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The growing trends towards massive antenna arrays with focusing capabilities has enabled the use 
of higher frequencies at the cost of more complex systems. In the particular case of vehicular 
communications, millimeter-wave (mmWave) communications are expected to unleash a set of advanced 
use cases with stringent spectrum needs. However, dealing with very directive patterns and high 
frequencies entail additional challenges such as beam misalignment and Doppler effect. This paper 
presents a beam optimization procedure for vehicle-to-network (V2N) systems in which a base station 
communicates with high-speed users. Aided by the a priori knowledge of the vehicle location, the 
base station is able to estimate the average signal-to-interference-plus-noise ratio (SINR) until the 
next beam refresh considering the positioning accuracy and the Doppler inter-carrier interference (ICI). 
The estimation includes the antenna beamwidth, which can be optimized to maximize the achievable 
throughput. The numerical results indicate that the SINR can be significantly enhanced compared to 
beam sweeping with identical hierarchical codebooks while reducing the probability of outage.

© 2022 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

1.1. Motivation

Vehicles become simultaneously more connected and auto-
mated. New applications such as tele-operated driving, HD map-
ping, platooning, and cooperative driving are essential to enable 
automated driving. These applications come with stringent require-
ments on reliability and throughput, which are particularly chal-
lenging in high mobility scenarios. In general, one refers to quality 
of service (QoS) requirements, such as latency, data rate, and re-
liability [1,2]. It is foreseen that connected vehicles will require 
more spectrum than provided nowadays. Even the recent roll-out 
of the 5th generation cellular system (5G) in sub-6 GHz, i.e., fre-
quency range one (FR1), does not satisfy the spectrum need of con-
nected vehicles together with the increasing cellular user demand 
[3]. Therefore, research focuses on the use of mmWave bands. In 
particular, appropriate beamforming strategies addressing the QoS 
requirements in vehicular networks are essential and investigated 
in this paper.
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Operating at mmWave bands requires the use of beamform-
ing techniques to cope with inherent additional losses [4,5]. This 
brings a few challenges with it, especially in vehicular scenarios. 
The authors highlighted in [6] the importance of massive antenna 
geometries in vehicle-to-infrastructure (V2I) based on the analy-
sis of the channel capacity and eigenvalues, also emphasizing the 
need of adequate beam refreshing times. Similarly, in [7], the use 
of singular value decomposition (SVD) precoding is compared to 
maximum-ratio combining (MRC) and pre-defined codebooks in 
terms of SINR for a given highway scenario. The peculiarities of 
highway and urban V2I can be found in [8] and in [9], respectively. 
The former presents very high probability of line of sight (LOS) 
with small angular spread of multipath components, whereas the 
coverage of a base station (BS) in the latter case is much degraded 
due to the grid-like shape of the streets.

The use of highly directive beams also intends to reduce the in-
terference between users and increase the energy efficiency, at the 
cost of higher beam update rates and signaling. To provide reliable 
focusing, accurate channel state information and/or user position-
ing needs to be exchanged. In case of mmWave channels, some 
experiment-based models are discussed in [10,11] that allow the 
prediction of the behavior of such type of links under realistic cir-
cumstances. However, accurate and real-time channel state updates 
le under the CC BY-NC-ND license 

https://doi.org/10.1016/j.vehcom.2022.100456
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/vehcom
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vehcom.2022.100456&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:christian.ballesteros@upc.edu
https://doi.org/10.1016/j.vehcom.2022.100456
http://creativecommons.org/licenses/by-nc-nd/4.0/


C. Ballesteros, A. Pfadler, L. Montero et al. Vehicular Communications 34 (2022) 100456
are crucial in rapidly varying links to allow reliable communica-
tions, which is paramount in safety-related applications. The angu-
lar and temporal correlation of the channel is discussed in [12] for 
different sub-6 GHz and mmWave frequencies, with sparser multi-
path components as the frequency increases. Doppler effects may 
also cause significant impairments leading to beam steering inac-
curacy [13,14].

Location-based beamforming strategies require precise informa-
tion of the users position, which is not always achieved. In the 
particular case of vehicles, several positioning technologies are 
available, such as: cellular trilateration [15], GNSS [16], or joint 
in-band position prediction [17]. The advent of 5G also promises 
enhanced positioning features [18] with expected positioning er-
rors in the order of tens of centimeters.

In [19], the main use cases and challenges of beam manage-
ment in vehicular scenarios are presented. The procedure can be 
partitioned into two parts: First, the beam alignment phase, where 
the beams from both sides need to be aligned to establish a com-
munication link. Second, the beam management strategy including 
user tracking and refinement of beams. The collective knowledge 
of the vehicles’ trajectory allows to predict their behavior and op-
timize tracking and beam selection or adaptation as in [20]. Typ-
ically, beam sweeping methods based on hierarchical codebooks 
reduce signaling overhead and are usually specification-compliant, 
as in the IEEE 802.15.3c standard [21].

Different from this conventional approach, this paper targets 
to improve the antenna beamwidth by adapting it according to 
the positioning quality of the shared vehicle trajectories and the 
inter-carrier interference caused by Doppler shifts. This approach 
is particularly useful for those V2N links in which the BS has more 
sophisticated focusing capabilities and calculation power. Beam 
sweeping approaches are limited to power measurements, not al-
ways a sufficient criterion of quality, and their validity may be 
short in time. In contrast, using the knowledge of the vehicle tra-
jectory may help to enlarge the refreshing rate of the beams (and, 
thus, reducing overheads), as well as increase the accuracy of the 
focusing.

Other previous studies already tackled the problem of beam 
optimization in vehicle-to-everything (V2X). In [22], a beam-
switching strategy of unequal beams covering a highway lane is 
proposed. The authors consider the vehicle’s velocity with timing 
errors, but other undesired effects in complex environments with 
realistic radiation patterns are neglected. In [23], a triangular beam 
pattern modeling the vehicle radiation is optimized with the av-
erage capacity for a beam update period. The channel correlation 
and coherence time are also considered, which limit the validity of 
the beam and trigger the next update. However, other sources of 
error are not considered, such as Doppler effect or positioning in-
accuracy. More recently, the authors in [24] propose an algorithm 
for beamwidth optimization in vehicle-to-vehicle (V2V) highway 
scenarios. They consider the misalignment due to positioning er-
rors in the azimuth plane and the effect of surrounding users with 
a Montecarlo-based optimization of the entire system. The work 
presented in the current manuscript proposes a novel beamform-
ing strategy for BS-to-vehicle systems. Assuming an orthogonal 
frequency division multiplexing (OFDM)-like communication, an 
expression of the SINR in presence of the Doppler ICI due to the 
vehicle motion is obtained using the channel correlation. In this 
case, the location of the target vehicle is assumed to be known 
with a certain accuracy, which is also used in the calculation of 
the desired and self-interference signal. Then, the average SINR un-
til the next beam update is maximized for a given set of available 
beamwidths. The proposed strategy is studied for a large group of 
randomly distributed users and compared with the expected per-
formance in typical beam sweeping strategies.
2

Fig. 1. Steering errors due to inaccurate positioning and vehicle movement.

1.2. Scope of the study

In this section, the scope of the paper is presented. The main 
contributions can be summarized as follows:

• Proposing a novel beamforming strategy to optimize through-
put with a certain confidence level taking into account the 
vehicle position inaccuracy and speed.

• Considering Doppler effect and vehicle speed in the optimiza-
tion. Wider beamwidths are prone to larger Doppler spread. 
Depending on the probability density function (PDF) of the 
angle of arrival (AoA) of multipath components at the receiver 
[25,26], the divergence in Doppler frequency of each multipath 
degrades the system performance.

• Taking into account the impact of positioning accuracy (rela-
tive and absolute position) on the optimum beamwidth, and 
hence the achievable throughput.

• Simulating V2N channels with realistic beam pattern of the 
antenna arrays using the QuaDRiGa channel simulator [27].

• Comparing the performance of the proposed method with the 
widespread beam sweeping strategy, for which some standards 
already provide resource allocation, e.g., 5G new radio (NR) 
and IEEE 802.15.3c.

The manuscript is organized as follows: section 2 presents the 
modeling of the positioning and Doppler, section 3 depicts the 
equations to obtain the maximization expression of the SINR, sec-
tion 4 shows the simulated results to validate the proposed strat-
egy, and section 5 concludes the paper with the main outcomes of 
the work. In addition, an appendix is given at the end with the ICI 
derivation.

2. System model

2.1. Positioning error modeling

In this paper, the positioning errors of vehicles are modeled fol-
lowing a bivariate distribution including distance and angle around 
the expected vehicle location in the XY plane. It is common to ne-
glect small errors in height as the vertical beamwidth is assumed 
wide enough to prevent misalignment’s. Typically, two indepen-
dent and identically distributed Gaussian errors xε and yε are 
defined to model the position of the car on the pavement plane. 
One could also express the positioning error in polar coordinates 
as rε ∼ Rayleigh(σr) and α ∼ Unif(0,2π), being rε the distance be-
tween the estimated and the real positions, and α the angle of the 
error vector with respect to the driving direction.

Fig. 1 illustrates the relative position with respect to the BS 
of both the estimated and real vehicle locations. θLOS and φLOS

stand for the expected LOS angles from the vehicle towards the 
BS, whereas θ0 = θLOS + �θε and φ0 = φLOS + �φε are the real 
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angles for the first position of the vehicle trajectory. The steering 
error in azimuth (�φε) and elevation (�φε) is thus calculated as:

tan�φε = sin(φLOS − α)

D̃
r − cos(φLOS − α)

tan θ0 = tan θLOS
sin(φ0 − α)

φLOS − α
,

(1)

where D̃ = D cos θLOS is the distance from the BS to the car in the 
XY plane. All azimuth angles are referred to the driving direction 
defined by the velocity vector.

Following the same approach, one can calculate the beam mis-
alignment due to the vehicle motion. In this case, the error vector 
is replaced by the distance traveled by the car from its initial po-
sition. The angle between the error vector and the velocity vector 
is now zero. The error when estimating the velocity is assumed 
to be negligible. Its impact is expected much lower than the ac-
tual positioning and the information is updated so often that any 
change in the traveling direction is not substantially degrading the 
estimation.

Then, the azimuth (�φ) and elevation (�θ ) misalignment from 
its initial position follow these expressions:

�φ � vτ sinφ0

D0 cos θ0 − vτ cosφ0

�θ � δ − tan θ0

1 + δ tan θ0
,

(2)

where δ � h�φ/vτ sinφ0 and v is the magnitude of the velocity vector. 
It is worth mentioning that small angle approximations (sin x � x, 
cos x � 1) have been used in the previous expressions given the 
small error due to the movement, since the beam and vehicle 
dynamics update rate are considerably faster than any noticeable 
change in its motion.

2.2. Doppler effect on ICI

The use of multi-carrier modulation schemes such as OFDM in-
troduces a higher degree of robustness against channel dispersion. 
Long symbol duration is additionally compensated by a redun-
dant cyclic prefix (CP) and multipath delay spread is thus miti-
gated. However, OFDM systems tend to lose the orthogonality be-
tween subcarriers in fast time-variant scenarios. This is the case 
of vehicular communications. High speeds introduce large Doppler 
shifts that may severely degrade the signal quality. In V2V, where 
two or more vehicles exchange information using direct sidelink 
communications, Doppler represents a major challenge. Very di-
rective beams can alleviate this effect. A direct relation between 
beamwidth and Doppler spread is demonstrated in [25,26]. Con-
versely, thanks to the powerful focusing capabilities of next gen-
eration cellular stations, one could exploit the use of large arrays 
to mitigate the Doppler effect and also increase the power on the 
user’s side. This is the case of V2N communications, where a cel-
lular base station is linked to a vehicle using downlink and uplink 
streams. This work tries to address this situation in the following 
sections.

In [28], a statistical analysis of the ICI under the wide-sense sta-
tionary uncorrelated scattering (WSS-US) assumption is performed. 
The study also assumes Rayleigh fading but the channel is modeled 
in terms of a two-dimensional correlation function. Additionally, 
the authors in [29] present the temporal evolution of vehicular 
beamformed channels. This is later used to obtain the channel 
coherence time and a novel parameter such the beam coherence 
time, which can be related to a larger beam refresh. The work in 
[28,29] is thus used as baseline in the following sections to de-
rive the actual power of the ICI in beamformed V2N channels. The 
3

derivation is extended to a full 3D scenario in which a cellular BS 
optimizes its focusing towards a moving vehicle.

3. Optimum beamwidth analysis

3.1. Beamforming channel model

Given a wideband frequency selective channel, one can divide 
its impulse response for each OFDM k-th subcarrier to be hk(t, τ ). 
This response is zero-mean and stationary for all N subcarriers, 
with cross covariance between sub-channels hk(t, τ ) and hl(t, τ )

expressed as:

Rhk,hl (τ ) = E[hl(t)h
∗
k(t + τ )]; k, l = 1, ..., N. (3)

Assuming that the channel follows a WSS-US, the correlation 
function is factorable as follows [28,30]:

Rhk,hl (τ ) = R1(τ )R2(k − l) , (4)

where R1(τ ) is the delay correlation and R2(k − l) the correla-
tion between subcarriers. The first term is directly related to the 
Doppler spectrum, which cannot be assumed to follow a Clarke-
Jakes distribution [31,32]. In this case, the delay correlation func-
tion, R1(τ ), can be split into LOS and non-line of sight (NLOS) 
terms, being the first one related to the pointing direction whereas 
the second one is assumed to follow the one-ring scatterer model 
as in [29]:

R1(τ ) =E[hk(t)hk(t + τ )]
= K

K + 1
RLOS(τ ) + 1

K + 1
RNLOS(τ ) ,

(5)

where K is the Rician factor relating the power of LOS and NLOS 
components.

The channel correlation is also depending on the chosen an-
tenna pattern for such scenarios. Following the same approach 
as in [29], the analytical expressions used for beam optimization 
make use of the von Mises distribution to model the beamforming 
gain. In this paper, the bivariate von Mises distribution is used as 
a model for the azimuth and elevation gain [33]. For two uncorre-
lated variables, the expression of the antenna gain reduces to:

G(θ,φ|μθ ,μφ) = G0ekθ cos (θ−μθ )+kφ cos (φ−μφ) , (6)

where G0 is a normalization variable related to the maximum gain, 
μθ and μφ represent the elevation and azimuth steering angles 
and kθ ≈ 1/θ2

−3 dB and kφ ≈ 1/φ2
−3 dB are the concentration param-

eters of the bivariate von Mises distribution that are inversely pro-
portional to the squared half-power (-3 dB) beamwidth for highly 
directive antennas.

RLOS(t, τ )

= E

[(
G(θ0, φ0|θLOS, φLOS)G(θ̃ , φ̃|θLOS + �θ,φLOS + �φ)

)
Gmax exp{kθ + kφ}

×exp{ j2π f Dt
(

cos θ0 cosφ0 − cos(θ0 + �θ) cos(φ0 + �φ)
)}

×exp {− j2π f Dτ cos(θ0 + �θ) cos(φ0 + �φ)}
]

(7)

In (7), the LOS correlation is presented. Once normalized to the 
maximum achievable gain, two phase terms appear: one depend-
ing on time and one depending on delay. The former can be 
neglected since �θ and �φ are assumed to be very small (pro-
portional to the delay). The correlation thus is not dependent on 
time and the wide-sense stationarity is fulfilled. The second phase 
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term depends both on the initial positioning error and that small 
angular shift due to the movement in τ . The equation can be then 
simplified to the expression in (8).

Due to the inherently directive nature of beamforming mmWave 
links [34], those incoming paths close to the LOS component are 
expected to have a much higher impact on the perceived signal at 
the receiver. Therefore, for the sake of simplicity in the analysis, 
only the LOS correlation term is assumed from now on (K � 1). 
In any case, this simplification only affects the beam optimization 
function and not the numerical analysis carried out in the follow-
ing chapters, since all multipath components are considered when 
calculating the channel performance. In consequence, the delay-
term of the correlation from the initial position onward can be 
expressed as in (8).

R1(τ ) � RLOS(τ )

� E

[
exp

{
kθ

(
cos�θε + �θ

2
sin�θε − 1

)

+ kφ

(
cos�φε + �φ

2
sin�φε − 1

)}

exp
{

− j2π f Dτ cos
(
θ0 + �θ

)
cos

(
φ0 + �φ

)}]
(8)

The power delay profile (PDP) is assumed to be exponential, as 
in a tap delay model, in the form PDP(τ ) = 1

στ
exp (− τ

στ
), with τ ≥

0. In this expression, στ represents the delay spread, which can 
be translated to the channel coherence bandwidth. By calculating 
the Fourier transform of the PDP, one can obtain the correlation 
over the frequency, R H ( f ). The sampled frequency correlation at 
every subcarrier corresponds to the second term in (4), R2(k) =
R H (k� f ). Thus, the relation between the PDP and R2(k) can be 
summarized as:

R2(k) = 1

στ

∞∫
0

e− τ
στ e− j2πk� f τ dτ = κ

κ + j2πk� f
, (9)

where κ = 1/στ .

3.2. Received signal and SINR

The received signal at the user terminal is:

r(t) = h(t, τ ) � s(t) + n(t) , (10)

where s(t) is the baseband signal at the transmitter and n(t)
stands for additive Gaussian noise. The symbol � denotes the con-
volution operation.

Assuming a slow-fading subcarrier channel (i.e., the symbol pe-
riod is much smaller than the coherence time [6,29]), the symbols 
detected at the output of the k-th subcarrier of the OFDM receiver 
can be expressed as [28]:

x̂k = hk(t0)xk + NT

2π j

N∑
l=1
l 	=k

h′
l(t0)xl

l − k
+ nk , (11)

where T is the symbol period (T = 1
� f ), xk is the original symbol 

sent at the k-th subcarrier and ni is the Gaussian noise after the 
correlator with zero mean and N0 power density.

In the Appendix, details about the calculation of the SINR ac-
counting for ICI in beamforming environments are provided. Then, 
the SINR at each subcarrier can be expressed as:
4

Fig. 2. Sketch of the vehicle position relative to the beam spot.

SINRk = P

P |R ′′
1(0)|( NT

2π

)2 ∑N
l=1
l 	=k

1
(l−k)2 + N0 B

. (12)

As stated in (12), the SINR must be defined for each subcarrier. 
When accounting for those in-band fluctuations, SINReff can be 
used as an abstraction from multi-carrier instantaneous measures 
to a single value that allows to evaluate the link-level performance 
from a system perspective. In [35], further details about the calcu-
lation of the SINReff for OFDM systems are provided. The authors 
provide up to four different effective SINR mapping models for it 
calculation from the sub-carrier individual SINR values. Nonethe-
less, the links in the system experience less multipath components 
thanks to the inherent directivity of mmWave bands given the 
large attenuation of some multipath components, further increased 
by the use of sharp beams. Those components far from the angular 
region covered by the beam are severely attenuated, which trans-
lates to larger beam coherence times and smaller in-band SINR 
fluctuations. In that regard, and targeting to a low-complex imple-
mentation under realistic circumstances, the SINReff calculation is 
approximated to the average among all the individual SINR values 
per subcarrier.

SINReff ≈
N∑

k=1

SINRk (13)

3.3. Beam outage and link stability

High-mobility environments are prone to fast changes in the 
wireless channel characteristics. In the case of beamforming sys-
tems, steering information must be rapidly updated to provide an 
accurate enough tracking of the target. This information is also 
affected by prediction inaccuracies worsening the quality of the 
link. Beam recovery strategies must be provided to prevent beam-
steering algorithms to lose track but this is left out of the scope of 
the present work.

Given a beam with θ3 dB and φ3 dB beamwidth in elevation and 
azimuth, respectively, the probability of falling outside its -3 dB 
footprint, also coined here as beam outage, is expressed as:

Pbo = 1 −
μθ+ θ3 dB

2∫
μθ − θ3 dB

2

μφ+ φ3 dB
2∫

μφ− φ3 dB
2

fθ,φ(θ,φ)dθdφ , (14)

where μθ and μφ are the steering angles of the beam in elevation 
and azimuth and fθ,φ(θ, φ) is the joint density function of the ve-
hicle position based on the definitions in Section 2.1.

The definition of beam outage does not directly relate to actual 
outage or reliability but it might be used as a hint of the suitabil-
ity of a certain beam. Fig. 2 illustrates the position of a vehicle 
with respect to the beam spot for a given positioning accuracy for 
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a certain trajectory within the time period between t1 and t2. It 
is assumed that the BS beam uses the closest beam to the ex-
pected position of the vehicle. Higher speed or larger positioning 
inaccuracy might lead to a wrong beam choice and hence reduc-
ing dramatically the perceived signal. This issue can be alleviated 
by increasing the beamwidth at the expense of reduced gain.

3.4. Beamwidth optimization

The target vehicle reports its position and velocity every T v sec-
onds. In parallel, the BS updates its beam with a Tb periodicity. In 
case of typical beam sweeping strategies, this would represent that 
all beam combinations are swept every Tb seconds, for instance, by 
means of synchronization signal block (SSB) bursts in 5G NR.

Since the proposed strategy is a single-side optimization algo-
rithm, the BS makes use of the most recent vehicle information to 
predict the current position and driving direction. A safety margin 
due to positioning inaccuracies is considered by assuming that the 
standard deviation of the positioning error distribution is known. 
Thus the optimization is based both on the achievable channel 
capacity and the probability of the car to lay outside the beam 
footprint (beam outage).

The optimum beamwidths in elevation and azimuth (θopt
-3 dB, 

φ
opt
-3 dB) are chosen to maximize the overall data transmission for 

each beam period, Tb . In the optimization process, two simultane-
ous goals are pursued: minimize the outage probability and max-
imize the channel capacity (i.e., throughput). The abrupt degrada-
tion of the signal outside a beam coverage area makes the first goal 
almost a must, which also tightly relates to the second one. Data 
delivered outside the beam boundaries should be left as marginal, 
triggering an update of the beam for the next period in case that 
the vehicle is outside that area. Furthermore, accounting for invol-
untary data reception outside the beam coverage may lead to a 
suboptimal use of resources. Then, the optimization function can 
be written as:

θ
opt
-3 dB, φ

opt
-3 dB = arg max

kθ ,kφ

Tb∫
0

(1 − Pbo) log2(1 + SINReff) , (15)

which includes the effective SINR (SINReff) and the beam outage 
probability as parameters.

Given a set of pre-defined beamsets, with different azimuth and 
elevation beamwidth for their individual beams, the closest beam 
to the expected LOS is chosen for each. The optimum one from this 
subset of beams is chosen based on the maximization criterion in 
(15). This approach tackles a complex optimization problem with 
a simple, yet feasible way for massive deployment with multiple 
vehicles under real-time coverage.

4. Numerical evaluation

The proposed optimization strategy is then validated through 
numerical simulations. A set of Nv vehicles is randomly distributed 
within the coverage area of a BS. Each one is independently simu-
lated assuming a linear trajectory with a constant speed, v , during 
Tt seconds. Once the trajectory of the current vehicle is simu-
lated, the results are stored and the next vehicle is dropped to 
the scenario. The car positions are sampled every �t seconds and 
all values (e.g., SINR, outage) are computed for each sample. LOS 
visibility is assumed for all users, following the channel model 
proposed by the 3rd Generation Partnership Project (3GPP) for 
highway scenarios in [36]. In that regard, the QUAsi Deterministic 
RadIo channel GenerAtor (QuaDRiGa) libraries are used to retrieve 
the channel impulse response along each trajectory [27]. The re-
sults discussed below are based on the averaged values for all 
5

Fig. 3. Simulation scenario with a single vehicle. The update of the vehicle informa-
tion and the BS beam is illustrated along the trajectory.

Table 1
Parameters used for the simulation.

Parameter Symbol Value

Carrier frequency fc 28 GHz

Channel bandwidth B 50 MHz

Transmission power P T 20 dBm

Channel model Highway LOS [36]

Number of vehicles Nv 500

Max BS-vehicle distance 300 m

Velocity v {25,50,100,150,200} km/h

Total simulation time Tt 5 s

Sampling interval �t 0.01 s

Beam update period Tb {20,40,80,160} ms

Vehicle positioning period T v 200 ms

Number of sectors Ns 3

Azimuth sector [−60,60]◦
Elevation sector [−60,30]◦
Number of beamsets Nb 3

Azimuth beamwidth φ-3 dB {24,12,6}◦
Elevation beamwidth θ-3 dB {50,24,12}◦

computed trajectories to obtain suitable statistics. Fig. 3 depicts the 
simulation scenario for a given vehicle trajectory.

The BS is composed by Ns equal sectors covering the entire az-
imuth range. It calculates the optimum beam with Tb periodicity 
and the vehicle reports its (randomly erroneous) position every T v

seconds. Up to Nb beamsets are considered at the BS, choosing 
the closest beam towards the car for each of them. The Nb beams 
are then evaluated in terms of the expressions in Section 3.4. Then, 
every Tb , the process is triggered again with the most recent infor-
mation of the car. Table 1 lists the different simulation parameters.

When evaluating the suitability of a beam, one can follow 
several criteria. Typically, beam sweeping strategies are based on 
power measurements carried out by the receiver when the trans-
mitter sends some signaling messages with a finite set of beams. 
Nevertheless, the beam with the highest power is not always the 
one with the best performance in terms, for example, of SINR – 
tightly related to throughput and error rates. On the other hand, 
repeated messaging with several beams leads to an increased over-
head and larger periods of time to retrieve the optimum beam. 
In addition, the “instantaneous” measurement of such beams re-
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Fig. 4. SINR against LOS distance between the BS and the vehicles.

quires fast refresh rates so they are valid enough until the next 
update. The proposed approach only makes use of the position and 
speed information from the receiver, which is periodically reported 
but at a much lower rate with very low associated overhead. The 
position and speed information can even be sent in a separate 
channel at lower frequencies. The use of optimization algorithms 
to retrieve the optimum beamwidth is also discarded due to its 
complex application in realistic scenarios. However, the presented 
methodology later compared to some optimization algorithms with 
a subset of vehicles to prove that the benefit-cost ratio is quite low 
when compared with the proposed approach. The authors propose 
to substitute current beam sweeping stages by a single-message 
exchange from the vehicle to the base station and fast SINR calcu-
lations using existing codebooks with the previous expressions.

The performance of such approach is thus compared to a typical 
hierarchical beam sweeping strategy based on periodical power re-
ports from the receiver once the transmitter sends signaling bursts 
with all possible beams. It is decomposed in two phases. First, a 
low-directivity set of beams is evaluated, corresponding to the so 
called beam determination stage. The next beam update period is 
used for beam refinement, in which a set of narrower beams is 
used. The limit in the number of beams to sweep within a Tb in-
terval defines the maximum number of neighboring beams to test 
so they still fulfill the requirements of current standards as in 5G 
NR, which limits the signaling blocks to 64 per burst in the case 
of frequency range two (FR2) [37]. The beamwidth is reduced un-
til the highest hierarchy is reached. Then, only neighbor beams are 
swept until the vehicle exceeds the coverage of a sector, where the 
low-level beams are swept again and the process starts again. All 
beams are swept at the lowest level to allow the BS to find the car 
regardless its position. A fixed number of 5 neighbors per dimen-
sion (25 in total) are swept at higher levels.

4.1. SINR evolution

There are two main parameters that influence the optimization 
as previously stated: the vehicle speed and the accuracy of the 
positioning method, defined by the standard deviation of the posi-
tioning error (σr). In this section, the evolution of the SINR is stud-
ied for different cases in terms of those parameters. For instance, 
Fig. 4 depicts the SINR as a function of the distance between the 
vehicle and the BS for several positioning error values, i.e., stan-
dard deviation of the Rayleigh distribution. All vehicles drive at a 
constant speed of 100 km/h and the beam is updated every 40 ms.

As expected, the divergence between lines in Fig. 4 is reduced 
as the distance increases and the angular error becomes similar. 
For relatively short distances, the additional path losses are over-
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Fig. 5. Beam outage for different speed and standard deviation of the positioning 
error values.

come with more directive beams. The performance of the beam 
sweeping strategy in terms of SINR is similar to the proposed so-
lution, even better for very high positioning errors, until 200 m. 
The use of the most directive beams during almost the entire tra-
jectory leads to much probable outage locations and this has an 
big impact in the statistics when power is comparable to noise. In 
addition, the change in the trend of all curves coincides with those 
distances for which the received power is so low that the ICI be-
comes much lower than the noise and propagation losses have a 
direct impact on the SINR.

4.2. Misalignment and gain loss

Optimized beams consider both channel capacity and beam 
outage probability. Therefore, it is a matter of interest to capture 
the evolution of the latter under various conditions. In this case, 
the simulated trajectories are limited to a coverage area of 200 m 
in which small positioning errors are still meaningful. It is also typ-
ical that highly demanding applications in terms of throughput as 
the ones offered by mmWave V2X are limited to a relatively small 
cell coverage.

The probability of the car to be outside the footprint of the 
chosen beam is as illustrated in Fig. 5. The values are given for 
speeds between 25 and 200 km/h and deviations of the vehicle 
position from 1 to 8 m. In light blue, the beam outage probabil-
ity for the beam sweeping case is also shown. The consideration 
of the vehicle positioning (with a certain accuracy) really helps 
the BS to avoid large outage periods as seen in Fig. 5. The fact 
that finer beams are used for low σr values implies slightly larger 
loss in SINR. When the car speed is increased, this difference of 
using narrow (low σr ) and wide beams (high σr ) is more notice-
able. However, the achievable SINR evolves as expected (Fig. 4). 
The average SINR degradation due to outage is much lower than 
the one due to the use of wider beams when the positioning error 
becomes higher. Targeting to provide accurate QoS for advanced 
vehicular use cases at mmWave bands, alternative optimization 
methods should be investigated to minimize the impact of outage.

Moreover, one could expect that outage increases both with the 
positioning error and the vehicle speed. For the former, this is true 
for relatively low speeds. However, this trend is not kept from 100
km/h forward. To understand this effect and provide a plausible 
explanation, Fig. 6 shows the ratio of usage of each beamset hi-
erarchy level depending on the error. In this case, the velocity is 
fixed to 100 km/h. It is evident that better positioning allows to 
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Fig. 6. Beamset hierarchy usage ratio for different values of the standard deviation 
of the positioning error when driving at 100 km/h.

Fig. 7. CCDF of the gain loss due to beam misalignment at 100 km/h. Black lines 
indicate a 3 dB loss (vertical) and 1% probability (horizontal).

use more directive beams, whereas high errors imply widening the 
footprint at the expense of less gain.

Finally, the values in Fig. 5 are not directly linked to any re-
liability metric but they can provide a hint on how effective the 
energy focusing is. However, the degradation in terms of SINR or 
packet reception rate (PRR) must be provided for such kind of as-
sessment.

The loss of gain due to beam misalignment is then depicted in 
Fig. 7. The values are calculated as the difference between the gain 
of the pattern resulting from the optimization towards the vehicle 
and the gain of the beam including the LOS direction at the same 
angles. Again, the speed of the vehicles is 100 km/h. The comple-
mentary cumulative distribution function (CCDF) of the gain loss is 
represented in such a way that one can somehow relate this pa-
rameter to a certain reliability level. For instance, regardless of the 
positioning accuracy, all beams suffer less than 3 dB losses on 94% 
of the cases. Inversely, with 1% probability, losses will be higher 
than 6.5 and 12.2 dB for {2, 4} and {1, 8} m accuracy, respectively.

4.3. Effect of beam update period

Lastly, the impact of the beam update period on the link per-
formance is studied. For the same highway scenario, the optimum 
beam is chosen with four update period: 20, 40, 80, and 160 ms. 
The same periods are used in the case of beam sweeping for com-
7

Fig. 8. Average SINR for different beam update periods.

Fig. 9. Outage probability for different beam update periods.

parison. All vehicles drive at a constant speed of 100 km/h and 
they report their position every 200 ms with an accuracy of 2
m. Fig. 8 shows how the average SINR evolves for each case. On 
the one hand, the proposed beam optimization method outper-
forms the beam sweeping strategy for all beam update periods, 
especially when this value is increased, with up to 0.4 dB more 
SINR in average. The optimum beam considering both ICI and ve-
hicle positioning also showcases a much more stable performance 
as the time between beam updates increases. On the other hand, 
it is of interest to evaluate the system-level performance in terms 
of beam outage probability. Again, the proposed beam optimiza-
tion presents a very stable behavior as seen in Fig. 9, with values 
always below a 0.2. The beam sweeping approach, with high use 
ratio of very narrow beams, shows an slightly increased probability 
of beam outage for higher beam update periods.

4.4. Comparison with other optimization methods

In order to evaluate the optimality of the proposed approach, it 
is compared to two different optimization algorithms. For a given 
beam update period (40 ms) and positioning accuracy (2 m), a 
subset of 10 vehicles is used to extract some quality parameters 
for two other optimization methods and compare them with the 
abovementioned results. In particular, the two chosen algorithms 
are: a global search with sequential quadratic programming (SQP) 
[38,39] and the genetic algorithm (GA) [40]. The former makes use 
of a large number of starting points to iteratively solve individual 
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Table 2
Performance comparison between the three optimiza-
tion methods.

Parameter Beamset SQP GA

Avg. SINR (dB) 7.37 8.46 8.44

Avg. Pbo 0.02 0.24 0.19

Avg. Time (norm.) 1 402 830

Avg. �θ−3 dB (deg.) – 6.78 6.37

Avg. �φ−3 dB (deg.) – 13.0 12.83

problems. It allows to solve non-linear constrained problems, as it 
is the case. The optimization variables (beamwidth in azimuth and 
elevation) are restricted to a range of values and the maximiza-
tion function is far from presenting a linear behavior. The second 
method, GA, is based on a natural-selection process, creating ran-
dom children at each iteration from a subset of the parents in 
the previous stage. When the population and iterations are large 
enough, the solution converges to the optimum. The following set-
tings are applied to both optimization methods:

• A total number of 500 trial points are initially used in the 
global search, which are reduced to 200 in successive itera-
tions.

• The tolerance of the SQP and GA optimizer variables (beam-
width) is set to 0.01◦ .

• No thread parallelization is used in the optimization, which 
could partially alleviate the time consumption.

Table 2 presents the results for a subset of 10 vehicles with po-
sitions ranging between 150 and 250 m along their trajectories. 
The distance criterion is used in order to obtain meaningful mean 
values of SINR and outage, since it does not make sense to av-
erage power for very distinct distances between transmitter and 
receiver. The average calculation time for each optimization (nor-
malized to the original beam search) and the average difference 
between the optimum beamwidth and the one chosen from the 
beamset are also given. As it can be stated, the use of optimiza-
tion algorithms improves the achievable SINR at the expense of 
much larger computation times. Regarding the beam outage prob-
ability, it is much larger for the optimum beams as well, since they 
tend to lower beamwidth values. The goal function for the entire 
trajectory is maximized but it does not imply that all points are 
maximum. Additionally, being out of the beam does not necessar-
ily mean that the received power is insufficient for an adequate 
decoding of data. For such analysis, higher layers should be imple-
mented to calculate other parameters such as the packet error rate 
(PER).

5. Conclusion

This paper addresses the optimization of the antenna beam-
width in high-mobility V2N communication scenarios using mas-
sive antenna arrays at mmWave band. In particular, the informa-
tion of the vehicle speed and position, assuming a certain error, 
are used to estimate the channel performance along the vehicle 
trajectory in terms of SINR and outage probability to optimize the 
antenna beam width. Analytical expressions are provided to esti-
mate the ICI depending on the Doppler shift due to the vehicle 
speed and the accuracy when positioning the car in the scenario. 
The results are also compared to those obtained with a hierarchi-
cal beamset codebook in which the beam is refined after an initial 
tracking phase.

An increased performance in terms of SINR and throughput 
is shown when the antenna beamwidth is adapted according to 
the vehicle dynamics compared to the wide-spread beam sweep-
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ing case. This is true even when a finite beamset is chosen, equal 
to the one used in beam sweeping. The main constraint of the 
proposed methodology concerns the accuracy when estimating the 
user trajectory but this is compensated in the optimization at the 
expense of reduced antenna gains. SINR and throughput are max-
imized when the vehicle position is known with better accuracy, 
whereas gain drops due to beam misalignment do not always fol-
low this trend. Nevertheless, a loss smaller than 3 dB is given 
at least for 94% of the cases. The discussed optimization method 
also presents a very stable performance with beam update periods 
ranging from 20 to 160 ms.
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Appendix A

In [41], Bello justified that, under slow-fading condition, one 
can define the channel fading terms by the two first terms of its 
series expansion. In 5G FR2 communications, the symbol period, T , 
is 16.67 μs at most (� f = 60 kH z). Moreover, according to the cal-
culations in [6,29], typical values of the channel coherence time in 
mmWave V2I communications are strictly more than 1 ms. Hence, 
slow-fading condition is assumed to be fulfilled and the channel 
coefficients for the k-th subcarrier are expressed as:

hk(t) = hk(t0) + h′
k(t0)(t − t0) . (A.1)

The received signal in time, defined in (10), corresponds to the 
addition of all subcarrier symbols, that combined with (A.1) lead 
to the following expression:

r(t) = 1√
NT

N∑
k=1

hk(t0)xke j2π fkt

+ 1√
NT

N∑
k=1

h′
k(t0)(t − t0)xke j2π fkt + n(t) .

(A.2)

Then, the output of the k-th correlator is the one defined in (11). 
The three addends in (11) correspond to the signal, ICI and noise 
components. First, the symbol to be detected has a power, namely 
P , that is proportional to the transmit power divided by the chan-
nel path loss. The power perceived by the receiver will scale ac-
cordingly to the position with respect to the beam footprint. As-
suming that the BS focuses to the estimated position of the vehicle, 
there will be a decrease of the signal strength mainly due to two 
factors: the error in positioning and the vehicle movement.

The second term in (A.2) must be carefully depicted, since both 
the beamforming antenna (gain and misalignment) and user move-
ment (Doppler) influence the ICI power in different ways. The 
power of the ICI is then computed as
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Table A.3
Definition of terms in (A.5) for τ = 0.

Variable Definition

C ekθ (cos�θε−1)+kφ (cos�φε−1)

A′
1

1
2 kθ sin(�θε)�θ ′

A′
2

1
2 kφ sin(�φε)�φ′

B ′ − j2π f D cos θ0 cosφ0

�θ ′ hv(tan2(θ0)+1) cos θ0
(D0 cos θ0+h tan θ0)2

�φ′ v sin(θ0)
D0 cos θ0

A′′
1 (A′

1)2 + 1
2 kθ sin(�θε)�θ ′′

A′′
2 (A′

2)2 + 1
2 kφ sin(�φε)�φ′′

B ′′ B ′ − j8π f D

[
sin θ0 cosφ0�θ ′ + cos(θ0) sin φ0�φ′

]2

�θ ′′ 2hv2(tan2 θ0+1) cos2 φ0
(D0 cos θ0+h tan θ0)3

�φ′′ 2v2 sinφ0 cosφ0
(D0 cos θ0)2

D0 D cos θLOS sin(φLOS−α)
cos θ0 sin(φ0−α)

Ik = E

[∣∣∣∣∣ NT

j2π

N∑
l=1
l 	=l

h′
l(t0)xl

l − k

∣∣∣∣∣
2]

= I1 + I2 (A.3)

and it is decomposed in two parts, being I1 the crossed terms cor-
relation and I2, the self-correlation of all the undesired symbols 
at the i-th branch. Given zero-mean i.i.d. symbols, I1 = 0 and only 
the second term remains in the equation:

Ik = I2 =
( NT

2π

)2 N∑
l=1
l 	=k

1

(l − k)2
E[|h′

l(t0)xl|2]

=|R ′′
1(0)|P

( NT

2π

)2 N∑
l=1
l 	=k

1

(l − k)2 ,

(A.4)

where R ′′
1(0) is the second derivative of the self-correlation func-

tion particularized for τ = 0.
In (8), the temporal correlation of the LOS component is de-

tailed. Both positioning and movement errors influence the chan-
nel correlation in magnitude and phase. The angles are referred 
with respect to the axes defined by the driving direction and the 
zenith. The bivariant von Mises distribution [33] is used to model 
the beam pattern, which extends the initial approach in [29] to 
both angular dimensions, and the two variables are assumed to be 
uncorrelated.

For τ = 0, the second derivative of R1 can be expressed in the 
following form:

R ′′
1(0) = E

[
C
(

A′′
1 + 2A′

1 A′
2 + A′′

2 + 2A′
1 B ′ + 2A′

2 B ′ + B ′′)] (A.5)

and each term is detailed in Table A.3. The undefined parameters 
are: v stands for the magnitude of the velocity vector, D is the LOS 
distance between the BS and the vehicle at the reported position 
and h is the height difference between both.

Considering a noise power that scales with the sub-channel 
bandwidth, N0� f , the SINR of the i-th subcarrier follows the ex-
pression detailed in (12).
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