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Abstract

The advent of fifth-generation (5G) communications has already started.
In order to achieve the objectives of high speed and low latency, millimeter-
wave technologies will be necessarily adopted in the near future. This shift
poses a set of new challenges to overcome, among them the initial access cell
discovery procedure is one of the most critical.

Differently from current forth-generation (4G) long-term-evolution (LTE)
technology, where the cell-search procedure is omnidirectional, in 5G systems
at millimeter-wave frequencies will be necessary to adopt a directional beam
forming approach to counter the high attenuation. This new process will
require to scan the angular space in different directions.

In this thesis we present a new cell discovery algorithm that takes ad-
vantage of context information available through legacy networks in order
to achieve a faster initial access. To test the algorithm we compute ana-
lytically the relevant probabilities and then we implement a 3rd generation
partnership project (3GPP)-compliant and spatially consistent simulation
environment. We compare the performance of the algorithm against other
initial access algorithms and discuss the results.
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Introduction

The main objective of this thesis is to introduce and analyze a new initial
access procedure for fifth-generation (5G) systems. The thesis is divided into
five chapters covering the following topics:

1. We introduce the 3rd Generation Partnership Project (3GPP) new ra-
dio (NR) access standard and in particular the initial access problem.
We present a literature review of related works about research on the
5G systems cell-search in with millimeter waves;

2. We thoroughly describe the 3GPP standard channel model we used to
compute spatially consistent angles of arrival and departure;

3. We present the new initial access with neighbour assistance algorithm
and the considered scenario. We also describe other cell-search algo-
rithms used as comparison;

4. We display the performance analysis of all the algorithms with analyti-
cal and simulation results. The average discovery times and cumulative
distribution functions (CDF) are presented for every algorithm with
figures and graphs;

5. We provide final conclusions and discuss possible future developments.
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Chapter 1

The Initial Access Problem

The 5G cellular network is expected to match the needs of users, business
and industry in the next year of 2020 and beyond. 5G will enable three
general aspects of the next generation mobile networks:

• enhanced mobile broadband (eMBB) providing fast connections with
high throughput and high user mobility

• ultra-reliable low-latency communications (URLLC) in mission-critical
applications for industry and health automation

• massive machine-type communications (mMTC) for the wide area long
range and low data rate IoT use cases.

In order to fully realize all these different usage scenarios 5G will provide a
great performance improvement over the existing wireless network such as:

• high throughput up to 10-20 Gbps peak and high mobility (500 km/h)
to support ultra-high definition video streaming and virtual reality ap-
plications

• low communication latency, below 1 ms air interface, to support real-
time mobile control

• ultra-high reliable and available (99.9999% of the time), high connec-
tivity to support the high density of devices.

To achieve all these targets and in particular to meet the required high
data rates, the 3GPP started the development of a new radio access standard
known as NR [1].

The vast bandwidth available in the millimeter-wave (mmWave) spec-
trum makes it the best candidate for the task at hand. A mmWave is an
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electromagnetic wave with a wavelength going from 10 mm to 1 mm, that
corresponds to a frequency range of 30 Ghz to 300 Ghz respectively. The
propagation conditions at this high frequencies are troubled by high attenu-
ation and blockage, since mmWave signals do not penetrate most materials.
To overcome this propagation loss, highly directional antenna arrays are used
both at the base station (BS), or as it is called in the 3GPP standard gNB,
and at the user equipment (UE) to perform beamforming (BF) and achieve
a sufficient link budget.

A critical procedure in this framework is the initial access (IA) which
allows a UE to establish a physical link connection with a BS. In current
long-term-evolution (LTE) systems IA is performed with omnidirectional sig-
nals while BF can be used only for data transmission after a physical link
is established. In 5G mmWave systems the IA procedure is constrained by
strong propagation loss and regulatory power limitations therefore it is es-
sential to exploit the antenna gains from BF even during this initial phase.
On the other hand as highly directional links require fine alignment of the
transmitter and receiver beams, this procedure can significantly increase the
time needed to perform cell-search and access the network, contrasting with
the aforementioned 5G performance target of low communication latency.

In this thesis a possible solution to reduce the time necessary to perform
IA in mmWave frequencies is investigated. When entering the 5G cell, we
envision that a new UE interacts with its closest neighbour UE, already
connected to the BS, in order to acquire the information on the beamforming
direction used to communicate with the BS and thus avoiding the need to
perform a complete exhaustive search of the beam directions to find the
optimal one.

1.1 Initial Access Overview
We now define and describe the quantities and elements that are used in the
rest of this work. Our objective is to find a faster way to perform the Initial
access (IA) procedure with respect to the exhaustive search. IA procedure
enables a UE to acquire the proper alignment for directional transmission
and reception with a Next Generation node base station (gNB). The steps
required to perform the IA procedure are:

1. beam sweeping: covering a spatial area with a set of beams transmitted
and received according to pre-specified intervals and directions

2. beam measurement: requires the UEs in a downlink framework (or the
gNBs in an uplink one) to evaluate the quality of the received signal
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3. beam determination: UEs and gNBs select the best beams according
to the measurements obtained with the beam measurement procedure

4. beam reporting: information on the quality of the received beamformed
signals and on the decisions in the beam determination phase is ex-
changed.

These procedures are periodically repeated to update the optimal transmit-
ter and receiver beam pair over time. The details of this scheme for beam
management are different in function of the architecture considered, such as
SA or NSA. In a NSA configuration a BS uses an LTE cell as support for
control plane management and UEs exploit multi-connectivity to maintain
4G and 5G connections active at the same time to combine the benefits of
high bit rates from mmWave links and the robustness of legacy channels. In
a SA configuration there is no LTE control plane to exploit.

Our research focuses on the beam sweeping phase which occupies the
largest fraction of time in the IA procedure.

1.2 NR Overview

The technical specifications for the physical (PHY) layer are provided by
the 3GPP standard. In [2], [3], [4] and [5] is explained how the waveform
used in 5G NR is orthogonal frequency division multiplexing (OFDM) with a
cyclic prefix, where parameters such as sub-carrier spacing and cyclic prefix
duration can be adjusted to address the specific use cases. The sub-carrier
spacing is 15×2n kHz with n ∈ N, n ≤ 4, a frame lasts 10 ms and is composed
by 10 sub-frames of 1 ms. A slot is composed of 14 OFDM symbols and the
number of slots in a sub-frame can vary between 1 to 16 depending on the
sub-carrier spacing configuration used.

Beam management operations to support communications at mmWave
frequencies are based on control messages which are periodically exchanged
between transmitter and receiver nodes, see Fig. 1.1. The framework can be
divided into downlink (DL) and uplink (UL) whether the signals are trans-
mitted from the gNB to the UE or vice versa, respectively. Another useful
division is between non-standalone (NSA) and standalone (SA) architectures
according to whether the control plane is managed with the support of LTE
or not, respectively.
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Figure 1.1: Beam management. Figure from [6].

1.2.1 Downlink

The DL messages defined in the 3GPP standard are synchronization signal
(SS) blocks and channel state information reference signal (CSI-RS). The
concept of SS block and burst is introduced for periodic synchronization
signals from the gNB. The gNB periodically transmits synchronization signal
(SS) burst set, where

• a SS block is composed by 4 OFDM symbols in time (240 contiguous
sub-carriers in frequency) that include one primary synchronization sig-
nal (PSS), one secondary synchronization signal (SSS) and two physi-
cal broadcast channel (PBCH) that contain the demodulation reference
signals (DM-RS), used to estimate the reference signal received power
(RSRP) of the SS block

• SS burst consists of a finite number of SS blocks, up to 64
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• SS burst set consists of a finite number of SS bursts.

In Fig. 1.2 and Fig. 1.3 we can observe the SS block structure.

Figure 1.2: SS block structure. Figure from [7].

Figure 1.3: SS block detail. Figure from [8].

All the transmitted SS blocks of the set are contained on the first 5 ms
of an SS burst. The maximum number of SS blocks in a SS burst is 64, that
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corresponds to the maximum number of angular sectors sweeped by the BS
in each period. Each of these SS blocks has a unique number called SS block
index and is transmitted by the BS with a specific beam-former radiating in
a certain direction. The UE located inside the gNB cell measures the signal
strength of each SS block it detects for a certain period of time. From the
measurements the UE can identify the SS block index corresponding to the
strongest received signal, this is the best beam for the UE that then proceeds
to notify on the physical random access channel (PRACH) the SS block index
to the gNB. As a DL only signal, the CSI-RS that the UE receives is used to
estimate the channel and report channel quality information back to the BS.

As a DL only signal, the CSI-RS the UE receives is used to estimate the
channel and report channel quality information back to the BS. The CSI-RS
can be 1,2 or 4 OFDM symbols long and the CSI measurements are used to
derive the signal quality of the various beams.

1.2.2 Uplink

Beam management while in idle mode uses PSS, SSS and PBCH DM-RS to
perform IA whereas in connected mode uses CSI-RS in DL and Sounding
Reference Signal (SRS) in uplink to perform tracking. As a UL only signal,
the SRS is transmitted by the UE to help the gNB obtain the CSI for each
user and to monitor the uplink channel quality.

For our purposes we assume a static environment, where user positions
are fixed. The setting consists of a circular 5G cell, with radius of l meters
and with the BS positioned in the center of the cell. Inside the cell we position
two UEs A and B. A is the new UE that has to perform the IA procedure,
while B is the closest UE to A that is already linked to the BS. The BS and
UEs will transmit symbols with a carrier frequency fc and the angular space
is divided in a number of sectors s. We indicate with d the distance in meters
between the gNB and a UE.

1.2.3 Standalone-Downlink (SA-DL) Scheme

• Beam sweeping: the process is carried out with an exhaustive search
during which the BS and UE transmit and receive, respectively, syn-
chronization and reference signals using a predefined sequence of direc-
tions that spans the whole angular space.

• Beam measurements: the measurements for IA are based on the SS
blocks while for the tracking both SS bursts and CSI-RS are used.
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• Beam determination: the UE selects the best beam among all those
above a predefined threshold. The corresponding angular sector will
be used for the subsequent transmissions.

• Beam reporting: during the IA phase, after beam determination, the
UE has to wait for the BS to schedule a Random Access Channel
(RACH) opportunity towards the best direction just determined in or-
der to perform random access and to inform the BS of the optimal
direction where to steer its beam. For each SS block the BS opens
one or more RACH opportunities with a certain time, frequency and
direction, so that the UE knows when to transmit the RACH preamble.
This process can require an additional complete directional scan of the
BS, increasing the total time it takes to access the network. During
the tracking phase, in connected mode, the UE can provide feedback
by using the control channel already established.

1.2.4 Non-Standalone-Downlink (NSA-DL) Scheme

In this case the first three steps of the procedure are the same as in the SA-DL
case. In the beam reporting phase the presence of the LTE connection enables
the UE to report the optimal beam direction to the BS without waiting for
an additional beam sweep. Routing the signals from the UE to the BS via
LTE connection allows to immediately schedule a RACH opportunity in the
selected direction.

1.2.5 Non-Standalone-Uplink (NSA-UL) Scheme

This framework is based on the channel quality of the UL signals with the
support of a central LTE evolved Node Base (eNB). In this case each UE
transmits SRS signals continuosly sweeping the angular space, while each BS
scans and monitors all its angular directions building a report table based
on channel quality of each direction. Once the report table of each BS has
been filled for every UE it is then sent to the LTE eNB that computes the
best match between the beams of UEs and BSs. The eNB then proceeds
to inform the UEs through LTE link which BS to connect to and also the
optimal direction where to steer its beam. Finally the eNB notifies the BS
through a backhaul high capacity link about the optimal direction in which
to steer the beam for serving the UE.
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1.3 Literature Review

Research on the IA procedure for 5G systems in mmWave frequency range
has been active at least since 2014 [9]. The main areas of research evolve
around two distinct types of approach for IA: autonomous search and context-
information (CI) search. Autonomous search utilizes only signals exchanged
between the entering UE and the BS without utilizing any aid from exter-
nal communication, other devices or any localization methods [2]. On the
other hand CI-based approaches can exploit different kind of useful informa-
tion in order to make the IA procedure faster. Another useful division to
keep in consideration is between non standalone (NSA) and standalone (SA)
solutions.

In [10] a learning approach is investigated, where successful beamforming
configurations are stored and used to drive future user detection. The algo-
rithm takes into consideration also the possibility to avoid obstacles in the
path by using reflected rays. In [11] a cell discovery procedure that exploits
user position information and a non standalone (NSA) configuration is inves-
tigated. The NSA scenario provides the simultaneous presence of both LTE
and 5G networks where the control plane is linked to LTE base stations while
user plane data is exchanged with mmWave BS. In [12] a CI method is pro-
posed where the best directions to explore for incoming UEs are found using
machine learning techniques on information about past access attempts.

In [13] a comparative analysis is given for various autonomous search IA
techniques such as exhaustive and iterative search. The exhaustive search
consists on a predefined sequential beam search that spans the whole angu-
lar space while the iterative search performs a two-stage scan of the angular
space: first with a small number of macro beams that cover all the angular
space, then with narrow beams covering only the angular space of the best
beam found during the first stage. Overall the optimal strategy depends on
the target SNR regime, anyhow the exhaustive search has a lower misdetec-
tion probability (PMD) and total delay in many situations. An extension of
this work is given in [14], where the investigation is extended to CI based
NSA algorithms in which UEs are informed about the location of surround-
ing BSs through an LTE link. In [15] a NSA solution is investigated, where
the CI regarding the BS geolocation is available to the UEs via a LTE link.
In particular the authors show that with this technique the performance of
an analog beamformer at the UE can be greatly improved avoiding the need
to scan all the angular space.

In [16], [17], and [18] a thorough review of the design and dimensioning
of beam management frameworks and parameters is given. In particular the
analysis covers uplink (UL) and downlink (DL) frameworks, SA and NSA
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architectures and different beamforming architectures: analog, hybrid and
digital. The authors used a realistic mmWave channel model to simulate the
various scenarios and in general the results proved that the optimal parameter
choices to achieve fast IA depend on the specific environment.

In [19], and [20] a CI approach is studied where the statistical information
about the time and direction of arrival in the cell of the UEs are stored and
used to narrow the search space of the beam to perform IA. The authors show
that by searching more often in the most probable sectors in which to find
UEs, the discovery time can be greatly reduced with respect to autonomous
search methods that do not exploit user statistics.

In [9], [21], [22], and [23] the authors propose a cell discovery procedure
where a BS periodically transmits synchronization signal in random direc-
tions and the UEs use a generalized likelihood ratio test (GLRT) to search
for the signals. Moreover different design options for the UEs and the signals
are evaluated, in particular using omnidirectional versus directional anten-
nas and analog versus digital beamforming. The result shows that omnidi-
rectional transmission from the BS outperforms random directional scanning
and performing digital beamforming at the UE, where the UE can search in
all directions at once, makes the IA procedure significantly faster than using
analog beamforming that permits the UE to scan only in one direction at a
time.

In [24] the authors propose a SA, non CI, sequential beamforming strategy
to perform IA while minimizing the average miss-discovery probability of
UEs. The strategy proposed uses a pre-designed beamforming codebook for
transmitting the reference signals. The results show that this method is much
more effective in detecting UEs, also in the presence of blockage, with respect
to random beamforming.

In [25] four different SA, non CI, IA protocols are studied. The protocols
for BS and UE used to determine the beamforming directions are:

• exhaustive search, BS and UE sweep through all possible directions
during cell-search (CS) and during random access (RA) UE transmits
in the direction found during CS phase

• fast RA, CS is the same as in exhaustive search, during RA the BS
receives omni-directionally

• fast CS, same as exhaustive search but during CS the BS utilizes a wide
beam

• omni RX, during CS the UE receives omni-directionally and the BS
receives omni-directionally during RA
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After deriving several performance metrics the authors show that the best
trade-off between IA delay and user-perceived DL throughput is achieved
with fast CS protocol.

In [26] a NSA, CI solution based on feeding location information to a
support vector machine (SVM) is studied to speed up the IA procedure. The
results show that with enough previous location information the algorithm
can reduce the IA delay.



Chapter 2

3GPP Channel Model

In this chapter we describe the 3GPP channel model we used to compute
spatially consistent angles of arrival (AoA). First we describe the procedure
to compute LOS/NLOS state, then we detail the AoA generation procedure
in three steps: LOS AoA, cluster AoA and final AoA. We also describe how
to obtain spatial consistency by correlation of small scale parameters.

The channel model we use is a spatially-consistent version of the Urban
Micro (UMi) outdoor to outdoor (O2O) model, defined in the 3GPP TR
38.901 [27] technical report. The most relevant scenario for our initial access
problem is the outdoor street canyon, since we are dealing with millimeter
waves. The effects of high path loss, shadowing, and blockage are likely
to limit the adoption of mmWave mainly to open urban environments like
city centers, squares, and parks. The model is valid for millimeter wave
frequencies up to 100 GHz. The UMi (street canyon, open area) scenario is
intended to capture real-life situations such as a city or a station square, as
can be seen in Fig. 2.1.

The cell layout is a square grid, of side length l, with one base station (BS)
located at the center and a number of user equipments (UEs). In the 3GPP
standard the number of sectors that divide the angular space for cell-search
and beam sweeping procedure is frequency dependent as specified in [3] and
is equal to the number of synchronization signal (SS) blocks transmitted in
a SS burst. The maximum number of predefined directions (beams / SS
blocks, see Fig. 2.2) in the SS burst set is 64 for carrier frequencies larger
than 6 GHz and subcarrier spacing of 120 or 240 kHz.

In Fig. 2.3 the outdoor distance d2D between BS and UE is defined as the
distance between the base of the two devices.
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Figure 2.1: mmWave UMi scenario. Figure from [11].

Figure 2.2: Beam sweeping sectors. Figure from [8].

2.1 Line Of Sight Probability

The line-of-sight probabilities are computed for every point of the grid with
the equation provided in Table 7.4.2-1 of [27]:

The radio channel realizations are created using the parameters listed in
Table 7.5-1 of [27] and the spatial consistency procedure described in section
7.6.3 of [27]. We are interested in the correlation of the angles of arrival
(AoA) and departure (AoD) of the two UEs. First we define some useful
parameters reported in Table 2.1.

Following the 3GPP procedure [27] for a spatially consistent simulation
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Table 2.1: Parameters of UMi channel model.

Parameter Notation Value

Carrier frequency fc [0.5, 100] GHz

Line of sight (LOS) AoA φLOS,AoA [0°, 360°] deg

Line of sight (LOS) AoD φLOS,AoD [0°, 360°] deg

Number of clusters N [1, 19]

Number of rays M [1, 20]

Correlation distance ∆Corr

{
12 m LOS
15 m NLOS

LOS/NLOS correlation distance CLOS/NLOS 50 m

Cluster azimuth spread of arrival angles (ASA) cASA

{
17° LOS
22° NLOS

Cluster azimuth spread of departure angles (ASD) cASD

{
3° LOS
10° NLOS

Ray offset angles within a cluster αm see Table 2.2

Cell side length l 300 m

BS spatial coordinates [xBS, yBS] [ l
2
, l

2
]

i-th UE spatial coordinates [xi, yi] [0, l]× [0, l]
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Figure 2.3: Definition of outdoor d2D. Figure from [27].

we describe the model used to simulate AoA and AoD in both LOS and
NLOS conditions. The scenario taken into consideration includes one BS
located in the center of the cell and two UEs. This simulation concerns only
the generation of AoA and AoD values, therefore every unnecessary step
contained in the fast fading model has been skipped. The simulation is able
to compute for every point of the cell the AoA and AoD value for any number
of clusters N and M rays (1 ≤M ≤ 20).

First we generate a 2-D meshgrid where each point represents a sam-
pled value of the probability of being in LOS condition. Sampled points
are separated by a distance larger than the correlation distance for LOS/N-
LOS state: CLOS/NLOS. We compute the distance between the BS, placed in
position (xBS, yBS), and a generic point (x, y) of the grid as:

d2D(x, y) =
√
|xBS − x|2 + |yBS − y|2. (2.1)

The probability of being in LOS condition is

PLOS(x, y) =

{
1 if d2D ≤ 18 m
18
d2D

+ (1− 18
d2D

)e−
d2D
36 if d2D > 18 m

. (2.2)

Then the probability of being in LOS condition for points not on the
grid is obtained by interpolation using the MATLAB function interp2. An
example of interpolated probability is given in Fig. 2.4. The interpolated
probability (2.2), see Fig.2.5, is then intersected with a plane at height 0.5
in order to discriminate between LOS and NLOS areas and visualize the
contours inside the grid as in the example of Fig. 2.6.
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Table 2.2: Ray offset angles within a cluster.

Ray number m Offset angle αm

1, 2 ± 0.0447

3, 4 ± 0.1413

5, 6 ± 0.2492

7, 8 ± 0.3715

9, 10 ± 0.5129

11, 12 ± 0.6797

13, 14 ± 0.8844

15, 16 ± 1.1481

17, 18 ± 1.5195

19, 20 ± 2.1551

2.2 Angle Of Arrival and Departure Genera-
tion

The procedure hereafter described is the same for AoA and AoD generation,
to avoid repetition we will only refer to AoA, but all the discussion remains
valid for AoD.

The computation of the AoA follows the procedure B specified in Section
7.6.3.2 of [27] and here is divided into three steps: LOS AoA, cluster AoA
and final AoA.



18 CHAPTER 2. 3GPP CHANNEL MODEL

Figure 2.4: LOS Probability example on a 300× 300 meters UMi grid.

2.2.1 LOS Angle Of Arrival

For each point in the grid, either in LOS or NLOS, we compute the angle
formed with respect to the BS

φLOS,AoA(x, y) =



arctan( y−yBS
x−xBS

) if x > xBS and y > yBS

arctan( y−yBS
x−xBS

) + 360° if x > xBS and y < yBS

arctan( y−yBS
x−xBS

) + 180° if x < xBS

+90° if x = xBS and y > yBS

−90° if x = xBS and y < yBS

0° if x = xBS and y = yBS.

(2.3)

We used the MATLAB command atan2d adjusting it so to obtain an output
angle in [0, 360] degrees. An example of the result can be seen in fig 2.7.
The atan2d(Y,X) command computes the four-quadrant inverse tangent and
returns values in [−180°, 180°] degrees based on the values of y and x as shown
in Fig. 2.8.
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Figure 2.5: LOS Area contour example before plane intersection.

2.2.2 Cluster Angles Of Arrival

The mean and standard deviation of the azimuth spread of arrival angles
(ASA) and azimuth spread of departure angles (ASD), as a function of the
carrier frequency fc, are computed as:

µlgASA =

{
−0.08 log10(1 + fc) + 1.73 if LOS
−0.08 log10(1 + fc) + 1.81 if NLOS,

(2.4)

σlgASA =

{
0.014 log10(1 + fc) + 0.28 if LOS
0.05 log10(1 + fc) + 0.3 if NLOS,

(2.5)

µlgASD =

{
−0.05 log10(1 + fc) + 1.21 if LOS
−0.23 log10(1 + fc) + 1.53 if NLOS,

(2.6)

σlgASD =

{
0.41 if LOS
0.11 log10(1 + fc) + 0.33 if NLOS,

(2.7)

where fc is the carrier frequency expressed in gigahertz and the notation for
mean and standard deviation is used for logarithmized parameters: µlgX =
mean{log10(X)} and σlgX = std{log10(X)}.
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Figure 2.6: LOS Area contour example after plane intersection.

We generate N arrival and departure angles for azimuth component of
each cluster n = 1, . . . , N , for every point in the grid as

ASA = min(2 · 10µlgASA+σlgASA , 104°) (2.8)

φ′n,AoA ∼ ASA · un with un ∈ U(−1, 1), (2.9)

where U is the uniform distribution and in the LOS case, for the first cluster,
we set φ′1,AoA = 0.

2.2.3 Final Angle Of Arrival

Now we have computed for each spatial point the LOS angle, φLOS,AoA, and
the angle of the azimuth component for each cluster φ′n,AoA. At each point is
also added the cluster spread of arrival angles:

cASA =

{
17 if LOS
22 if NLOS

(2.10)

multiplied by the ray offset angle αm with values taken from Table 7.5-3 in
[27] and reported in Table 2.2. Finally the angle of arrival of every cluster n
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Figure 2.7: φLOS,AoA

Figure 2.8: Four-quadrant inverse tangent.
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and every ray m in each point of the grid is computed as:

φn,m,AoA = φ′n,AoA + φLOS,AoA + cASAαm. (2.11)

The generation of AoD (φn,m,AoD) follows a procedure similar to AoA as
described above.

An example of a single realization of the first ray of the first cluster can
be seen in Fig. 2.9, in Fig. 2.10 the sum of the three angular components
for the first ray of the first cluster (n = 1 and m = 1), while in Fig. 2.11 is
a polar plot of the angles of arrival in a selected point with 3 clusters, each
cluster composed of 4 rays.

Figure 2.9: φ′n,AoA.

2.2.4 Spatial Consistency Procedure

Now we explain in more detail how we actually extract values from (2.9).
Since we want the channel to be spatially consistent we follow the procedure
illustrated in [28], see Fig. 2.12. There are two main steps: first we generate
independent Gaussian random variables Y , these independent variables are
then filtered in order to obtain correlated Gaussian random variables V .
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Figure 2.10: φAoA = φ′n,m,AoA + φLOS,AoA + cASAαm.

Then we perform a non linear transformation to V in order to generate the
prescribed uniform random variable Z with desired correlation.

Linear Transformation

First we generate a random Gaussian value for every point of the grid, ex-
tracted from independent normal Gaussian random variables Y . Then we
impose an exponential correlation ρ between different spatial points of the
grid with distance d and correlation distance ∆Corr (see Table 7.6.3.1-2 in
[27])

ρ(d) = e
− d

∆Corr . (2.12)

This is achieved by linear transformation, i.e. by linear filtering the inde-
pendent Gaussian values with a two dimensional FIR filter, with impulse
response (2.12), see Fig. 2.13.

The actual filtering is performed in the frequency domain by multiplying
the Fourier transform of the independent Gaussian values with the square
root of the Fourier transform of the filter appropriately normalized.
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Figure 2.11: Polar plot.

Non Linear Transformation

Now from the correlated normal Gaussian random variables V we obtain
the correlated uniform random variables Z by applying a non linear trans-
formation. The random component un of (2.9) has a uniform distribution
z ∼ U(−1, 1). We recall the inverse of the cdf of the uniform distribution

F−1
Z (x) = 2x− 1, (2.13)

we can obtain z using the following result from [28]

z = F−1
Z (FV (v)) = erf

(
v

σ
√

2

)
(2.14)

where erf (·) is the error function. This procedure allows us to achieve the
desired correlation in the uniformly distributed cluster AoA (2.9).
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Figure 2.12: Method for generating correlated uniform random variables.
Figure from [28].

Figure 2.13: FIR filter impulse response.
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Chapter 3

Initial Access With Neighbour
Assistance

In this chapter we describe the novel idea of [29] on how to solve the prob-
lem of initial access (IA). We outline the problem of IA and the scenario
considered and then explain the proposed solution with its algorithm.

3.1 Problem And Scenario Description

In the previous chapter we delved into the 3GPP standard. Surely the adop-
tion of mm-wave communications will be a key enabler to reach 5G band-
width, speed and latency goals. On the other hand many network functions
will be affected by the physical layer properties of mm-wave. Among the
various critical network functions our goal is to find a faster solution to the
IA cell-search problem by exploiting context information.

We assume that context information like UEs and BS coordinates, dis-
tances, and active sector are available to every device in the 5G cell through
legacy LTE macro cells.

We consider a mm-wave link between a base station (BS) and a user
equipment (UE) where both devices are equipped with multiple antennas.
The high frequency mm-waves suffer a strong attenuation so, in order to
establish a working communication between the devices, both the BS and the
UE must use beamforming to ensure that an adequate amount of power is
transferred from the transmitter to the receiver. In the proposal [29] the aim
is to find a direction of transmission that carries enough power to establish
a useful connection. In this way we are free from the need to scan the
entire angular space, this enable us to achieve a faster IA procedure. In
our simulations we always assume that for every point in the cell one and
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only one sector exceeds the power threshold sufficient to establish a working
connection. We also assume that the spatial orientation of the devices is
taken into account before performing the cell-search procedure so that every
sector has the same direction for every device in the cell, whatever its rotation
on the three axis.

The solution to reduce the time needed to perform IA and identify the
best direction of transmission exploits the knowledge of the channel status,
in particular the active sector, of nearby UEs already connected to the 5G
BS.

The scenario we used to test our idea provides a single cell with a BS
located at the center and a number of UEs. Both UEs and BS are equipped
with multiple antennas so that they are able to focus their beam while trans-
mitting or receiving signals. A new UE, called UE1, enters into the cell and
starts the search for the direction of transmission to the BS and also the BS
must find the direction of transmission to UE1. We assume that inside the
cell at least another UE is present, called UE2, that has already performed
the IA procedure with the BS. For our study we also assume that the context
information like the active beam sector used by UE2 and the coordinates of
UE2 and BS are made available to UE1 through a legacy network, like LTE.
In Fig. 3.1 we outline a general scenario representation with BS, UEs, LOS
components, active sectors and rays.

3.2 Algorithm Description

In this section we outline the algorithm of [29], nearest neighbour (NN)
sector search, as a possible solution to achieve faster IA times. Along with
this algorithm we also present here other two different algorithms: LOS
sector search and random sector search. We implemented these two different
approaches to solve the problem at hand in order to have a valid comparison
for the NN algorithm. After performing some simulations we devised some
new algorithms that combines NN and LOS approach. We thus provide a
description of the sub-optimal, threshold based, NN-LOS mixed sector search
and of the optimal sector search algorithm.

3.2.1 Nearest Neighbour Sector Search

The nearest neighbour sector search provides that a new user interacts with
its neighbours in order to obtain the correct direction where to steer its beam
to reach the BS. We suppose that the BS and the UEs have access to context
information such as the position of all the devices involved and the beam
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Figure 3.1: Scenario representation.

direction used by the BS to communicate with neighbour UEs. When a new
UE, indicated with UE1, enters the 5G cell, the BS is notified of UE1 position
from the LTE cell and can then determine the UE nearest to UE1 already
connected to the cell, called UE2. Moreover, when UE1 enters the 5G cell it is
notified from the cell about the positions of its neighbours, UE2 and its active
sector. At this point both BS and UE1 will start the cell-search algorithm,
first by steering their antennas in the direction used for the neighbouring
UE2 and then exploring the angular space in an alternating zig-zag fashion
until they measure a power level Pk above a working threshold th.

The sequence of visited sectors is shown in Table 3.1, where in the last
row 0 corresponds to the same sector used by UE2, 1 is the adjacent counter-
clockwise sector and −1 is the adjacent clockwise sector.

In order to determine the nearest neighbor UE2, it is possible to proceed
with one of the following methods:

• assessing the received power when UEs are transmitting with omni-
directional power

• using an omni-directional transmission by the nearby UEs on another
band
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Algorithm 1: Nearest Neighbour Sector Search.
Input: active sector of UE2

Output: active sector of UE1

begin
k ←− active sector of UE2;
i←− 1;
while Pk < th do

k ←− k + 1
4
(−1)i(2i+ (−1)i − 1);

i←− i+ 1;
end
return k

end

Table 3.1: Sector order of visit.

i 1 2 3 4 5 6 7 8 9 10 . . .

f(i) 0 1 −1 2 −2 3 −3 4 −4 5 . . .

• using the geographical positions of UEs shared by higher layer proce-
dures, possibly through the LTE eNB.

The BS can identify UE2 by

• receiving this information from either UE1 or UE2 through an existing
communication channel

• using the geographical positions of the UEs shared by higher layer
procedures.

The acquisition by the BS of the selected beamforming angle used to
transmit to UE2 is immediate since the index is already used by the BS
itself. UE1 can retrieve the beamforming angle from UE2 using one of these
methods:

• require that all the UEs of the cell transmit in broadcast on each sector
a message containing the sector of transmission used to communicate
with the BS

• require UE2, upon request from UE1, to transmit on each sector a
message containing the sector of transmission.

In Fig. 3.2 we outline a scenario representation of the NN sector search.
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Figure 3.2: Nearest Neighbour Sector Search.

3.2.2 LOS Sector Search

This algorithm is based on [11]. The proposed algorithm, here called LOS
sector search, exploits context information about the position of BS and UE
made available to the devices in play through legacy technologies, like LTE.
The LOS sector search algorithm provides that a new user entering the 5G
cell is handed the GPS coordinates of the BS by the LTE network. Assuming
the device knows its own GPS coordinates it can now compute the line of
sight direction where to steer its antennas in order to find a communication
path with the BS. The same procedure can be applied to the BS, where the
BS receives the incoming UE coordinates from the LTE cell. Assuming the
BS knows its own GPS coordinates it can thus compute the line of sight
direction where to point its antennas in otder to find a connection with the
new UE.

Where φLOS,AoA is computed as in (2.3). This algorithm does not require
interaction with neighbouring UEs but requires the knowledge of precise
position of the new UE and the BS. The first sector searched by the algorithm
is the one corresponding to the LOS between the two devices, then it proceeds
to scan the angular space in an alternating fashion until it finds a power level
Pk greater than a predefined threshold th. In Fig. 3.3 we outlined a scenario
representation for the LOS sector search algorithm.
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Algorithm 2: LOS Sector Search.
Input: coordinates of BS
Output: active sector of UE1

begin
(xBS, yBS)←− coordinates of BS;
k ←− φLOS,AoA(xUE1 , yUE1);
i←− 1;
while Pk < th do

k ←− k + 1
4
(−1)i(2i+ (−1)i − 1);

i←− i+ 1;
end
return k

end

BS (xBS,yBS)

UE1 (xUE1
,yUE1

)

1

23

4

5

6 7

8

Figure 3.3: LOS Sector Search scenario.

3.2.3 Sub-optimal Nearest Neighbour - LOS Mixed Sec-
tor Search

This algorithm is a threshold based combination of NN and LOS techniques.
We assume that the devices know their position, the position and the sector
used by the nearest UE. Moreover we assume that the position of the BS is
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known by the UEs and the beam direction used by the BS to communicate
with neighbouring UEs (for the AoD case).

The algorithm starts by fetching context information from a legacy net-
work like LTE, then checks the distance between the new UE, UE1, and its
nearest neighbour UE2. If the distance is smaller than a threshold dLOW then
the algorithm proceeds like a standard nearest neighbour sector search while
if the distance is greater than another threshold, dHIGH, the algorithm car-
ries out a LOS sector search. For distance values included between the two
thresholds the algorithm searches sectors in order starting from the most
probable. In the next chapter we show how it is possible to compute the
analytical probabilities of the angular sectors.

Algorithm 3: Nearest Neighbour - LOS Mixed Sector Search.
Input: coordinates of BS, coordinates of UE2, active sector of UE2

Output: active sector of UE1

begin
(xBS, yBS)←− coordinates of BS;
(xUE2 , yUE2)←− coordinates of nearest UE;
kLOS ←− φLOS,AoA(xUE1 , yUE1);
kNN ←− active sector of UE2;
dist←−

√
(xUE1 − xUE2)2 + (yUE1 − yUE2)2;

v ←−
ordered vector with angular sectors probabilities given [dist, kLOS, kNN];

if dist < dLOW then
return nearest neighbour sector search

else if dist > dHIGH then
return LOS sector search

else
i←− 1;
k ←− v(1);
while Pk < th do

k ←− v(i);
i←− i+ 1;

end
return k

end
end

The vector v with the angular sectors probabilities in decreasing order
is obtained from simulations based on the 3GPP model described in the
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previous chapter.

3.2.4 Optimal Sector Search

This algorithm is a natural extension of the sub-optimal threshold base sec-
tor search. In this case, instead of using the nearest neighbour or the LOS
algorithm for certain distance values, the algorithm explores the sectors with
decreasing probability of finding the new user, given a) the LOS sector, b)
the distance to the nearest user, and c) the sector used by the nearest user.
We assume that the devices know their position, the position and the sector
used by the nearest UE. Moreover we assume that the position of the BS is
known by the UEs. This algorithm further needs the device to have in mem-
ory a 4-dimensional matrix where all the possible combinations of nearest
neighbour sector, LOS sector, and distance between the two UEs and their
relative sector probabilities are stored. The procedure is then simple, the
optimal algorithm first fetches all the information it needs and then uses this
information to find in the 4-D matrix the relevant ordered sector sequence by
which visit the angular space and thus find the right sector to communicate
with the BS.

Algorithm 4: Optimal Sector Search.
Input: coordinates of BS, coordinates of UE2, active sector of UE2

Output: active sector of UE1

begin
(xBS, yBS)←− coordinates of BS;
(xUE2 , yUE2)←− coordinates of nearest UE;
kLOS ←− φLOS,AoA(xUE1 , yUE1);
kNN ←− active sector of UE2;
dist←−

√
(xUE1 − xUE2)2 + (yUE1 − yUE2)2;

v ←− 4Dmatrix(kNN, kLOS, dist) ordered sector vector;
i←− 1;
k ←− v(1);
while Pk < th do

k ←− v(i);
i←− i+ 1;

end
return k

end

This algorithm determines the sector visit order as a function of near-
est neighbour sector, LOS sector and distance between UE1 and UE2. The
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function that connects the 3 parameters to the best sector visit order is in
fact a matrix. In this thesis, the matrix is the result of extensive simulations
done for every possible combination of parameters and distances. In order to
reduce the matrix size it’s possible to exploit cell symmetries and obtain a
three dimensional matrix. This is done by using the difference between LOS
and NN sector instead of both parameters.

3.2.5 Random Sector Search

This algorithm does not require any context information, therefore it does
not require any kind of legacy connection nor neighbouring users in order to
work. The random sector search provides than upon entering a 5G cell a new
UE chooses uniformly randomly a sector where to start the search, it then
proceeds in the usual alternative way until it finds a sector with sufficient
power level Pk in order to start a connection with the BS. In Fig. 3.4 we
outline a scenario representation for the random sector search.

Algorithm 5: Random Sector Search.
Output: active sector of UE1

begin
k ←− random sector;
i←− 1;
while Pk < th do

k ←− k + 1
4
(−1)i(2i+ (−1)i − 1);

i←− i+ 1;
end
return k

end
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Figure 3.4: Random Sector Search scenario.



Chapter 4

Performance Analysis

In this chapter we first derive the probability of two UEs to be in the same
sector. Then we use a simulation to verify the results. Lastly we investigate
the average time required for a new UE to find the BS sector by exploiting
context information provided by the closest UE. First we derive analytically
the average discovery time, then we perform a simulation to estimate the
average discovery time as function of the distance between two UEs, and
finally we perform a simulation to estimate the average discovery time as a
function of the number of UEs inside the cell.

4.1 Angular Sector Probability

4.1.1 Analytical Computation

In this section we compute the probability for a UE to be in the same angular
sector, seen by the BS, as another UE. This probability enables us to better
understand the relationship between the distance of two different UEs and
their active sector.

We start by computing the probability for a new UE to be in sector i given
that the nearest UE is in sector j, with i, j ∈ [1, . . . , Nsect], where Nsect is the
total number of angular sectors in which the angular space is divided by each
device. We consider the AoA defined in (2.11) for one ray and one cluster
(n,m = 1) for two different UEs: 1 and 2. Where the first one is the new
UE and the second one has already performed the initial access procedure.
Fig. 4.1 shows a top view of the system, where UE1 is the new device that
starts the IA procedure from the same sector as device UE2 and Nsect = 8.

Let Z1 and Z2 be the AoA, as defined in (2.9), of UE1 and UE2, respec-
tively. To make the computation more clear we define the difference between
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Figure 4.1: System visualization of BS and UEs sectors.

the two angular LOS components:

∆LOS,AoA = |φLOS,AoA2
− φLOS,AoA1

|. (4.1)

We also define:
γ = cASAαm. (4.2)

From (2.9) and (2.11) we have:

Z1 ∼ U(α, β) + γ (4.3)

Z2 ∼ U(α, β) + ∆LOS,AoA + γ, (4.4)

where α = −10µlgASA+σlgASA , β = 10µlgASA+σlgASA , where µlgASA and σlgASA
are given by (2.4) and (2.5), and distance between UEs is d = d0. The
probability that the AoA of UE1 is in a given interval [a1, b1], given that UE2

is in the interval [a2, b2], is:

P̄ = P [Z1 ∈ [a1, b1] | Z2 ∈ [a2, b2]]

=
P [Z1 ∈ [a1, b1], Z2 ∈ [a2, b2]]

P [Z2 ∈ [a2, b2]]

=
β − α
b2 − a2

· P [Z1 ∈ [a1, b1], Z2 ∈ [a2, b2]] .

(4.5)
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Where ai, bi ∈ [0, 360] are the angles delimiting the sector we are looking
at. Since the AoA of UE1 and UE2 are exponentially correlated uniform
random variables, we compute probability (4.5) by exploiting the generation
of correlated random variables as described in [28]. In particular, Zi can be
obtained as

Zi = F−1
Zi

(FVi(v)) where Vi ∼ N (0, 1) (4.6)
FVi(v) = Φ(v) = 1−Q(v) (4.7)
F−1
Zi

(x) = x(β − α) + α, (4.8)

and Vi are correlated normal Gaussian random variables. Then (4.5) can be
written as

P̄ =
β − α
b2 − a2

· P [((1−Q(v1))(β − α) + α + γ) ∈ [a1, b1],

((1−Q(v2))(β − α) + α + ∆LOS,AoA + γ) ∈ [a2, b2]].
(4.9)

By defining:

c1 =
a1 − α− γ
β − α

(4.10)

d1 =
b1 − α− γ
β − α

(4.11)

c2 =
a2 − α−∆LOS,AoA − γ

β − α
(4.12)

d2 =
b2 − α−∆LOS,AoA − γ

β − α
(4.13)

(4.14)

(4.9) becomes

P̄ =
β − α
b2 − a2

· P [(1−Q(v1)) ∈ [c1, d1], (1−Q(v2)) ∈ [c2, d2]] . (4.15)

Defining

ei = 1− ci (4.16)
fi = 1− di (4.17)

with i = 1, 2 we obtain

P̄ =
β − α
b2 − a2

· P [Q(v1) ∈ [e1, f1],Q(v2) ∈ [e2, f2]] (4.18)
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and finally

P̄ =
β − α
b2 − a2

· P
[
v1 ∈ [Q−1(e1),Q−1(f1)], v2 ∈ [Q−1(e2),Q−1(f2)]

]
. (4.19)

Let gi = Q−1(ei) and hi = Q−1(fi), where Q−1(y) is the inverse Q function,
to get:

P̄ =
β − α
b2 − a2

·
∫ h2

g2

∫ h1

g1

fV1,V2(v1, v2)dv1dv2 = (4.20)

β − α
b2 − a2

·
∫ h2

g2

∫ h1

g1

1

2π
√

1− ρ2
exp

(
− 1

2(1− ρ2)

(
v2

1 − 2ρv1v2 + v2
2

))
dv1dv2

(4.21)
where ρ = e−d0/∆Corr is the correlation coefficient that depends on the dis-
tance d = d0. With this procedure we transform random normal Gaussian
variables into uniform random variables with an assigned correlation. The
integral of equation (4.21) is the probability over a rectangular region and
can be computed with the MATLAB function mvncdf, multivariate normal
cumulative distribution function. The results for AoA NLOS environment
and 2 sectors are shown with solid lines in Fig. 4.2 and Fig. 4.3, while the
results for AoD are shown in Fig. 4.4 and Fig. 4.5, where each solid line
represents a different considered sector for UE1.

4.1.2 Numerical Simulation

We compute the probability of finding two different UEs in the same sector
as a function of the distance between them by performing a simulation. In
this simulation we generate angles for UE1 and UE2 from (4.3) and (4.4)
respectively. We generate only the two AoA (or AoD) values for a given
distance with the MATLAB function mvnrnd. This function, given the right
covariance matrix, generates multivariate normal random numbers with the
desired exponential correlation. We obtain the probabilities of finding the two
UEs in the same sector for every distance and for every number of sector shifts
(0 to 63). The results of this simulation, indicated with crosses from Fig. 4.2
to Fig. 4.5, follow the solid line obtained in the analytical computation. Note
that some crosses are not perfectly aligned with the analytical lines due to
the fact that the sectors at the border of the angular spread are not entirely
filled by the angular spread.
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Figure 4.2: Analytical and simulation results for AoA, fc = 30 GHz and
∆LOS,AoA = 0°.

4.2 Average Discovery Time

In this section we compute the expected value of the discovery time for near-
est neighbour search approach. Then we perform two numerical simulations:
one to evaluate the average discovery time as a function of the distance be-
tween two UEs and one to evaluate the average discovery time as a function
of the number of UEs present inside the cell. In the simulations we compare
the nearest neighbour approach with the random sector search and with the
LOS sector search. The random sector search algorithm works as the nearest
neighbour search with the only difference that the first sector to be scanned
is chosen uniformly randomly between all the possible sectors. Likewise, the
LOS sector search algorithm works as the nearest neighbour search with the
only difference that the first searched sector is the one corresponding to LOS
conditions between BS and UE.
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Figure 4.3: Analytical and simulation results for AoA, fc = 30 GHz and
∆LOS,AoA = 40°.

4.2.1 Analytical Computation

In order to compute the expected value of the discovery time we must first
define some variables. We call τ the discovery time, τ is equal to one when
the two UEs are in the same sector. This means that during the IA procedure
only one sector has been visited. We define s1 the sector of UE1 and s2 the
sector of its nearest neighbor UE2. We call Ns the number of sectors in which
the angular space is divided and d the distance between UE1 and UE2. The
average discovery time is

E [τ |d = d0] =
Ns∑
i=1

i · P (τ = i|d = d0) (4.22)

where

P (τ = i|d = d0) =

Ns∑
k=1

P (s1 = k +
1

4
(−1)i(2i+ (−1)i − 1)|s2 = k, d = d0)P (s2 = k). (4.23)
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Figure 4.4: Analytical and simulation results for AoD, fc = 30 GHz and
∆LOS,AoA = 0°.

Defining

f(i) =
1

4
(−1)i(2i+ (−1)i − 1) (4.24)

the function that represents the order of visit for the nearest neighbour search
(see Table 4.1), then combining (4.22), (4.23) and (4.24) we obtain

E [τ |d = d0] =
Ns∑
i=1

Ns∑
k=1

i · P (s1 = k + f(i), s2 = k|d = d0) · P (s2 = k)

P (s2 = k|d = d0)
.

(4.25)

Table 4.1: Sector order of visit.

i 1 2 3 4 5 6 7 8 9 10 . . .

f(i) 0 1 −1 2 −2 3 −3 4 −4 5 . . .
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Figure 4.5: Analytical and simulation results for AoD, fc = 30 GHz and
∆LOS,AoA = 40°.

Since s2 is independent from distance d we get

E [τ |d = d0] =
Ns∑
i=1

Ns∑
k=1

i · P (s1 = k + f(i), s2 = k|d = d0). (4.26)

This equation can be analytically computed with a procedure similar to
the one described in the previous section that uses the MATLAB function
mvncdf.

Analytical Computation Of Optimal Sector Search Vector v

In the previous chapter we described the optimal sector search, where a
vector v is extracted from a four dimensional matrix. The vector contains
the ordered list of most probable angular sectors to visit in order to find the
active sector as fast as possible. Indicating, as previously defined in (4.3)
and (4.4), Z1 and Z2 the angles of arrival (or departure) of UE1 and UE2

respectively, we want to find the angular sector [a1, b1] that maximizes the
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probability P̄ in (4.5) :

arg max
[a1,b1]

P (Z1 ∈ [a1, b1]|Z2 ∈ [a2, b2]). (4.27)

Using the results previously obtained in section 4.1.1, we get that (4.27)
becomes

arg max
[a1,b1]

β − α
b2 − a2

·
∫ h2

g2

∫ h1

g1

1

2π
√

1− ρ2
exp

(
−(v2

1 − 2ρv1v2 + v2
2)

2(1− ρ2)

)
dv1dv2.

(4.28)
In this way we compute the first element of the vector v. To find the second
and the next elements the procedure is the same, we just need to exclude
from [a1, b1] the sectors found in the previous steps.

4.2.2 Numerical Simulation

In the simulations we compute angles of departure for all the different sec-
tor search algorithms (nearest neighbour, random, LOS, sub-optimal nearest
neighbour-LOS, optimal sector search) and compare them. We provide two
different simulations, one where the average discovery time is tested against
the distance between two UEs and the other one where the average discovery
time is tested against the total number of UEs inside the cell.

Average Discovery Time As A Function Of Distance

We simulate a system capable of discriminating Ns sectors, that correspond
to 360°/Ns degrees for each sector. For every instance of the simulation we
generate a new cell with AoD values at each point. Then we place UE1

on the border of the cell and consider as UE2 the UE positioned inside the
cell at distance d from UE1 as in Fig. 4.6. This procedure is performed
for all the points of the cell border and for distances going from one to a
hundred meters. For each pair of differently positioned UEs we perform
the nearest neighbor, exhaustive, sub-optimal nearest neighbour-LOS (NN-
LOS) and LOS search, looking for the number of sectors visited during each
different search procedure. The results can be observed in Fig. 4.7. As we
expected the random sector search is independent of the distance between the
two UEs and is in fact constant and equal to half the number of sectors Ns.
Likewise the LOS sector search is independent of the distance between the two
UEs and its average discovery time is approximately half the random sector
search. We can observe from the figure that the nearest neighbour search
outperforms the LOS sector search when the two UEs are closer than 10
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meters. For more spatially separate devices the LOS approach outperforms
the nearest neighbour. The sub-optimal NN-LOS search, in dashed red line,
for distances up to d < dLOW behaves like the nearest neighbour search,
while for d > dHIGH follows the blue dotted LOS line. Between the two
thresholds we can see that combining the two NN and LOS algorithms leads
to an overall smaller average discovery time. The optimal sector search by
using the results of extensive simulations manages to outperform all the other
algorithms in every possible spatial configuration between the UEs.

BS

l

l

UE1

UE2

d

Figure 4.6: Average discovery time simulation as a function of distance setup
for Ns = 8 sectors.

Average Discovery Time As A Function Of The Number of UEs
Inside The Cell

We now perform a simulation to test the average discovery time behaviour
with respect to variations in the number of UEs already present in the cell.
The simulation setup is different from the previous one, now we use a circular
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Figure 4.7: Average number of visited sectors for AoD and fc = 30 GHz,
Ns = 64.

cell with radius l meters, BS located in the center, Ns sectors and UE1 located
at the edge of the cell. The other difference is that now UE2 is chosen
as the nearest UE to UE1 from a set of size NUE, of uniformly randomly
dropped UEs inside the circular cell. The number of randomly dropped
UEs, NUE, increases at each iteration from a single UE to 3000 units. In
Fig. 4.9 we can observe the result of the simulation for AoD with Ns = 64
sectors and cell diameter of 2l = 300 m. As expected both random and
LOS sector search are independent of the number of UEs already present in
the cell. We observe that with this particular configuration it is sufficient
to have approximately 200 people inside the cell for the nearest neighbour
sector search to perform better than the LOS search. In case of very low
population density places the LOS approach has a low average discovery
time. We observe that the behaviour of the sub-optimal nearest neighbour-
LOS sector search, red dashed line, is always better performing with respect
to the LOS sector search and the nearest neighbour search. In particular
for the lowest density possible is equal to the LOS line and progressively, for
high values of UEs it approximates the nearest neighbour behaviour. The
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optimal sector search is the overall better performing algorithm. This comes
with the price of having to perform a sufficient number of simulations and
then storing the resulting matrix.

BS

2l

UE1

UE2

Figure 4.8: Average discovery time simulation as a function of the number
of UEs setup for Ns = 8 sectors.

4.3 Sector Success Probability

In this section we perform a simulation to compare the number of sectors
needed to be visited in order to achieve a successful connection between two
UEs at a given distance. In Fig. 4.11 sector 0 in the abscissa represents the
first sector visited from each of the three (NN, LOS and random search) al-
gorithms, while 1,−1, 2,−2, . . . are the adjacent sectors progressively more
distant form the first one. We observe that for short distances (up to 7
meters) the nearest neighbour algorithm achieves better results with respect



4.3. SECTOR SUCCESS PROBABILITY 49

0 500 1000 1500 2000 2500 3000

Number of UEs

10

20

30

40

50

60

A
v
e
ra

g
e
 d

is
c
o
v
e
ry

 t
im

e

NN sector search

Random sector search

LOS sector search

NN-LOS sector search

Optimal sector search

Figure 4.9: Average number of visited sectors for AoD, fc = 30 GHz, Ns = 64.

to the LOS and random search algorithms. As expected the random sector
search presents a constant behaviour while the LOS sector search shows a
peak only for the LOS sector while the adjacent ones show a constant dis-
tribution and both are not dependent from the distance d between the two
UEs. We observe that the peak in the LOS distribution corresponds to the
probability of finding a generic point the 5G cell in LOS condition, see (2.2).
For increasing distances d, the nearest neighbour search progressively loses
the peak in the first visited sector in favour of two smaller peaks symmetric
with respect to the first visited sector.

From Fig. 4.15 to Fig. 4.18 we show the cumulative distribution function
for different distance values, that is the probability that the number of sectors
needed to visit in order to have a successful connection at a given distance
is less than a certain value. Despite the low probability of finding the right
sector with the first visit (just over 25% in the best case) we can observe
how with the nearest neighbour search we reach a 90% probability of finding
the right sector to establish a connection between the UE and the BS by
searching only 12 sectors, that in this example correspond to searching a
circular sector with central angle θ = 67.5°. To achieve the same result with
a random sector search in contrast one would need to search a circular sector
that spans an angle greater than θ = 320° while with the LOS sector search
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Figure 4.10: Average number of visited sectors for AoD, fc = 30 GHz, Ns =
64. Zoom of Fig. 4.9.

the angle would be θ = 168°.
From Fig. 4.19 to Fig. 4.23 we show the cumulative distribution function

for different numbers of UEs inside the cell. We observe that for a small
number of UEs inside the cell the NN sector search is less performing with
respect to the LOS, NN-LOS and optimal sector search. With only 5 UEs
inside a cell 150 meters in radius the average distance between a newly entered
UE and its closest neighbour will be high, thus the correlation between their
respective active sectors will be small. For higher number of UEs inside the
cell the situation is reversed, and the NN sector search algorithm performance
matches the optimal sector search.
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Figure 4.11: Sector Success Probability for AoD, fc = 30 GHz, Ns = 64 and
distance d = 1 m.
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Figure 4.12: Sector Success Probability for AoD, fc = 30 GHz, Ns = 64 and
distance d = 5 m.
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Figure 4.13: Sector Success Probability for AoD, fc = 30 GHz, Ns = 64 and
distance d = 10 m.
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Figure 4.14: Sector Success Probability for AoD, fc = 30 GHz, Ns = 64 and
distance d = 15 m.
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Figure 4.15: Cumulative Distribution Function for AoD, fc = 30 GHz, Ns =
64 and distance d = 1 m.
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Figure 4.16: Cumulative Distribution Function for AoD, fc = 30 GHz, Ns =
64 and distance d = 5 m.
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Figure 4.17: Cumulative Distribution Function for AoD, fc = 30 GHz, Ns =
64 and distance d = 10 m.
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Figure 4.18: Cumulative Distribution Function for AoD, fc = 30 GHz, Ns =
64 and distance d = 15 m.
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Figure 4.19: Cumulative Distribution Function for AoD, fc = 30 GHz, Ns =
64 and 5 UEs.
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Figure 4.20: Cumulative Distribution Function for AoD, fc = 30 GHz, Ns =
64 and 25 UEs.



56 CHAPTER 4. PERFORMANCE ANALYSIS

10 20 30 40 50 60

Number Of Sectors Visited

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

P
ro

b
a
b
ili

ty
 O

f 
S

u
c
c
e
s
s

NN sector search

Random sector search

LOS sector search

NN-LOS sector search

Optimal sector search

Figure 4.21: Cumulative Distribution Function for AoD, fc = 30 GHz, Ns =
64 and 125 UEs.
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Figure 4.22: Cumulative Distribution Function for AoD, fc = 30 GHz, Ns =
64 and 625 UEs.
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Figure 4.23: Cumulative Distribution Function for AoD, fc = 30 GHz, Ns =
64 and 3000 UEs.
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Chapter 5

Conclusions

In this thesis we have studied and analyzed different possible algorithms to
tackle the initial access problem in 5G networks for millimeter wave frequen-
cies.

In the first chapter, after presenting the main 5G goals, we described
the 5G new radio access technology, and in particular we focused on the
initial access problem. We also provided an overview of the current lit-
erature on the 5G initial access techniques, including autonomous search,
context-information search, standalone and non-standalone solutions. Then
in the second chapter we illustrated the ETSI technical report on the channel
model, in particular the spatial consistency procedure, that we later used to
simulate the performances of the various algorithms. In the third chapter
we described all the IA algorithms we analyzed, mentioning the assumptions
and providing the algorithm pseudocode for each case. In the fourth chapter
we computed analytically the probability for a UE to use the same angular
sector to communicate with the BS, as another UE. Moreover we computed
analytically and also by simulation the average discovery time required to
perform the initial access procedure for the considered algorithms. In this
way we can compare the algorithms performances versus the distances be-
tween neighboring UEs or versus the number of UEs present inside the cell.
Results show that the optimal sector search is the best performing, this re-
sults comes with the con of requiring more context information and memory
space to store the 4D matrix. The sub-optimal NN sector search algorithm
requires only the active sector of the nearest neighbour as input context in-
formation and if used in a place adequately crowded performs very closely
to the optimal solution. On the other hand, if the distance between the two
UEs becomes too large the algorithm needs more time to find a solution. A
compromise between these two algorithms is the sub-optimal NN-LOS sector
search that delivers near optimal performances for all the distances between
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the two UEs but does not need to store a large 4D matrix in memory.
Since 5G hotspots are expected to be deployed in densely attended ar-

eas such as city centers, stations and stadiums where the average distance
between people is very low, the NN sector search algorithm could be a key
enabler to achieve faster initial access performance.
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