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Abstract—Future automotive systems are expected to signifi-
cantly benefit from a range of diverse mechanisms and capabili-
ties that will be offered by the emerging fifth-generation (5G) cel-
lular technology. In particular, one of the most prominent 5G use
cases is represented by the Vehicle-to-Everything (V2X) context,
which aims to enhance people’s driving experience with collective
safety and infotainment applications (e.g., autonomous driving,
driver assistance, and contextual information). To achieve the
requirements of better reliability, lower latency, and higher data
rate, the use of extremely high frequencies (known as millimeter-
wave, mmWave) is envisioned as an efficient solution. In fact,
very high numbers of sensors deployed on vehicles introduce
a serious challenge for the initial access procedure due to likely
collisions in case of massive connection attempts. For that reason,
the goal of this work is to offer improvements to the reliability of
the initial access procedure for 5G mmWave cellular in massive
V2X communications scenarios. In doing so, we propose to exploit
redundant preamble transmissions in order to faster acquire a
data transmission opportunity. Our obtained results indicate that
by sending multiple replicas of a random access preamble the
success probability to transmit at the first attempt is at least
twice higher than that with the legacy approaches where a single
random access preamble is being sent.

I. INTRODUCTION

Over the recent years, we have observed a series of techno-
logical breakthroughs, which pushed the automotive industry
to define new categories of vehicles, such as connected and
autonomous cars. These employ a rich set of functions for
detecting obstacles, processing videos and images related to
driving, and offering temporary control of a vehicle, among
many others [1]. Along these lines, a multitude of on-board
sensors, including automotive radars, infrared and visual cam-
eras, light detection and ranging (LiDAR) devices, as well
as ultrasonic and motion sensors have to be deployed. In
particular, scenarios, where vehicles establish communication
links with other entities (infrastructure, proximate vehicles,
humans, etc.), have recently gained momentum under the
notion of vehicle-to-everything (V2X).

While most of the V2X scenarios are typically labeled as
“ultra-reliable and low latency communications” (URLLC) use
cases — especially in remote control and safety applications —
some of them can also be “massive” at the same time. As a
matter of fact, the sheer numbers of cars in urban areas (each
equipped with a large number of sensors) may pose a challenge

for network operators due to extreme load that should be han-
dled reliably and with low delays. Accordingly, we argue that
certain V2X use cases are located at the intersection of critical
and massive machine-type communications (mMTC) [2].

In these massive V2X communications scenarios, the traffic
loads produced by a plethora of automotive mMTC devices
may be difficult to handle with the conventional cellular and
dedicated short-range communications (DSRC) solutions due
to relatively scarce radio resources. Accounting for the fact
that many automotive sensors have limited operating ranges,
this situation is aggravated by the need to transfer raw sensor
data with close to no preprocessing to reduce communications
latency at higher speeds. Fortunately, with the emerging fifth
generation (5G) cellular systems that employ millimeter-wave
(mmWave) radios operating at extremely high frequencies and
providing with gigabit-per-second throughputs, the impending
network capacity challenge can be resolved even for higher
data rate sensors [3].

It is known that mmWave carrier frequencies make the
propagation conditions more unpredictable due to blockage
of the signal by solid objects, including human bodies. This
may lead to frequent transmission interruptions and reconnec-
tions between the serving mmWave small cells. With further
increased dynamics due to vehicular mobility, a bottleneck of
the 5G mmWave system in V2X applications is the initial
access procedure applied before the actual data transfer can
commence. Initial network entry in cellular typically relies on
random-access mechanisms and may be subject to excessive
collisions in case of massive connection attempts [4], espe-
cially for highly directional mmWave systems. This is because
of more complex beam alignment, which leads to longer delays
before a transmission can be initiated [5], hence reducing the
overall operational reliability.

Prior work in the area focused on network access and over-
load control in conventional cellular systems by considering
several key performance indicators: (i) access delay, (ii) access
success probability, (iii) service-quality guarantees, (iv) energy
efficiency, and (v) traffic load. However, research on initial
access efficiency in mMTC scenarios for highly directional
mmWave systems is still in its infancy, as most of the past
work concentrated so far on adapting the existing methods
that have been developed for 3GPP LTE technology [6], [7].



This paper aims at offering improvements to the initial
access efficiency (primarily in terms of its reliability and,
consequently, access latency) for 5SG mmWave cellular in
massive V2X communications scenarios. We propose to in-
troduce transmission redundancy by sending multiple replicas
of the random-access preamble whenever an idle-mode mMTC
device attempts to connect to the network. We note that the
concept of redundancy has already been considered in 3GPP
Release 13 with the enhancements for MTC (eMTC) and
the narrowband Internet of Things (NB-IoT). However, the
proposed access scheme has not been exploited in mmWave-
based mobile scenarios, such as those pertaining to the V2X
use case. In fact, by sending multiple replicas of the same
random-access preamble it is possible to increase the chances
of acquiring a data transmission opportunity at the first at-
tempt. Along these lines, we on the one hand guarantee that a
higher number of mMTC devices can initiate their data transfer
to e.g., their serving mmWave base station, and on the other
hand ensure that the entire initial access procedure is executed
without incurring extra delays, despite higher dynamics and
directionality in mmWave-based V2X setups.

The rest of this text is structured as follows. Section II
elaborates on the feasibility of utilizing mmWave cellular
technology to support massive V2X use cases. Section III
introduces our developed concept of transmission redundancy
and connects it to the recent initial access proposals for 5G
mmWave cellular. Further, Section IV outlines a character-
istic massive V2X scenario that employs our concept and
conducts its thorough performance evaluation with ray-based
and protocol-level modeling techniques. Finally, Section V
concludes the paper by summarizing our main findings.

II. USE OF MMWAVE FOR MASSIVE V2X SCENARIOS

The higher transmission rates and lower transfer delays
of today’s wireless systems coupled with decisive capacity
enhancements promised by the emerging 5G mmWave cellu-
lar are expected to support growing densities of automotive
mMTC devices, up to 200 items per vehicle by 2020 [8].
Clearly, serving massive volumes of sensory data (especially
from bandwidth-hungry radars and cameras) translates into
heavier traffic loads that are impossible to accommodate with
the current microwave-based network infrastructures. To this
end, the use of mmWave bands offers larger amounts of radio
spectrum, enables higher order modulation, and facilitates
advanced multiple-input multiple-output (MIMO) operation.
As a result, this enhances spectral efficiency as well as enables
higher data rates (i.e., on the order of Gbit/s) as compared to
the performance achieved in conventional systems operating
at below-6-GHz carrier frequencies [9].

Furthermore, deploying higher numbers of directional
transceivers based on mmWave radio access technology (RAT)
may also aid in overcoming the blockage effects that neg-
atively impact the propagation of mmWave radio signals.
For instance, directional transmitters on the front and rear
bumpers of a car can be employed for vehicle-to-vehicle
(V2V) communications, whereas those positioned on top of a

vehicle may be dedicated to offering vehicle-to-infrastructure
(V2I) connectivity (see Fig. 1). The latter is because the
network infrastructure is typically installed at higher elevations
in order to provide with line-of-sight link conditions and thus
lower the probability of blockage.
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Fig. 1. Representative urban V2X scenario over 5G mmWave cellular.

In utilizing 5G mmWave systems for highly mobile V2X
applications, the development of more efficient control layer
procedures becomes crucial. In particular, one of the key
challenges here is the design of a suitable initial network
access mechanism that is capable of handling large volumes of
potentially moving mMTC devices. In fact, following 3GPP’s
standardization efforts to improve reliability and reduce la-
tency in 5G systems, new initial access solutions need to
be proposed, which would be mindful of frequent cell re-
associations (and the corresponding cell search overheads) in
the presence of vehicular mobility.

Due to the limited set of available preambles (and thus the
associated access codewords), the current 3GPP LTE Random
Access (RA) procedure suffers in terms of capacity whenever
the number of devices accessing the network increases. This
implies higher delays and battery consumption, which in turn
translates into lower reliability. Therefore, our work introduces
a novel concept that improves the initial access operation in 5G
mmWave cellular for massive V2X applications. It is based on
adding transmission redundancy that aims to increase access
reliability and decrease beam alignment latency in the course
of initial network entry.

The main target of our proposal is to facilitate situations,
where an mMTC device is changing its state from idle to
connected. This control plane transition is triggered more
often in mmWave systems than in conventional LTE deploy-
ments due to (i) intermittency of the links and (ii) frequent
idle mode cycles. Indeed, mmWave propagation may lead to
more frequent connection re-establishments that require proper
alignment for directional transmission and reception [5]. As
communicating devices in V2X mMTC are inherently mobile,
occasional inter-RAT handovers (e.g, between mmWave and
WiFi or LTE) are also expected due to irregular mmWave
coverage, especially at the early stages of 5G deployment.



III. IMPROVED ACCESS RELIABILITY IN 5G MMWAVE
A. Principles of Initial Access in Cellular

While 5G mmWave cellular expects to deliver the capac-
ity needed to support the high data rates of advanced car-
mounted sensors, the emerging latency-sensitive and real-time
automotive applications (such as “See Through” and “Bird’s
Eye View” [3]) may be significantly disadvantaged in case of
lengthy initial access. It is typically invoked at transitions from
idle to active mode as well as during handovers (i.e., under
certain conditions), and can in principle be implemented as (i)
a contention-free procedure or rely on (ii) a contention-based
RA mechanism. The latter is more feasible in urban V2X
scenarios due to dynamic and unpredictable load produced by
high and varying densities of vehicles [10].

It is generally expected that RA in mmWave cellular will
adopt as a baseline the core principles of that in 3GPP LTE
technology [11]. However, enhancements have already been
proposed in the 3GPP standardization process for the case
where higher frequencies are used. In particular, emerging
initial access protocols for mmWave will leverage the four-
stage procedure. On top of this, it is assumed that mmWave
cellular base station (BS) periodically broadcasts dedicated
synchronization signals (SS), which allow the devices to
estimate the beam direction towards the BS, e.g., based on
the channel reciprocity. An example is summarized as follows
(see also Fig. 2):

1) A newly activated mMTC device attempts to establish a
connection to the intended BS based on its SS measure-
ments. It thus selects a subset of random access channel
(RACH) resources (across time and frequency) together
with a subset of RACH preambles to be transmitted
within a single beam at the next available RACH occa-
sion. Importantly for mmWave, one RA preamble may
potentially be identified by frequency, time interval, and
sequence [11].

2) The BS then detects the RACH preambles and estimates
the direction towards the sending device. It replies
by transmitting a random access response (RAR) that
contains service information on the timing alignment,
the initial uplink grant, and the Cell Radio Network
Temporary Identifier (C-RNTI) to all of the mMTC
devices associated with the received preamble identifier
and located within the given beam.

3) The device awaits the response during the RA response
window and then, if the RAR is received, it transmits
the connection request according to its uplink grant over
PUSCH.

4) If at stage “1” only one mMTC device has selected
a particular preamble sequence and resource, then the
BS successfully receives its connection request and
grants resources for the requested data transmission.
If, however, two or more devices within the same BS
antenna beam receive the RAR with the same preamble
identifier, then a collision occurs and at best only one of
the contending devices can receive the data transmission

grant (that is, if a “power capture” effect [12] takes
place). Those not receiving the data grants or RAR
messages at stage ‘“2” are forced to initiate a backoff
procedure and retransmit at the next RACH occasion.
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Fig. 2. Illustration of random-access procedure in cellular.

We note that despite the fact that the structure of the RA
procedure is fairly straightforward, the actual timings as well
as the numbers of available preambles and RACH periodicity
remain undefined in the current 3GPP Release 15 specifica-
tions (and the associated technical reports) and may depend
on the scenario in question. An example of the currently
proposed RACH numerology for above 6 GHz, which can
be utilized entirely or partially by the BS, is summarized by
Table 1 in [11]. Further, the very high directivity of mmWave
antennas and hence the presence of multiple beams may result
in the need of applying more time-consuming sector sweep
procedures, which incur considerable overheads.

B. Proposed Redundancy-based Control Procedure

An adequate reliability improvement scheme for RACH in
5G mmWave systems requires, for instance, maximizing the
probability of successful connection request at the first attempt.
One possible solution to do so has been proposed for LTE
systems in [6] and is based on the consecutive transmission
of different preamble sequences that may be exploited as
orthogonal cover codes. However, for mmWave links, the
orthogonality of such preamble-constructed codes may be
severely degraded due to time-varying channels and frequency
offsets. On the other hand, we propose to explicitly take
advantage of the time-varying channel properties and introduce
an adaptive dynamic control procedure that optimizes the
probability of successful transmission at the first attempt.

One of the expected distinguishing features of 5G mmWave
cellular is its support of multiple/repeated RACH pream-
bles [11]. Namely, one may assume that a device can select
not just a single but several RA preambles and transmit them
within the same beam. Naturally, sending multiple RACH
preambles implies that the RAR messages will be received
independently for each preamble together with the grants
to initiate the data transfer in case of successful connection
request transmission.

By adding such redundancy, the RA scheme performance
may be significantly improved in terms of the probability of
successful transmission at the first attempt, as compared to
the conventional LTE system design. Assuming that the BS
regularly broadcasts the preferred backoff window size W
and informs all of the mMTC devices as to whether they are
expected to transmit one or K multiple preambles within a



subset of RACH resources, we may employ our random access
procedure designed in [13].

The main idea of the algorithm in [13] is to dynamically
control K and the transmission probability p (that is directly
translated into the backoff window W) subject to the im-
mediate load conditions. In case if the actual number N; of
currently active mMTC devices is known in advance, the said
algorithm provably minimizes the probability of successful
transmission; however, when such information is not available
and the immediate number of active sensors is estimated by the
past channel history, it provides an efficient heuristic control
scheme.

In particular, for the RACH occasion j the number of
simultaneously active sensors N; may be predicted by using
the maximum likelihood estimation, where the most probable
event is defined based on the channel outcome v;_; =<
n;,Ns,Ne. > observed after the preceding RACH occasion
7 — 1. Here, n;, ns, n. denote the number of idle, successful,
and collided preambles, respectively. The point N. ; that deliv-
ers the maximum of likelihood may be tightly approximated
by the point of maximum of the following function of the
same shape as Pr{v;_1|N;_1 }:

g(vi_1,Nj 1) = M(N)”Se_“(N)M (eu(N) —1- M(N))nc ,
(D
where ((N) = N;_1K/M;_; and n;+ns+n, = M;_4 is the
total number of preambles available at the attempt j. Deriving
the gradient of the function (1) that provides the optimal value
of u*, we may estimate the number of currently active MTC
devices as:

1 * M
N max < 1, Py Ol roue +AM | = Sj_1¢,nc >0, @
! max< 1, p%lns K_171 +AM|=Sj_1¢,n.=0,

where S;_; is the number of devices successful at the previ-
ous attempt j — 1, A is the estimated number of activating
devices per interval between the consecutive attempts, and
(Kj_1,pj—1) is the broadcasted set of control parameters.
Further, there are essentially two options as follows:

« An estimate N ; 1s less than a half of the available RACH
resources M /2; hence, p; = 1 (which means that the
backoff window size is set to zero) and K; > 1. The exact
values of the optimal K j(Nj) are precalculated based on
combinatorial expressions as shown in [13] and stored
at the BS. This option corresponds to a lightly loaded
system.

o An estimate Nj is greater than a half of the available
RACH resources M/2; hence, p; = min (1, NM) <1
(i.e., the recalculated backoff window size is laréer than

zero and is advertised by the BS) and K; = 1. This
option corresponds to a heavily loaded system.

The improvements considered in this work relate to the
case where K > 1, which is a realistic situation for cellular
systems. However, for the sake of completeness, we also
include the reference case of K = 1 with the goal of
performance benchmarking. As formally verified in [13], the

proposed approach increases the probability of transmission at
the first attempt and thus may improve other RA performance
indicators, such as access latency. Here, if the channel condi-
tions are favorable and all of the RA preambles are delivered
successfully at all times, the redundancy gain may be rather
marginal. However, for the error-prone channel (which is a
more typical case for the less stable mmWave links), one may
observe significant benefits as we demonstrate in the following
section.

IV. MODELING INITIAL ACCESS IN V2X OVER MMWAVE

The performance evaluation methodology employed here is
built on a set of radio propagation properties obtained with
the use of our in-house 3D ray-based modeler [14]. We also
utilize our recent framework in [13] for analyzing random-
access systems with replications as part of the initial network
entry process. In particular, the latter accepts at its input
the 3D channel modeling results produced by the ray-based
simulator and quantifies the improvements in the probability
of transmitting a random-access preamble at the first attempt.
This is meant to demonstrate the gains in channel access
probability (i.e., reliability) and the respective latency on top
of the legacy LTE-based solutions that are in use today.
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Fig. 3. A representative snapshot of ray-based simulations.

A. Ray-based Simulator Design

In order to comprehensively analyze the proposed
redundancy-based random access system, the mmWave radio
propagation in the considered V2X scenario of interest has
to be thoroughly investigated. In fact, different channel envi-
ronments may produce very dissimilar channel properties that
can severely impact the system-level metrics. For that reason,
in this work we aim to characterize the propagation behavior
within the reference scenario illustrated in Fig. 1 with the use
of a custom ray-based modeler [14]. The latter is capable
of capturing the needed mmWave channel properties, such
as the line-of-sight (LOS) and non-LOS (NLOS) path loss,
the received power, the angle of arrival (AoA), the angle of
departure (AoD), etc.

In particular, our utilized tool is completed in Matlab and
— as shown in Fig. 3 — exploits the shooting and bouncing
ray (SBR) methodology to provide accurate and relatively
fast estimation of the signal field strength in the presence



of complex objects (e.g., highly detailed cars and buildings,
lampposts, trees, etc.) and materials (metals, dielectrics, and
multi-layered) according to the principles of geometrical optics
(GO) and uniform theory of diffraction (UTD).

For the purposes of our study, the reference massive V2X
scenario incorporates a number of vehicles deployed around
an urban intersection with the traffic lights. To collect suf-
ficient statistics for the use in our subsequent analysis, we
considered a large number of potential mmWave BS locations
that may result from alternative network planning choices.
We focused on uplink communication where small cells only
receive information from the mMTC devices deployed on
cars across the area. Moreover, each of the modeled vehicles
featured a variable number of transmitters that are coupled
with bandwidth-hungry sensors deployed on them.

For each feasible mmWave channel between a transmitter
(Tx) and each receiver (Rx), we calculated the following
important properties: (i) LOS and (ii) NLOS path loss, (iii)
received power, (iv) AoA, (v) AoD, and (vi) distance (or
time) that a certain ray covers to reach a given Rx. The core
simulation parameters are summarized in Table I.

TABLE 1
MAIN SIMULATION PARAMETERS

Parameter [ Value
Ray-based modeling

Frequency 28 GHz
Bandwidth 1 GHz
Tx power 23 dBm
Rx/Tx antenna gain calculated based on beamwidth
Beamwidth 30°

# of devices per vehicle, N. 5
Protocol-level simulation

oLOS/ONLOS 4/9 dB
Rx power threshold -80 dBm
# of available RACH preambles 20
Inter-activation time 0.5/0.05s
Interval between two RACH Tx 1.250ms
Frame length 1.250ms
Slot length 0.125ms

B. Protocol-Level Assessment of V2X System

Further, out of all the potential mMTC device (Tx) locations
we randomly select N, sensors per car, which are assumed to
activate during a particular simulation run. For all the mMTC
devices, we consider the values of the average power and
the LOS/NLOS flag in correspondence to the best selected
path, which is based on the results of our ray-based modeling
summarized in the previous subsection. For the tagged beam
of certain beamwidth 6, we then randomly choose the activated
sensors according to their inter-activation interval i.e., the
probability p that can also be translated into the expectation
of the interval between the activations for a particular device.

For certainty, we assume that a RACH occasion (termed
transmission opportunity in LTE) is available at the beginning
of each frame. At every RACH occasion, we consider a
variable set of active mMTC devices, for which we update

their instantaneous power as the average power plus an ad-
ditional power offset (e.g., a random variable distributed ac-
cording to the normal distribution with the standard deviation
of opos/onLos=4dB/9dB for LOS/NLOS [15], respectively).
The average power is based on a fixed value, where the
directivity gain is a function of the beamwidth. As a result,
the instantaneous power values are different for each RACH
preamble transmission as well as for every RACH resource
associated with multiple preamble transmissions of the same
device.

Prior to every RACH opportunity, each mMTC device
receives broadcast information from the BS related to the back-
off window size and the number of RA preambles to transmit,
K. For both the proposed technique (K > 1) and the baseline
method (K = 1), we differentiate between two dedicated
control algorithms that run at the BS. The first (theoretical
scheme) assumes perfect knowledge on the actual number of
active mMTC devices, N, within a beam; the second (feasible
practical scheme) estimates the number of currently active
devices by using ergodic processes based on the channel
history of collisions and successful transmissions, as well as
on the maximum likelihood estimation (for X > 1) [13] based
on the channel history.

According to the broadcast control information, the active
devices transmit K preambles at the beginning of a random
access procedure. For a certain RACH occasion and RACH
resource, we then “filter out” sensors with the instantaneous
power below a given Rx threshold Pi,. After that, we analyze
the outcome of a transmission over the respective PUSCH
resource. We remind that in the case when two or more mMTC
devices transmit over the same PUSCH resource, all their
transmissions fail unless a “power capture” takes place. Here,
3 dB of difference in the signal is assumed to be required for
it to happen. The remaining transmissions are considered to
be lost.

As a result, the successful message delivery corresponds to
at least one collision-free preamble transmission. The outlined
procedure is repeated for all of the beams across multiple Rx
positions (generated by the ray-based modeler) to ensure a sta-
tistically representative set. Finally, we assess the probability
of successful message delivery by disregarding the preambles
that have eventually been ‘lost’ due to collided connection
requests.

C. Important Numerical Results

To abstract away the concrete RACH procedure timings
and yet be able to evaluate the proposed system in detail,
we hereinafter focus on characterizing the probability of a
successful attempt to establish a connection at the initial access
stage. In particular, we begin with Fig. 4 that illustrates how
sensitive the system performance is with respect to the variable
number of potential RACH resources (not only the number
of RACH preambles, but also the capacity of PDCCH and
PUSCH, so that the device receives its data transmission grant
at the end of the four-stage RACH procedure). We thus provide
two sets of plots: for the higher intensity of requests (on
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Fig. 4. Probability of failure at the first attempt of initial access vs. number of available RACH preambles.

average,
0.5s).

In particular, Fig. 4(a) and Fig. 4(d) demonstrate the evo-
lution of both the proposed (blue) and the baseline (magenta)
algorithms, which clearly confirms the advantages of utilizing
transmission redundancy. The growing gap between the per-
formance of two schemes in Fig. 4(a) is due to the fact that
the proposed option compensates for the presence of errors
in the channel better with the increasing amount of dedicated
resources, while in Fig. 4(d) the system is close to empty
almost all of the time, but our procedure intentionally yields
K of not greater than a half of the total number of preambles.
Moreover, as the dashed lines indicate the lower bound on the
failure probability (based on theoretical algorithms with the
known number of contenders, V), we observe that the prac-
tical scheme may be improved even further by appropriately
adjusting the procedure of estimating V.

once per 0.05s) and for the lower load (once per

To address the mmWave specifics, we study the system
response to the width of the antenna beam (varied from 15°
to 90°, see Fig. 4(b) and Fig. 4(e)) for the two considered
algorithms and their bounds. Naturally, the probability of
establishing a connection drops in case of our baseline K = 1
as the directivity gain decreases, while the scheme with
K > 1 shows better yet also degraded performance for wider
beams. Interestingly, the proposed practical solution works
almost as good as its theoretical upper estimate for narrower
beams. Generally, the use of narrower beams results in more
pronounced benefits of redundancy, since for wider beams
an optimization of the proposed scheme will often result in
K =1 due to a higher number of contenders.

In our further analysis, the probability of failure to establish
a connection at the initial access stage is demonstrated by

varying the inter-activation time, see Fig. 4(c). Here, redun-
dancy is employed to achieve the probability of success that
is close to when the number of contenders N is known.
However, a slight discrepancy that one may notice for the
case when the inter-activation time is short (i.e., see the
dashed and solid blue lines) is due to the tuning of the
parameters. Importantly, the lower the sensor activation rate
is (towards the right side), the larger the gap between the
baseline and the proposed technique becomes. With extremely
frequent requests, an increasing number of contenders lowers
the performance of the considered solution to K = 1.

Finally, we construct a surface that illustrates the depen-
dency of the successful connection probability on both the vol-
ume of the available resources and the total number of sensors
per car (see Fig. 5). Note that the latter is of a commendatory
nature as the actual number of sensors as well as the intensity
of network access requests for future vehicular applications
may not be known in advance. However, these results clearly
manifest almost linear nature of change with respect to the
car load as well as relatively marginal effect as compared to
the performance sensitivity to the amount of RACH resources
for the selected beamwidth of 30°. Importantly, one may
again observe that for the lower loads, the performance of
our practical algorithm is extremely close to what the upper
bound predicts, thus resulting in a decisive gain on top of the
baseline.

Summarizing, the obtained results demonstrate that at mas-
sive loads and for a large number of sectors introducing
redundancy might have a marginal impact on the initial access
latency. However, for many other cases, this brings substan-
tial improvements to the levels of reliability in directional
contention-based initial access. We also expect that once the
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numerology of the RACH procedure for mmWave is finalized
in the upcoming 3GPP Release 15, it could be appropriate
to reevaluate our representative scenario to assess the perfor-
mance of the random access procedure in more detail.

V. CONCLUSIONS

In this paper, we proposed to introduce transmission redun-
dancy in order to send multiple replicas of the RACH preamble
whenever an mMTC device in the idle mode attempts to
connect to the network. Along these lines, we focused our
attention on a typical V2X scenario represented by an urban
intersection, where vehicles that are equipped with a high
number of advanced sensors attempt to connect to the cellular
infrastructure. Since the overall amounts of data generated
by a multitude of automotive mMTC devices may incur high
data loads, they are assumed to be handled by a 5G mmWave
system operating at, e.g., 28 GHz frequencies.

Our performance evaluation methodology exploits a novel
framework that accepts at the input a set of relevant channel
properties generated with a detailed 3D ray-based modeler.
The obtained numerical results confirm that introducing redun-
dancy in the initial random access procedure brings substantial
improvements in reliability of directional contention-based
initial access as compared to state-of-the-art RACH schemes.
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