bors, where the channel usage is 4 times the one experienced in 
SG1 in the KCSI = 3 case.

6. Conclusions

The use of multi-element antenna systems in vehicles stands as 
a promising enabler for the most demanding driving applications 
foreseen in the connected and automated future of transportation. 
The millimeter wave band and its large available bandwidths will 
be the next step to support the most data-hungry services, how-
ever the use of beamforming to target surrounding V2X nodes 
might is essential to overcome the propagation hurdles at these 
bands. Handling rapidly variant vehicular scenarios is nonetheless 
cumbersome when the beams between connected pairs need to be 
continuously aligned, and therefore a framework for beam man-
agement in vehicular scenarios should be considered to advance in 
the field.

In this paper the possibilities for beamformed vehicular com-
munications with the currently specified NR-V2X mechanisms 
are described. With these considerations, two beam management 
strategies have been proposed, inspired by conventional proce-
dures used today for links with the base station. The strategies 
are analyzed in terms of power performance – addressing time 
and power loss related issues – and channel usage, materialized 
here as the Beam-based Channel Usage Ratio (BB-CUR).

The proposed strategies differ fundamentally in the approach to 
maintain the optimum beam pair from a subset of beams, either 
by establishing a wide-beam anchor and refining (Strategy 1) or 
by constantly measuring a subset of sharp beams (Strategy 2). The 
latter appears to show reduced power loss and beam recovery time 
than its non-anchored counterpart with a relatively small beamset 
size; whereas both approaches see these metrics improved when 
beams are more frequently updated.

Although operating just with fine beams (Strategy 2) presents 
the best performing power metrics, Strategy 1 remains stable re-
gardless of the beamset size, so having a coarse anchor beam 
appears to give predictable results unless this one deviates from 
the optimum. When the resource usage of each configuration is 
assessed, attempting to measure all beam combinations within a 
beamset quickly becomes unwieldy, and the channel occupancy 
of the required signaling outweighs the benefits in power per-
formance obtained with this apparently more agile strategy. As 
resource-intensive configurations will become unfeasible for small 
channel bands, the stability and low usage here exhibited by the 
anchored strategy may turn into the only option when high reli-
ability is pursued. As the results suggest, resource usage appears 
more dependent on the angular span of the beamset being used 
than on the measurement rate performed by the training pairs
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The considerations, strategies and results presented in this pa-
per aim to serve as an input for this open research field by fo-
cusing on realistic channel and antenna realizations. Further stud-
ies such as the analysis of the effects of the interference exerted 
by these beams on scheduling and the potential of these beam-
formed links to intensify the re-use of resources are left out of 
the scope of this document and left as a future work. By inter-
preting the results, the analysis of these or similar strategies with 
added layers of communications might elucidate the required in-
formation needed for fail-safe beam alignment, the potential new 
control messages that will need to be exchanged, and overall the 
required methodologies needed to eventually enable beamformed, 
autonomously managed vehicular communications that could sup-
port the required services in the autonomous vision.
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