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1 Executive Summary

Work package 1 (WP1) is structured around the networks data analysis and wireless
link status prediction. In particular, WP1 will focus on collecting and analysing data
from realistic mobile wireless networks, identification of comprehensive KPIs in order
to develop new approaches for wireless link status prediction on different time-scales,
giving particular attention to computational complexity and accuracy. The main goal of
this report is to show the evolution of new mobile networks generations, driven by the
rising of new use cases and requirements, and to identify where network data analysis
and link status prediction can provide benefits. From the ESR2 point of view, more
attention should be given to link estimation and prediction with adaptive and tracking
techniques, identifying the methodologies and the approaches implemented up to now,

the new challenges that the rising technologies can lead in order to develop new solutions.
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2 Introduction

In the last years, the always dramatically growth of mobile traffic demand is making the
current networks technologies not more suitable to provide the required capacity. As re-
ported in [2], in the next 5 years, the worldwide data traffic demand will exponentially
increase due to the more and more mobile users, the opening up on the market of new
devices (i.e. wearable), the growth of M2M communications and greedy demand appli-
cations. To respect the new demands, a new generation of mobile networks is needed; as
stated in [3], the 5th generation of mobile networks (5G) is going to be standardised by
2020; the requirements, the new possible use cases and data rate demand include, but not

limited to the following;:

e High data rate: up to 1 Gb/s per user in particular environments i.e. (indoor),
while at least 50 Mb/s everywhere.

e Very low latency: 10 ms end-to-end (E2E) latency in most cases and 1 ms for the
use cases which require extremely low latency.

e High user mobility: up to 500 km/h for high speed train and 1000 km/h for airplane
connectivity.

e High connections density: Up to several hundreds thousand active connections per

square kilometre at the same time.

To reach the challenges goals described above, and to fulfil the high growth of traffic
demand and users density, different solutions can be deployed; in particular, as stated in

[4, 5], mainly three approaches can be followed:

e Increase the number of antennas at the transmitter and the receiver.

e Decrease the cell size increasing the densification.

e Increase the spectrum resources, by exploiting the new frequency bands;
The aforementioned solutions allow to identify three basic 5G enabler technologies: mas-
sive MIMO, millimetre-waves (mm-waves) and small cells. Massive MIMO consists in
developing base station (BS) equipped with antenna array, composed by much more el-
ements than the number of served devices. While on the one hand, as stated in [6], it
allows to improve the performance thanks to better spectral efficiency, spatial diversity,
multiplexing and diversity gain, on the other hand it requires architectural changes with
higher complexity.

The most currently 4G communications and telecom operators mainly operate from
800MHz to 3 GHz and only during the last years, frequency bands around 5-6 GHz have
started to be exploited; nevertheless, it is still not enough to face the growing traffic

demand. Millimetre-waves technology allows to use huge unused frequency bands, from
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30 GHz to 300 GHz, where unlicensed free band spectrum is available. On the other
hand, the high frequencies enormously impact the radio performance in terms of path
loss and shadowing, decreasing the cell dimension. Simultaneously, more cells with a
smaller coverage size allow much more networks capacity by improving the spectral reuse
and reducing the number of users competing for resources [4]. It could also be possible
to deploy networks where macro cells, i.e. 4G, overlap small cells belonging to different
mobile technologies (i.e. WiFi); this kind of networks take the name of heterogeneous
networks (HetNets). Even if HetNets are already standardised in 4G, the latter doesn’t
natively support them [5]; in fact, many aspects and issues of a such dense environment
have to be taken in account (i.e. inter-cell interference, frequent handovers), which require
coordination and cooperation between different technologies with different cells size. An-
other important technology that can play a key role in 5G are the device-to-device (D2D)
communications. In fact, enabling the devices to communicate directly between them or
to act as relays, maybe with different support from macro cells, can improve the network
performance, by increasing coverage size and spatial reuse.

In these much more complex networks deployment introduced above, networks data
analytics and wireless link status anticipation can play a key role to improve the networks
performance; in the following Sections both the solutions are better explored highlighting

on the different aspects involved in 5G enablers technologies.
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3 Network Data Analytics

3.1 Context

3.1.1 Basics of mmWave Communication

Millimetre waves (i.e. the frequencies between 30 and 300 GHz) are generally regarded
as one of the key technologies of future International Mobile Telecommunication (IMT)!
systems, including 5G (see e.g. statements from academia [7, 8], industry [9, 10], and
standardisation bodies [11, 12]). In November 2015, the ITU World Radiocommunication
Conference 2015 (WRC-15) has declared a set of mmWave frequency bands to be studied
for a potential IMT use. These are the bands 24.25-27.5 GHz, 37-40.5 GHz, 42.5-43.5
GHz, 45.5-47 GHz, 47.2-50.2 GHz, 50.4-52.6 GHz, 66-76 GHz and 81-86 GHz [13]. Further
decisions about mmWave IMT bands can be expected from WRC-19. Regarding these
initiatives, it is likely that in the future there will be at least one officially licensed IMT
band in a mmWave frequency up to 100 GHz.

Millimetre waves have very different propagation characteristics from the traditional
microwaves between 700 and 2600 MHz that are currently used for IMT. One of the main
differences is a much higher propagation loss. Figure 1 shows the free-space propagation
loss of the frequencies between 10 and 400 GHz in dB per kilometre. As can be seen,
generally, a higher frequency causes a higher propagation loss. Furthermore, there are
some irregular spikes, which are due to the absorption of the radio waves of these particular
frequencies by gas molecules in the atmosphere. In particular, there are two oxygen (Os)
absorption bands at 60 and 119 GHz, and three water vapour (H,O) absorption bands at
22, 183, and 323 GHz [14].

A consequence of the high path loss of mmWaves is that, given the same a transmit
power level, the communication range is much shorter than for traditional microwaves. An
effective countermeasure against this is to use directional antennas with a high gain, rather
than conventional omnidirectional antennas. In this way, the emitted power is bundled
towards the receiver rather than dispersed uniformly in all directions. It has been shown
that in this way reliable transmission ranges up to 200 meters can be achieved in outdoor
scenarios [15].

In general, we can distinguish between omnidirectional, semi-directional, and fully
directional communication. Omnidirectional communication, as mentioned, radiates the

power uniformly in all the directions of the horizontal plain around the antenna. Semi-

1MT is the ITU (International Telecommunication Union) term for the global mobile cellular network,

and we will use this term throughout this report.
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Figure 1: Free-space attenuation on sea-level of radio waves between 10 and 400 GHz.

Note that both axes are logarithmic. Figure from [1].

directional communication means that one of the communication partners uses a direc-
tional antenna, whereas the other uses an omnidirectional one. In the case of IMT,
typically, the base station would have a directional antenna, and the UEs an omnidi-
rectional one. Finally, fully directional communication means that both communication
partners use directional antennas [16].

Both, semi-directional and fully directional communication would be options for an
IMT mmWave network. However this choice has important implications for the interfer-
ence and resource management. In the semi-directional case, UEs receive signals equally
from all angle of arrivals (AOA). Consequently, if a UE is connected to a specific beam
and at the same time in the coverage of another beam from a different AOA, then these
interfere in the UE reception antenna. In the fully directional case, on the other hand,
the UE “listens” only into the direction of the serving beam, and thus does not “hear”
the signal from the other beam, it is “deaf” for the second beam. Consequently in this
case the second beam does not cause interference at the UE. This fact is illustrated in

Figure 2.

3.2 Problem Description

In the last section we described the basics of mmWave communication, the new resource
allocation use cases that it gives rise to, and that to tackle these tasks a broad range of
context information might be beneficial. In this section we describe concretely how we
are planning to confirm this thesis.

First of all, we propose to structure the landscape of resource allocation tasks that

might occur in mmWave networks into three categories. These categories, depicted in Fig-
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(a) Semi-directional: interference at UE.  (b) Fully directional: no interference at UE.

Figure 2: Interference scenario for a UE connected to a beam of BS1 and being in the

coverage of another beam of BS2.

ure 3, are intra-mm Wave, inter-mmWave, and inter-RAT. These categories correspond to
levels of spatial and co-operational granularity. The lowest level, intra-mmWave, contains
all resource allocation use cases that are decided independently by a single mmWave base
station. The second level, inter-mmWayve, includes all use cases that require cooperation
of two ore more mmWAve base stations. Finally, the highest level, inter-RAT, includes the
use cases that involve at least one mmWave and at least one non-mmWave base station

(e.g. a microwave macro, pico, or femto cell, or WiF1i).

11 Inter RAT

Il Inter mmWave BS

Figure 3: Proposed framework for structuring resource allocation tasks in mmWave net-

works.

3.2.1 Intra-mmWave BS Use Cases

One intra-mmWave use case is the initial connection establishment between a UE and
a mmWave BS, a problem known as initial access or cell discovery. The difficulty here
is that since directional communication is used, BS and UE must point their beams

exactly against each other in order to be able to start communicating and, in the first
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place, to learn about each other’s presence. This is unlike in traditional omnidirectional
communication where synchronisation signals emitted by a BS can be received by any
UE in the coverage area of the BS. Proposed solutions employ the repeated emission
of synchronisation signals of the BS in different directions, either exhaustively across
the entire coverage area of the BS [17], iteratively, by starting with a wide beamwidth
to narrow down the search space, and then iteratively decrease the beamwidth [18], or
randomly, by emitting the synchronisation signals in random directions [19]. Another
approach is to have the UE determining its own approximate position (e.g. via GPS) and
feeding this information back to the mmWave BS via an omnidirectional macro cell. The
mmWave BS can then directly point its beam in the UE’s direction and refine the search
from there [20, 21, 22]. This last approach can be seen as leveraging a type of context
information (UE’s location). A survey of proposed initial access procedures can be found
in [23].

Another large group of intra-mmWave resource allocation use cases in concerned with
the beam management for data transmission, once the initial access and connection estab-
lishment between UE and BS has been completed. The problem can be subdivided into
beam alignment and beam selection. Beam alignment are procedures for choosing beam
directions at both BS and UE so that a sufficiently high SINR is achieved on both sides.
Since UEs might be mobile and channel conditions might change over time, beam align-
ment procedures generally need to be executed repeatedly during a data transmission.

First of all, we would like to point out that beam alignment is part of the IEEE 802.11
ad standard [24, Sec. 9.35] from 2012, and thus complete solutions that are embedded
in the corresponding MAC and PHY layers exist for already some of years now?. There
are two different beam alignment approaches in IEEE 802.11 ad, beamforming training
(BFT) and beam tracking (BT). In BFT, a beam alignment procedure is executed at the
beginning of each beacon interval, which has a typical length of 100 ms [26]. The procedure
consists of a sector-level sweep (SLS) and an optional beam refinement protocol (BRP). In
the SLS, the access point starts by sending out a sequence of synchronisation frames in a
set of different directions, called sectors. These frames are received by the terminal using a
quasi-omnidirectional antenna configuration. The terminal records the best-quality frame,
and then the process is reversed, that is, the terminal sends out directed synchronisation
frames whereas the access points listens with a quasi-omnidirectional antenna setting.
The IDs of the best sectors received by terminal and access point are exchanged, the

two entities set their beams accordingly, and then the data transmission starts. On the

2Similar beam alignment procedures are also already specified in the older IEEE 802.15.3c standard
(60 GHz WPAN) from 2009 [25, Sec. 13].
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other hand, beam tracking (BT), works by appending synchronisation frames directly to
the data packets. In this way the beams are kept aligned in “real-time” during the data
transmission, rather than just at the beginning of a longer transmission interval as in
BFT [24].

Several beam alignment procedures based on the IEEE 802.11 ad and TEE 802.15.3¢
standards have been proposed, e.g. [27, 28]. These works are targeted mainly at indoor
scenarios. In [29], the authors propose a beam alignment procedure for use in outdoor
mmWave backhauls. The procedure is based on a hierarchical beamforming codebook
(predefined set of beams) and starts by sampling the coverage space with a coarse granu-
larity and then iteratively narrows down the beamwidth in the appropriate sectors until

the receiver is located with a narrow enough beam that can be used for data transmission.

The second sub-group of beam alignment tasks is beam selection. It deals with beam
management on a higher level than beam alignment, and decides basically which of several
possible beam forms and constellation to use. For example, [30] proposes mechanisms
to switch from a line-of-sight (LOS) beam to a non-line-of-sight (NLOS) beam in case
the (preferable) LOS beam gets blocked (e.g. by a passing person). In particular, the
authors propose an instant-decision based and an environment learning based mechanism
to select a NLOS beam. In the instant-decision based case, the procedure considers only
instant information such as SINR and angle of arrival (AOA) on the terminal side. In the
environment learning based case, the procedure takes into account recorded NLOS beam

experiences from the past.

Another beam selection task is to group UEs that are to be served by the same beam
of a base station. The need for this arises when the number of UEs to be served is
larger than the maximum number of RF chains (i.e. beams) of base station (which is
determined by the antenna hardware). However, also in other cases UEs might need to
be put in the same group, if, for example, they are co-located and a separate beam to each
of them would cause interference [16]. A number of such user grouping schemes has been
proposed in [31, 32]. At this point we should note that fully directional communication
greatly increases the degrees of freedom of user grouping, with respect to semi-directional
communication. This is because in the semi-directional case, UEs that are co-located
tightly enough are forced to be in the same group, because any second beam to one of
the UEs would be likely to cause interference to the other co-located UEs. In the fully
directional case, on the other hand, there may be more than one beams arriving at a set
of co-located UEs, and as long as these beams arrive from different AOA (e.g. a LOS and
a NLOS beam), they do not cause any interference to the other co-located UEs, because

the UEs are “deaf” to any signals that arrive from other directions than the one that
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they are listening to [16]. Thus, co-located UEs can be assigned to different groups if a
sufficient diversity of AOA of the different beams can be provided.

3.2.2 Inter-mmWave BS Use Cases

The inter mmWave BS category includes resource allocation tasks that involve multiple
mmWave base stations. One such use case is the association of a UE to one of several
possible mmWave base stations. This is necessary because due to the concept of dynamic
cell and the needed high density of mmWave base station deployment for combating
shadowing, a UE will often be in the coverage area of multiple mmWave base stations. For
example, there exist indoor deployment scenarios with almost fully overlapping coverage
areas of multiple mmWave base stations inside a room [26]. This is unlike in the traditional
network concept with its Voronoi diagram-like cells, where (other than at the cell edges)
UEs are usually in the unambiguous coverage area of only a single base station, and
hence, cell association can be done according to simple rules [16]. In mmWave networks,
on the other hand, this is not the case. This problem can be furthermore refined as the
association to a specific beam of a specific base station.

In [33], the authors propose a distributed cell association algorithm with the objective
to minimise the maximum base station utilisation. That is, the goal is to distribute the
total load evenly over the available base stations. Sakaguchi et al. [26, Sec. 3] propose
to administer cell association and beam selection of a group of access points (AP) with
overlapping coverage areas centrally by an access point controller (APC). The APC bases
its decisions on the so-called “fingerprint database”. This database is collected in an offline
phase by collecting received signal strength (RSS) readings of UEs at known locations to
all the APs in the APC’s management domain. Based on this information, the APC
can then estimate the position of UEs during the operation of the network. The APC
furthermore derives AP-specific radio maps from the fingerprint database. These include
RSS maps showing the UEs’ RSS at different locations in the AP’s coverage area, and best-
sector maps that indicate the best beam configuration for each location. Furthermore, the
APC also determines “bad beams” for each beam and UE location, that is, beams from
other APs that would cause interference at the given UE. Based on all this information,
the APC then chooses an AP and a beam configuration for any data transmission by a
UE.

The work in [16, Sec. 5.D] lists three factors which a cell association algorithm should
take into account: (1) the UE’s traffic and QoS demand, (2) the channel state between
UE and BS, and (3) the loads of the BS. The cell association algorithm should have the
following objectives: (1) the UE’s traffic and QoS demands are met, (2) the tradeoff
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between fairness and spectral efficiency is improved, and (3) the chosen connection is
robust to blockage. For the latter objective, the authors propose to associate a UE not
only to one but to two base stations at the same time. Based on this framework a cell
association algorithm is formulated as an optimisation problem and simulated for semi-
directional, and fully directional communication cases. It is shown that a higher number
of beams per base station positively affects the total system rate.

Another problem that arises from the overlapping coverage areas of mmWave base
stations is the one of scheduling the transmissions of the different base stations in order
to avoid collisions. Again we can point to IEEE 802.11 ad which contains a mechanisms
with which several APs operating on the same frequency can form a cluster and schedule
their transmissions in non-overlapping time periods [24, Sec. 9.34]. Sakaguchi et al. [26,
Sec. 2.4] propose to extend the beamforming training of IEEE 802.11 ad to multiple
remote radio head (RRH) covering the same area. That is, the best beam alignment is
searched not only for a single base station, but across multiple ones of them. This requires
however coordination between these base stations, and a scheduling of their sector level
sweeps (SLS). This scheduling is ensured by a central baseband unit (BBU) to which the
individual base stations are connected.

A work by Shokri-Ghadikolaei [34] investigates the tradeoff between beamwidth and
network throughput. A larger beamwidth decreases the beam alignment overhead, but,
on the other hand, might require a less efficient transmission scheduling. This is because
broader beams are more likely to cause interference, and transmissions that interfere with
each other should not be scheduled simultaneously.

Another use case that can be classified as inter-mmWave is the combination of multiple
beams from different base stations on the UE side. Clearly this use case requires fully
directional communication, and the UE must support multiple reception beams. This
approach has been demonstrated in [35] on 28 and 73 GHz carrier frequencies, and it has
been shown that combining up to four beams at the UE can significantly improve the

received signal quality and extend the link coverage.

3.2.3 Inter-RAT BS Use Cases

This category includes resource allocation use cases that involve at least one mmWave
base station and at least one non-mmWave base station, such as a microwave macro
cell. These use cases assume a scenarios with several overlaid RAT layers, for example, a
number of small mmWave cells overlaid in the coverage area of a large macro cell. The
main question is then to which RAT to associate a specific UE? Such a decision is typically
based on the capabilities of the different RAT, the demands of the UE, and the current
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state of the network (e.g. load, link qualities).

In [36], the authors describe a cell association algorithm for a two-layered architecture
consisting of traditional macro cells and randomly overlaid mmWave cells. The objective
of the algorithm is to maximise the system rate, that is the total data rate capacity
of the network. The association is done based on the traffic demand of each user, the
available bandwidth at each cell, and the current spectral efficiency of the links. The
algorithm results in a significantly higher system rate compared to a pure SINR based
cell association.

A lot of work has been done on multi-tier cell association algorithms for heterogeneous
networks (HetNets). These algorithms typically try to improve the system performance
(measured e.g. in average user throughput or system rate) by biasing cell associations
toward small cells (pico cells, femto cells). This can be done, for example, by modifying the
traditional SINR based cell association so that UEs are associated with a small cell even
though the macro cell would provide a better SINR. Two examples of this work are [37,
38]. However, these solutions do not take into account mmWave cells, and are assuming
Voronoi diagram coverage areas. They might thus not be applicable to a mmWave network

with its inherent dynamic cell concept.

3.3 Research Question, Expected Results, and Methodology

Our research proposal can be summarised in an observation and a thesis. The observation
is that mmWave communication gives rise to fundamentally new resource allocation prob-
lems. The reason for this is the inherent directionality of mmWave communications and
the ensuing concept of dynamic cell. A cell is no longer a static contiguous geographical
area, but a flexible and ephemeral collection of directed beams. A host of new resource al-
location problems concerned with the management of these beams emerges. Furthermore,
with fully directional communication mmWave network shifts from an interference-limited
regime to a noise-limited regime [16]. Our thesis is that these new resource allocation
problems can be more effectively and efficiently solved by leveraging an extended set of
context information. With an extended set of context information we mean information
that is not typically used in resource allocation solutions of traditional networks, nor in
the current mmWave resource allocation literature (as reviewed in Section 3.2). This con-
text information may range from device-level, application, user, network, to environment
context.

For providing evidence for our thesis, we propose to focus on one specific use case of

each of the resource allocation categories that we identified in Section 3.2 (intra-mmWave,
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inter-mmWave, and inter-RAT). We will develop a detailed solution for each use case,
including a broad range of context information. Then we will compare the performance
of these solutions to comparable solutions from the literature which include. We plan to
use different performance metrics, such as total system data rate, average user data rate,
average packet delays, to name just a few examples.

The expected results of the study are three novel resource allocation algorithms for
mmWave networks using an extended set of context information. We furthermore expect
these algorithms to show the benefit of using context information that at the present time
is not used for resource allocation tasks.

Regarding the methodology, we plan to use a hybrid of real-world testbed measure-
ments and simulations. We plan to collect data in the testbed, especially context infor-
mation and link measurements, and then to use this data as the basis for a simulation
study. The algorithms will be implemented and executed exclusively in the simulation.
We make use of simulations because on one hand it increases flexibility, and on the other
hand, because there does not exist a lot of available mmWave hardware at the moment.
An option for the simulation tools is the mmWave module for ns3 developed by NYU
WIRELESS [39].

Regarding the testbed, we plan to equip a room with 2-3 mmWave base stations, a
non-mmWave base station, different types of obstacles, and a mmWave-capable termi-
nal device. The data is then acquired while playing through different scenarios with the
terminal device, such as different application usage patterns, and moving on certain tra-
jectories through the room. Given the scarcity of available mmWave-capable devices, we
plan to resort to IEEE 802.11 ad, the currently most popular consumer-oriented mmWave
technology. TEEE 802.11 ad is an extension of WiFi in the 60 GHz ISM band, and a range
of compatible consumer devices has been released in the last quarter of 2015 and the first
quarter of 2016. These include a USB dongle?, an access point (combining 2.4, 5, and 60
GHz WiFi)?, a notebook®, and a smartphone®.

3http://www.perasotech.com/gp_product/consumer-ic-products,/

4http:/ /www.tp-link.com /en/products/details/ AD7200.html
Shttp://us.acer.com/ac/en/US /press/2016,/175243
Shttp://www.techgrapple.com/letv-x910-with-snapdragon-820-certified-by-tenaa,/
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4 Wireless Link Status Anticipation and 5G promis-

ing technologies

Wireless link status anticipation and prediction have been widely proposed in the past for
many purposes i.e. rate adaption, handover and mobility management and reliable routing
algorithms. In 5G, the complexity of a high dense environment and the challenging goals
to reach (data rate, high speed mobility, user density) make the prediction a promising,
in some cases a mandatory, tool to aim the previous requirements. In the following
Sections the main 5G potential enabler technologies are explored, with particular focus
on the several aspects where the wireless link status anticipation and prediction have
been applied, and where it can contribute to enhance the performance. In the end, a brief
overview on several wireless link prediction scope of applicability and methodologies is

presented.

4.1 Massive MIMO

In according to [6], massive MIMO is one of the most promising solution for increasing
users density and networks capacity; It consists in developing base stations with a number
of antennas that is at least 10 times the amount of users in the cell, thanks to which it is
possible to reach high performance in terms of multiplexing and diversity gain.

On the other hand, massive MIMO requires an accurate channel estimation for the
precoding; the widely number of antennas needs a large number of pilot signals in order
to estimate the channel state. To reduce the overhead and to make the massive MIMO
a more scalable solution, a great attention is given to methodologies for decreasing the
number of feedback required for the channel tracking. TDD can contribute in this, in
fact, thanks to the reciprocity of the channel, only the uplink channel estimation should
be performed, which depends only on the number of users.

The authors in [6] show how TDD can tremendously decrease the number of pilot
signals required for precoding, although pilots contamination can still mitigate the per-
formance. Another issue that affects the quality of channel estimation and, consequently,
the massive MIMO precoding is the channel aging;

In this case the prediction can highly improve the performance, in fact [40, 41] propose
an asymptotic analysis of the delayed CSIT (channel state information at the transmitter)
effects, evaluating the gain that a Wiener predictor can obtain by estimating the current
channel state information (CSI). More precisely, the CSI prediction is performed with a

time-horizon equal to the delay (supposed to be known) on the basis of the past and dated
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CSI observations.

4.2 Millimetre-Waves (mm-waves)

The 5th generation of mobile communications will be characterised by much more data
rate per user; to reach the previous goal, one possible solution is to use much greater
spectrum resources. In this process, millimetre-waves (mm-waves) technology will play
a key role, since it will allow to exploit unused frequency band, higher than 30 GHz,
where huge unlicensed free bands spectrum are available. The mm-waves introduce new
opportunities, but, on the other hand present new challenges for the telecom operators
due to the new propagation models; the [42] is an interesting overview on the main aspects
of the mm-waves.

The first aspect to consider is the lack of an accurate channel model and a high signal
path loss that reduces the coverage area and the cell dimension. In according to [43, 44]
the path loss doesn’t create huge obstacles to the propagation. The latter collect the
results from measurements in urban (New York City) and sub-urban (university campus
in Austin) environments, at 28, 38GHz and 73GHz, where it is shown that if a high
directivity antennas array are used, it is possible to reach cell size of 200 m, which is a
typical dimension for a high density urban environment.

The main problems are due to the shadowing and the outdoor-indoor communications;
in fact, high frequencies communications are more subject to the obstacles due to the less
penetration depth [45] and still humans and fornitures can cause loss of connectivity.
Many solutions are proposed for the obstacles blockage, based on different approaches i.e.
[46]; the latter consider fixed transmitter and receiver, which use beamforming protocol
to compute the best NLOS path in case the LOS is lost in order to avoid human blockage.

The Beamforming and antenna directivity, as introduced in [47], will represent two
key points in the mm-waves to focus the transmitted and/or received signal in particular
direction in order to mitigate the high path loss. Increasing the number of the cells, by
decreasing the dimensions, can be another solution to improve the mm-waves coverage
and to avoid the blockage. Obviously, increasing the number of the cells can make the
number of the handovers and the inter-cell interference higher.

In conclusion mm-waves can be play a key role for the future telecommunications, by
exploiting new large spectrum. It can be for sure used for reducing infrastructure cost,
by building high speed wireless backhauls, and small wlan for indoor environment. The
use of mm-waves in outdoor urban and sub-urban environment is still under analysis, due

to the path loss, user mobility and shadowing. User mobility prediction can be an useful
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solution to predict shadowing, obstacles, human blockage and handovers. Furthermore
the location aware communications and mobility prediction could be useful to keep the
transmitter and receiver beamforming aligned in order to exploit high directive antenna
gain and small beam-width as stated in [42].

Moreover, mm-waves present many connections with the other 5G enabler technologies

that can make this technology a cornerstone for new mobile communications generations:

e At first with Massive MIMO, since the small wavelenght allow to antenna array
composed by a large number of elements with a small form factor.

e CoMP, since the high dense environment and small cells could allow coordinated
transmission solutions for avoiding the blockage.

e As introduced above, the small cells can play a key role for mm-waves solutions,
since a large number of cells with small dimension increase the coverage, mitigating
the path loss and the blockage.

e D2D communications are strictly connected to mm-waves; as is shown in 4.5 a device
can act as relay for antiblockage system, while obviously, thanks to the use of high
directive antennas, small beam-width and proper beamforming, mm-waves can allow
to increase spatial reuse and spectrum efficiency; it can contribute to decrease the

interference between D2D and macro cell communications.
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4.3 Heterogeneous Networks (HetNets)

Instead of increasing the bandwidth or the number of antennas, the other possibility to
largely improve the user data rate is to deploy a high dense cells environment, where
different nodes with different transmissions power and coverage size share the same area
[6]. This type of networks, composed by high power nodes (HPN) and low power nodes
(LPN), take the name of heterogeneous networks (HetNets). Heterogeneous networks
create new opportunities and advantages like spectrum spatial reuse; but on the other
hand they can lead to several issues as inter-cell interference and frequent handovers, which
can lead to new challenges such as resource allocation problems, inter-cell interference
cancellation, scheduling coordination and mobility management. In [48], the authors
provide an interesting overview on different aspects of heterogeneous networks for 4G; It
highlights how the received signal to interference noise ratio (SINR) is mainly affected by
the interference caused by the other cells, while the noise terms is negligible. Moreover,
user devices connect with the strongest base station, which is not necessary the one that
can provide the best capacity or that can be less loaded. In fact, HPNs and LPNs present
high differences in terms of transmitted power; a 4G RRU usually transmits 40 Watt,
while a Wifi access points up to 4 Watts in according to the regulatory domain and
frequency bands. For this reason, in order to achieve the maximum capacity and improve
the load balancing a proper and intelligent access method is needed.

Other particular attentions are paid for mobility management; for this reason mobility
prediction can act a key role, in fact, as stated in 4.6, it can be applied to the handover
management in order to avoid communications interruptions or to maintain QoS along the
user mobility. In [49] ch. 7, mobility prediction is applied trough a heterogeneous network
composed by 3G and WiFi cells, to maximise the user’s throughput. It proposes a user
trajectory prediction, based on the past movement information, in order to estimate in
ahead which sequence of handovers can be carried out to maximise the throughput. The
network capacity information, in according to the user position, is available thanks to a

database fingerprint.

4.4 Coordinated Multipoint (CoMP)

As stated above, a high dense cell environment needs some coordination mechanism to
mitigate the inter-cell interference; coordinated multipoint transmissions (CoMP) is a
promising candidate solution to achieve this purpose; It consists in coordination and
cooperation between a cluster of cells in order to increase the performance in terms of in-

terference reduction and spatial diversity. In [50] the authors show different coordinated
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multipoint transmissions schemas that are available, and which challenges and oppor-
tunities CoMP offers; in particular, cell synchronisation and the feedback overhead can
represent challenging obstacles for the deployment of this solution.

In [51] is shown how join transmission coordinated multipoint (JT CoMP) can be
a powerful tool in 5G; they focuses on several impairments like feedback overhead and
channel estimation accuracy. The latter is mainly affected by dated channel state infor-
mation, an issue that can be mitigated by CSI prediction as shown in the same work and
in 4.1. A more accurate analysis of the channel aging effect on CoMP can be found in
[52] for point-to-point MIMO link in LTE clustered cellular networks; the authors high-
light how imperfect and dated CSIs cause inter-user interference and they investigate the
enhancements that several predictors (i.e. recursive least squares) can obtain for channel

estimation in terms of root mean square error (RMSE).

4.5 Device to Device Communications (D2D)

As shown in 4.2, D2D communications can play a key role in mm-waves communications,
i.e. [53] shows how D2D communications are strictly connected to mm-waves; the paper
introduces a new antiblockage system that exploits mobile user devices as relays in case
the line-of-sight (LOS) path is blocked.

In [54] the authors propose an interesting overview on how D2D communications
can allow to increase the performance in terms of spectral efficiency, overall capacity
and transmission range. In fact, a node can act as relay for another device in order to
exchange required data with or without the cooperation of the base station infrastructure
in according to several communication schemas. Device to device transmission can be
developed by sharing with the macrocell base station the same time-frequency resources
or they can operate on different one, with inevitable waste of resources; on the other
hand, in the first case, interference management and BS-devices cooperation is needed.
To mitigate interference and to enhance the spatial reuse, beamforming and high directive
antenna can be promising solutions, but a dynamic environment can decrease this gain.
Another aspect to consider is the privacy that is mentioned in [54]; the latter introduces

a closed access solution in order to mitigate this problem.
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4.6 State Of The Art In Wireless Link Status Anticipation

In the previous Sections, some 5G promising enablers technologies have been introduced,
highlighting on several aspects where the wireless link status anticipation techniques can
play a key role; in general where the channel estimation is essential for wireless commu-
nication, the prediction can tremendously improve the performance. In fact, to the best
of our knowledge, from the previous analysis, basically the following types of prediction
are applied:

e Channel state prediction, which is applied to channel estimation for CoMP and
Massive MIMO.

e User mobility prediction for handover and mobility management in HetNets and
D2D communications.

In the past, wireless link anticipation and prediction have been widely proposed for many
purposes, included but not limited to:

e Rate adaption techniques: more precisely, the channel state prediction can improve
the performance of adaptive modulation and coding schema.

e Handover and mobility management; user mobility prediction can help the networks
to provide in advance enough resources to incoming users, or to avoid ping-pong
handovers.

e Routing algorithm and link reliability; the channel state and mobility prediction
can help the nodes to estimate the best reliable path, to avoid retransmissions and
to decrease the control packets overhead.

Starting from the latter, channel estimation and prediction are largely exploited in wireless
ad-hoc networks in order to establish the reliability of a link. In particular, many works try
to estimate or predict the link reliability in order to set a proper metric for computing the
best routing path, or at least the most reliable. Many link quality estimators for wireless
ad-hoc networks are proposed, like [55, 56]; the first uses an exponentially weighted moving
average (EWMA) link quality estimator for wireless sensor networks that exploits cross-
layer information in a compress way. In fact, only 4 bit of information are needed for
the estimation, 1 from the physical layer, 1 from the MAC and 2 from the network layer;
these are obtained by the received and transmitted data packets and the periodic beacon
frames. The second one proposes a short term link estimator (STLE) for wireless sensor
networks trying to solve two main issues that the first approach has, like slow adaptability
and low accuracy for intermediate link quality.

Tao Liu and Alberto E. Cerpa in [57] propose 4C, an algorithm that applies the

prediction to the wireless link for routing protocols. It is a machine learning data driven

packet reception rate (PRR) prediction in according to physical features (SNR, RSSI,
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LQI) with off-line training. Three different types of machine learning predictors are
tested: bayes classifier, logistic regression and neural networks. Starting from a window
of previous packets for which SNR, RSSI, LQI and PRR are known, /C' tries to predict the
PRR of the next packet. The algorithm mainly suffers of slow adaptability, due to the off-
line training, for this reason, the same authors propose Talent [58], which is an evolution
of 4C, trying to solve the off-line training issue, applying an on-line training method to
logistic regression, that was the tool with the best accuracy for PRR prediction.

To mitigate the effects of the overtraining and the low-adaptability of the machine
learning based predictors, in [59] a nonparametric short-term link quality prediction is
proposed, which is based on time series analysis. In particular Talent and /C' are packets-
driven solution, that could have feedback problem with variable data rate links. In [59],
the authors use an interpolation and filtering to obtain a solid time series using a non-

parametric autoregressive model to predict the one way delay(OWD) and RSSI link.

Another work that proposes a reliability link prediction for ad-hoc routing algorithm
is [60]. The latter tries to predict the nodes mobility, and the link reliability, by observing
the link SNR. Each node in a distributed way, collects the links SNR observations; with
the assumption that the SNR presents some periodicity along the time, it tries to predict
the future SNR values performing a pattern matching, by computing the crosscorrelation
between a query (a window of values for which the prediction is performed) and the train-
ing set (the collected SNR observations). In case the pattern matching doesn’t provide
enough accurate results, the algorithm provides a fallback solution that is a Kalman filter,

a first order autoregressive link model AR(1).

The [61] proposes an average channel-gain predictor trying to exploit both the time
and space correlation of the channel fading. It is based on the assumption that the chan-
nel fading presents two terms; one is due to slow fading, spatially correlated for static
users, and the second caused by fast-fading only temporally correlated. The proposed so-
lution tries to predict long-term average channel gain (from 200 ms to 3s ahead) exploiting
temporal and location information combining an autoregressive (AR) model with func-
tional linear regression (FLR). The simulation results show how the location information
combined with the user channel feedbacks outperforms only temporal information-based
predictor. In fact, as stated in [62] location-aware communications can play a key role
in 5G, contributing in each layer, from physical layer for channel state prediction to ap-
plication layer for context awareness. During the last decade, many works were done on
location-aware wireless communications, starting from ad-hoc and mesh networks, where
the mobility of the users can tremendously affect the link reliability. The work presented

in [63] proposes a predictive mobility and location-aware routing algorithm (PMLAR),
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that uses node’s velocity and position to establish and recovering the routing path be-
tween a source and a destination through intermediate nodes; the main goals of [63] is
to exploit the location information and mobility prediction to improve the data packet
delivery ratio and to limit the packet forwarding area. First of all, the authors consider a
velocity-aided routing (VAR) algorithm, that determines the feasible intermediate nodes
for packet forwarding; VAR use two type of motion prediction models based on relative
velocity and motion direction between the forwarding node and the destination; besides
VAR, other schemas are applied to PLMAR to improve the link maintenance and recovery
in case of interruption for mobility reasons. In conclusion, from the results, it is possible
to observe that using a location-aware routing algorithm with nodes mobility prediction
is possible to improve the networks performance in terms of data packet delivery ratio,
end-to-end delay, control packet overhead and route life time. In [60], mobility prediction
is applied to several ad-hoc wireless networks routing algorithms to estimate the link sta-
bility. The proposed predictor tries to estimate the link expiring time starting from node
mobility information (GPS location, direction and velocity) and the correlation between
the node’s location and the received signal strength through a simple channel propagation
model. Even if the channel propagation model is totally based on a free space path loss,
[60] shows how the predictor reduce the packet loss and retransmissions; using a distance
vector routing algorithm it can also contribute to reduce the overhead due to hello packets

for checking the topology changes.

As shown in [64], mobility prediction can be applied also to adaptive modulation
and coding schema (AMC). In [64], the authors show how user’s position and mobility
information, combined with a SINR fingerprint database for channel state information,
can improve the performance, demonstrating that position aware adaptive systems operate
close to the channel capacity. Position aware adaptive modulation and coding schema are
capable to perform a channel capacity mid/long term prediction and they are more robust
to outdated CSI than no predictive AMC. Instead of using the user location information
for rate adaption, as already introduced in 4.3, an interesting scope for mobility prediction
is the handover management; as stated in [65, 66] hidden Markov chain are interesting
tool to predict and model the user mobility in a cellular networks and to estimate in
advance the handover direction in order to allocate enough resources for maintaining the

communications along the mobility.
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5 ESR-2 Research Proposal: Mobility-aware Predic-

tive Beamforming Algorithm in Mm-waves

As introduced in 4.2, mm-waves communications are characterised by extreme propaga-
tion conditions; the path loss, which is proportional to the square of the frequency, and
a very small penetration depth represent two big issues for such high frequency bands.
The latter causes high sensitivity to the shadowing and obstacles as such even a human
body can produce 20-30 dB of signal loss. In order to mitigate the effect of the path loss,
an extremely high antenna directivity is desired; by considering large antenna array com-
posed by many elements, and a proper beamforming techniques, it is possible to obtain
this goal. High directivity and gain correspond to narrow beams, but due to the mobility
nature of the users, a mechanism to quickly adapt the beams alignment between BS and
UE is mandatory. In this case, tools for mobility prediction and tracking can provide

serious advantages in terms of SINR and connection time.

5.1 Introduction And Related Works

As stated before, by considering large antenna array, we can provide high directive narrow
beams by using proper beamforming techniques; in general we can distinguish three type
of beamforming:

e Analog beamforming: it operates only on the phase shifters and/or on the variable
gain amplifiers (VGAs) of each antenna element, in order to focus the array radiation
pattern in a particular direction and/or change the beam-width. This is the simplest
bemforming techniques, but in general it provides lower performance in terms of
array gain than the digital one.

e Digital beamforming: it provides better performance by using digital precoders
that work in baseband, but it needs analog-digital-converters (ADC) and viceversa
(DAC) for each antenna elements; it is a more complex and higher time/energy
consuming solution.

e Hybrid beamforming: it represents a combination between the two previous solu-
tions. It tries to combine the low-complexity of steering the beam via phase shifters
and the degree of freedom provided by the digital precoder [47]. As the digital beam-
forming, it considers a digital precoding applied to several RF chains, which number
is less than the number of antennas; in fact, the latter are grouped in sub-groups
and connected to the RF chains.

Possible approaches for directional beamforming are based on eigen-beamforming or the
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direction of arrival (DOA) estimation by acquiring the channel matrix; these approaches
are complex, time consuming and it requires many training symbols, especially when the
antenna array has many elements. A possible technique for analog beamforming [67]
represents the antenna array as a FIR filter (i.e. Wiener filter) using the least-mean-
square estimation (LMS) for adapting the filter weights. The latter are a function of the
direction of arrival (DOA), which is consequently estimated.

Other recent works propose some efficient beam searching algorithms for mm-waves
with a discrete number of beams described by a codebook; but most of them are used
only for the first cell discovery in a stationary scenario where the transmitter (Tx) and
the receiver (Rx) are static.

The work in [68] proposes a beamforming protocol based on an efficient searching
algorithm for the BS and UE; it is based on the MAC frame of the standard 802.15.3b (high
rate WPAN for 60 GHz) and the proposed algorithm performs an exhaustive best beams
pair searching, along the codebook. In particular, in each time slots, before starting the
data communications, the transmitter sends a number of training symbols, which depends
on the number of possible beams, and the receiver can recover which beam provides the
best SINR.

The authors in [69, 70] propose a beam pair searching algorithm based on context
information (i.e. user position) in order to quick establish the best beams for the first
cell discovery. Finally, the work [46] proposes a beam-switching from line-of-sight (LOS)
path to a non-line-of-sight (NLOS) path when the LOS communication is lost for static
Tx and Rx. In particular the BS and UE compute a backup NLOS path in case the LOS
path is obstructed by human body.

5.2 Problem Description And Assumptions

The main idea is to develop a method that exploits the user location and the user mo-
bility prediction in order to shape the beam-width and to focus the beam angle toward a
particular direction that maximizes the SINR. We will consider the following assumptions:
e We suppose that the UE is equipped with a positioning system (i.e. GPS) and it
can recover its position, speed and direction.
e The BS and the UE are equipped with a linear array of antenna of M; and M,
elements respectively.
e As introduced in 5.1, some works consider a discrete set of beams, while for an
analytical analysis we will consider a continuous case.

e We will start with a line-of-sight (LOS) scenario from the BS point of view. We will
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extend the work in the future for the mobile user and in NLOS communications.
In order to guarantee a continue communication with enough gain between BS and UE in
LOS communication, the BS has to focus the beam along the UE direction and viceversa.
While the position of the BS is fixed and we can suppose that is well-known by the UE,
the latter is continuously moving; we can suppose that the UE can predict and send to
the BS its position over the time by using the following information: current position
Py, speed V; and direction D;. The details of the solution are described in the following

Sections.

5.3 Proposed Solution

In this Section we will show how the UE can perform the mobility prediction and how the
BS can adapt the transmitting beam (the UE beam adaption will be taken in account in
the future). In general the proposed solution includes the following steps:

1. The UE predicts (as shown in the following) its speed and direction for the next

time steps.

2. The UE sends the above mentioned information to the BS

3. The BS tracks the user by exploiting the information received.

4. The BS selects the best beam in terms of width and direction.

In the following Sections, each step is explained in details.

5.3.1 User Mobility Prediction

As we introduced in the previous Sections, the goal can be the following:

e Adapt the beam direction in according to the predicted position.

e Adapt the beam-width in according to the prediction error caused by the stochastic

nature of the user’s movement.

To consider the mentioned objectives, we will consider a predictive mobility model that
takes in account both the time-dependency and the stochastic nature of the direction and
speed of the user; moreover, in order to make the problem tractable from the analytical
point of view we will consider the well-known Gauss-Markov mobility model (GMM) [71],
which have been widely used in ad-hoc mobility model and can model a wide range of

mobility pattern.

Diyy = ay Dy + (1 — Oét)Dt + V1 —aoiXp, (1)
Vit :ﬁtv;ﬁ’(l—ﬁt)vt"‘ V1—aiXy, (2)

Where V;,; and Dy, are the predicted speed and direction respectively. Xy, ~ N(0, 0‘24 )

and Xp, ~ N(0,0%,) are zero-mean Gaussian-distributed random variables, while 0 <
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a, < 1 are two parameters that describe the randomness of the user’s movement. In
particular, the GMM is able to represent both the linear mobility model, with constant
speed and direction when «a, 8 = 1, and the Browonian motion, when «, 3 = 0.V, and D,
are the asymptotic mean of the speed and direction. Once the BS receive the values P;,

speed V,,; and direction D, it could predict the position as follows:
Ty = ¢ + Vit cos Dy (3)

Yer1 = Y + Viot sin Dy (4)

Where (441, y:41) represent the coordinates of the predicted position and ot is the pre-
diction step. The parameters «, § can be estimated by the UE through a recursive least
square (RLS) estimation, as stated in [63].

It easy to observe in the formulas 3 and 4, that D, ~ N(8;D;—1 + (1 — Bt)f)t, (1—
B8:)%0%,) and 5tViyy ~ N (St Vioq +0t(1—ay)V;, 6t2(1 — ;) 0%, ) are Gaussian distributed
random variables. Moreover, they represent the polar coordinates of the predicted position
(441, Ye1) respect to the previous one (zy,y;). Then, the predicted position can be
modelled as a bidimensional random variables, which in polar coordinates is distributed

as a bidimensional Gaussian random variable as shown in Figure 4.

(xe,ye)

Figure 4: Polar coordinates and predicted position probability distribution.

5.3.2 Adaptive Beamforming

Let’s define the beam B(#, i), where 6 represents the direction toward which the beam

is focused, while p is the beam-width. We can consider the received power by the UE
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in the position (x,y), P.(x,y); the latter is a function of the the transmitted power, the
path loss, the antenna gain at the receiver (G,) and G;(B(0, i) that is the antenna gain
at the transmitter, which depends on the selected beam. The beam-width ;1 and the gain

Bs«

Figure 5: Beam coverage area.

Gi(B(0, 1)) identify a coverage area A(B(6, 1)), that represents all the position in the

space such that:
AB(0, 1) = {(2,y) € R* | Po(w,y) > 7} (5)

Finally, we can formulate the problem as follows:

B0, ) = argmazsia, [ [ Pe,)fo(o) fav(s) dsd (©)

subject to:

P(outage) =1 — //A(B(é - fo(e) fsrv(s) ds dp (7)
n>Hm

The equation 6 means that we select the beam B(#, i) that maximizes the received power
by the UE. The second equation 7 defines a constraint on the probability of outage
P(outage). The latter is defined as the probability that the UE is not covered by the beam

~

B(0,, fi.), and it is necessary to make the solution more robust to the user’s mobility. In

Figure 6, it is possible to observe the area that is covered by the beam B(6,, fi,), that

represents the area on which the double integral of the equation 7 is computed.

5.4 Expected Results And Conclusion

In conclusion we can analyse and create a mechanism to adapt the beam direction in
according to the users’ predicted position and the beam-width based on the prediction
error. At the moment we are considering a specific mobility prediction model, but it
can be generalised by considering any predicted position distribution. Since the current

positioning system, in some condition, cannot provide enough accuracy, we can analyse
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Figure 6: Covered area by the beam B(6, /1) and the probability density function of the

predicted position.

the application of the proposed solution combined with one of the previous approach i.e.
DOA estimation, evaluating which improvements the knowledge of the position and the
mobility prediction can lead. In general, we expect the following outcomes:

1. By exploiting mobility information for beamforming it is possible to keep the beam
alignment without processing an exhaustive beams pair searching algorithm every
time the devices want to communicate or the DOA tracking that needs many training
symbols, which can lead to a gain in terms of overhead and power consumption.

2. The shaping of the beam-width in according to the random distribution of the users’
position can lead to make the communication more robust in term of connection
time.

3. Moreover, exploiting mobility information for beamforming prediction will allow fast
handovers between mm-waves cells.

4. The use of mobility information and prediction for an adaptive beamforming ap-
proach, combined with a fingerprint database for the environmental knowledge can
lead to create solution for the obstacles avoiding and LOS communication recover-

ing.
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6 Conclusions

In conclusion the 5th generation of mobile networks could present all the requirement to
aim the goals described in the Section 2, but instead of presenting a prevailing solution,
it should consider the cooperation and coordination of several promising technologies i.e.
Massive MIMO, mm-waves, D2D and small cells. From the wireless link state anticipation
point of view, the previous Sections have shown how it can play a key role in several scopes
mainly related to channel estimation and mobility prediction.

It has been shown as the channel state prediction has been applied in several scopes
i.e. rate adaption and routing algorithms in order to improve the performance in terms
of throughput, end to end latency, retransmissions number and packet reception rate. In
massive MIMO and CoMP, channel prediction are promising solutions to mitigate the
inter-user interference due to inaccurate channel estimation caused by the outdated CSI.
Mobility prediction has been widely used, both because the channel fading present a
strong spatial-correlation, and for handover and mobility management; in particular, it
can be a cornerstone for high dense cells environment and high mobility users. For these
reason HetNets, mm-waves and D2D communications can obtain extraordinary benefits.
From the side of methodologies, many solutions has been taken into account: time series
analysis with autoregressive model (i.e. kalman filter), machine learning approaches (i.e.
neural networks and bayes classifier), markov chains and fingerprint database. Each of
them presents peculiar advantages and weak points; in fact, machine learning can occur
in slow-adaptability and long training phases, while time series analysis can present a
not accurate long-term prediction. For this reason more effort should be made in finding
hybrid approaches that in a light way combine different solutions. Another aspect to be
taken into account is the feedback overhead for channel estimation and prediction. in the
last year big efforts were made in this direction in order to reduce the number of pilot
signals keeping an acceptable channel estimation accuracy; under specific assumptions,

like sparse multipath channels, compressive sensing can be an efficient solution.
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