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Executive summary
This deliverable presents the first results on physical and medium access control layer abstraction
methods to enhance coordination and control capabilities of 5G heterogeneous networks. Efficient
control and coordination of upcoming 5G heterogeneous mobile networks will be critical to achieve the
target values of key performance indicators. One of the main problems is to maximize the use of
available global information in making optimal resource control decisions while minimizing the control
overhead and effects of having outdated information in a scalable network. A key concept in solving
this fundamental problem is to use a sophisticated network abstraction framework. Deriving and
developing such abstractions for coordinated network control is the main focus point in COHERENT
project.
This deliverable contains the first representable results from the initial studies on physical and medium
access control layer modelling and abstraction which will be completed in a follow-up deliverable D3.2.
The underlying idea behind the work is to find new ways to provide and utilize diversified information
about the global network state in particular for resource management tasks which leverage the
centralized control and coordination concept.
An overview of network graphs, control paradigms, abstraction principles, standardization activities,
and some key challenges is first provided to which the developed network graph concept should
respond. Next, the COHERENT system model is outlined and the target abstraction framework is
introduced. The work of WP2 is closely taken into account, namely the key performance indicators of
deliverable D2.1 and the network architecture developed in deliverable D2.2.
The relevant metrics and measurements that are used to generate the COHERENT network graph are
then investigated. Subsequently, some new ideas to the existing standards are introduced. Moreover,
selected interesting control application examples are evaluated where the network graph concept can
be applied. Specifically, we investigate LTE downlink performance, channel quality indicators for WiFi
system, distributed and coordinated multi-antenna systems, inter-node interference modelling, load
balancing, cognitive radios, device-to-device communications, mobility management, and coverage
extension. Finally, some important remarks and conclusions are made on the investigated network
graphs along with indications on how the proposed network graph concept can be used to address the
defined problems.
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1. Introduction
1.1

Objectives and motivation

Efficient control and coordination of upcoming 5G heterogeneous mobile networks (HMN),
interchangeably abbreviated as HetNet, will be critical to achieve the targeted key performance
indicators described extensively in the COHERENT deliverable D2.1 [15]. One of the main problems
is to maximize the use of available global information in making optimal resource control decisions
while minimizing the control overhead and effects of having outdated information in a scalable network.
A key concept in solving this fundamental problem is to use a sophisticated network abstraction
framework.
This deliverable D3.1 (First report on physical and MAC layer modelling and abstraction) presents the
first results achieved in WP3 of COHERENT project. The underlying idea behind the work is to find
new ways to provide and utilize diversified information about the global network state. Our contribution
is two-fold:
1) abstraction of relevant information from physical (PHY) layer and medium access control
(MAC) layer, including that of LTE-A and WiFi technologies,
2) application of abstracted information in selected control problems of HMNs, leveraging the
centralized control and coordination concept.
More specifically, the aim of WP3 is to construct abstracted network graphs used for inter-cell radio
resource allocation, resource allocation for distributed multiple-input-multiple output (MIMO), deviceto-device (D2D) communications, and advanced mobility management. Based on the proposed
abstraction framework, the goal is to develop methods and algorithms for flexible inter-cell resource
allocation and inter-cell interference coordination in HMNs. New control methods are considered for
physical layer cooperation between BSs, which take advantage of the abstraction based control layer
for efficient implementation of distributed and massive MIMO. User cooperation is considered to create
new control methods for D2D communications, which utilize the abstraction based control layer for
efficient resource allocation among multiple base stations and user devices. The proposed network
graph is used to efficiently manage the user and network mobility as well as designing a control protocol
suitable for current and next generation wireless standards.
The purpose of this deliverable is to present the initial results on modelling and abstraction of HMNs
from the studies undertaken thus far. The complete results from all considered use-cases will be
presented in a follow-up deliverable D3.2 (Final report on physical and MAC layer modelling and
abstraction).

1.2

Definition of abstraction and related terms

There are many interpretations of the term abstraction in different disciplines. For instance, abstraction
can mean a nonspecific concept that is not concrete or it can be a concept that connects or classifies
related matters as a group. In the ISO standard [139], an abstraction is defined as follows: 1) a view of
an object that focuses on the information relevant to a particular purpose and ignores the remainder of
the information and 2) the process of formulating such a view. Following this definition, abstraction is
understood as a technique for managing complexity of a system by carefully establishing the model
description level and interactions between main system subparts and system parameters. This is
accomplished by focusing only on the necessary details while hiding unnecessary information of the
system from the particular subpart to represent only the essential features (e.g. classes) to a desired
context.
In other words, abstraction is more about describing the transition between different abstraction
hierarchy levels of a system whereas interrelated modelling is needed to describe the behaviour at each
level, possible errors caused by abstraction, and achieved performance gain from using abstraction in a
particular application. The transition process is often defined as deriving higher level context data from
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lower context data (inductive bottom-up transition) or hiding some unnecessary high level information
to simplify the development of a system subpart (reductive top-down transition). Therefore, the former
transition involves induction or synthesis from particular facts whereas the latter transition involves
specification or analysis of a high level system by breaking it down into subparts.
The abstractions are essentially used by coordination and control tasks for making sophisticated
resource management decisions. We use the term central controller and coordinator (C3) and adopt the
definition from COHERENT deliverable D2.2 [140] as follows: C3 is as a logically centralized entity
which provides network-wide control. We use terms control and coordination interchangeably in this
deliverable. To address the scalability problem, a logically centralized C3 can also be distributed so that
the regional network graphs are shared across several physical control instances.

1.3

Structure of the deliverable

The rest of the deliverable is organized as follows. In Section 2, some relevant background information
is provided on network graphs, HetNet control paradigms, abstraction principles, channel modelling,
standardization activities, and some key challenges. Next, in Section 3, the COHERENT system model
is outlined and the target abstraction framework is introduced. The purpose of Section 4 is to provide
metrics and measurements that can be used to generate the COHERENT network graph. Subsequently,
Section 5 presents some interesting case examples where the network graph concept can be applied.
Finally, some important remarks and conclusions are made in Section 6.
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2. Background and challenges
In this section, some relevant background information is provided on network graphs, HetNet control
paradigms, abstraction principles, standardization activities, and 5G system requirements. Furthermore,
some key remaining challenges that are addressed in the work are outlined.

2.1

Network graphs

Programming wireless networks requires identifying how network resources are exposed (and
represented) to software modules written by developers and how software modules can affect the
network state. Current state-of-the-art cellular analytics systems continuously collect per connection
information such as radio resource usage, associated base stations and handoffs at network elements
such as the mobility management entity (MME) and probes deployed in strategic locations. The
collected information is then backhauled to centralized servers in batches and fed to the analysis engine
[1, 2]. Moreover, recently cellular network analytics systems have adopted the Hadoop based
framework [3, 4].
Graphs play a key role in modelling and abstracting the properties of wireless networks. A classic
example of this is the frequency assignment operation modelled as a graph colouring problem. A broad
survey of graph modelling techniques for wireless networks can be found in [5]. Graphs can be used to
model both connectivity and channel quality. We use the generic term channel quality rather than, for
example, interference because we want to encompass measurements of the channel quality different
from pure interference.
Passive and/or active measurements are leveraged by several authors to derive either the conflict graph
or the interference graph of a wireless network. In [6, 7] active measurements are exploited in order to
study how mutual link interference affects packet delivery ratio and throughput. In [8] micro–probing
(i.e. active measurements lasting few milliseconds) is used in order to detect conflicts between links.
Passive interference graph construction techniques are presented in [9, 10]. WIT [11] and Jigsaw [12]
are two other examples of passive interference monitoring techniques aimed at modelling cross–link
interference. A framework capable of performing root cause analysis in WiFi networks is presented in
[13].
Conflict graphs are leveraged in [14] to manage the effect of interference when multiple transmitters
employ variable channel widths. An architecture using micro–probing to jointly address channel
assignment and transmission power control is presented in [14]. Centralized scheduling is exploited in
[14], in order to mitigate hidden and exposed terminals issues in WiFi–based networks.

2.2

Control paradigms in heterogeneous networks

2.2.1

Introduction

Moving from homogeneous macrocell-based networks into multi-tier heterogeneous networks
(HetNets) with high and low power nodes involves several control paradigm changes. In essence, the
coordination of intra- and inter-tier interference with spectrum reuse, traffic load, and energy
consumption is of paramount importance, and is handled via different kind of radio resource
management (RRM) tasks. This complicated control framework of HetNets has several different
dimensions which are handled separately in the literature. These dimensions have different levels of
significance for the various usage scenarios presented [15]. The purpose is also to collect most relevant
surveys dealing with state-of-the-art LTE-A systems and main control paradigms which are fragmented
in different existing surveys.
In the following, we shortly gather some interesting viewpoints by classifying control paradigms into
(see also Figure 2-1):
-

Control functionality (what): Inter/intra-tier spectrum allocation, traffic and mobility
management, packet scheduling, and link adaptation.
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-

Control utility (why): Network- and user-centric utilities; cost- and profit-based optimization.

-

Control centralization degree (where): Centralized, semi-centralized, and distributed.

-

Control time scales (when): Short, long, and mixed time scales.

-

Control protocol structure (how): Control-data separation and abstracted layer coupling.
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2-1
Overview
(user-centric coverage view)
2.2.2

- Control functionality (what)
- Control utility (why)
- Control centralization (where)
- Control time scales (when)
- Control protocol structure (how)

of

existing

control

paradigms

in

HetNets

Control functionality

The current LTE-A cellular system must perform a number RRM tasks summarized in [16]. The
objective of RRM techniques is to ensure sufficient quality of service (QoS) for individual users while
maximizing the resource utilization of the network without causing significant cross- or co-tier
interference to other collocated users. Moreover, in modern multiservice networks with heterogeneous
QoS user demands require some fairness and prioritization capabilities from the RRM. Some RRM
functions are executed during the setup of new connections while some functions are conducted for
every packet arrival.
The first significant control decision is the resource allocation between different tiers of the HetNet.
The approaches vary from static to dynamic spectrum allocation with or without frequency reuse with
an objective to balance between intercell interference avoidance and resource utilization level. Detailed
spectrum sharing architectures are surveyed in [17]. The second control decision level is related to
admission control, traffic steering, and mobility management. Extensive surveys on these RRM tasks
are given in [18, 19]. The various phases include cell identification, admission control for QoS support,
cell association, enforced handover for load balancing, possible multihop relaying, etc. The use of
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femtocells complicates all these steps. The third level of RRM involves packet scheduling. An advanced
scheduling decision typically takes into account the QoS requirements and current channel state as
surveyed in [20]. Finally, the fourth level of RRM deals with link adaptation. Link adaptation is
responsible of adaptive multi-antenna, modulation, and transmission power control whose details in the
LTE system can be found from [21]. Cooperation is an important feature of advanced RRM and can
take, e.g., the forms of coordinated multipoint or multi-hop relay transmission.
2.2.3

Control utility

A number of control objectives for RRM in cellular HetNets can be found depending on the target
scenario. Most RRM schemes can be classified as a user- or network-centric method [22], where the
former tries to maximize the incentives of subscribers and the latter one optimizes the interests of the
network operator. Minimization of individuals’ QoS outage probability is an example of user-centric
RRM objective while maximization of sum rates of a network or resulting revenue is a natural choice
for the C3. Since the two approaches are based on different optimization objectives, they result in
different resource allocations. While both approaches are widely used, a recent trend is to address a
user-centric approach more aggressively. Also users may have different utilities, namely best-effort
users map utilities based on throughput while delay-sensitive applications emphasise delay [23, 24].
Moving from the thinking that users are just dots in the network architecture is changing to a paradigm
where users’ needs are understood in a better way. The challenge of future service providers is to profile
heterogeneous users more accurately not only by the physical demand attributes (e.g., speed, spatial
distribution, device capabilities), but also by the physiological attributes (e.g., sensory response time,
language difference) and psychological attributes (e.g. content preference, service consumption habits,
quality tolerance) [25, 26].
Furthermore, massive machine-to-machine communication will bring some specific features in the
selection process of the controlling objectives [27]. The overall efficiency of the system is not only
defined via the throughput or delay parameter but also via the QoS-aware balance of the resource
provision (fairness) and quality of resource allocation (cost vs. profit) [28]. Minimization of power
consumption of network nodes is important as shown in [29]. Therefore, a typical cost-based
optimization function minimizes the power consumption demand or interference while the profit-based
optimization function maximizes a profit such as data rate. A number of multiobjective optimization
functions are also possible and receiving more attention in 5G systems [30]. Typically, the optimization
functions are too complicated to be directly solved online. As a result, more practical approximate
frameworks, such as game theory, graph theory, and iterative machine learning approaches, can be used
to simplify the original optimization problems [16].
2.2.4

Control centralization degree

One significant problem affecting control efficiency is the selection of centralization degree for the
RRM. The RRM can be divided into centralized, decentralized (also distributed), and hybrid (also semicentralized, partially decentralized) schemes [16, 31]. Centralized schemes collect all necessary
information to make all relevant RRM decisions while fully decentralized schemes use only local
information at the base stations. Typically, centralized schemes allow optimal decision making but in
practice only in small-sized networks whereas decentralized schemes scale better to larger network
sizes, due to use of only local signalling, but lead to suboptimal decisions with a need for iterative
techniques. In hybrid schemes, many features of centralized schemes are used but in this case the role
of central unit is secondary or auxiliary [32]. For instance, coordination can be done at two levels:
central node level controls a bulk of base station resources and base station level controls the user level
resources.
In addition to control decisions, the centralization may concern also data processing as in cloud or
centralized radio access networks where simple distributed radio remote heads are used and most of the
data processing is centralized [33]. The centralization degree of the processing can be flexible based on
current network needs and backhaul or fronthaul network limitations. The decentralized approach is
further divided into coordinated distributed and autonomous distributed schemes in [31]. In coordinated
distributed approach, base stations perform RRM operations locally but are allowed to exchange
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channel information to enhance intercell interference coordination. In autonomous distributed
approach, the local RRM decisions are based on only the information provided by the local users.
Finding the optimal centralization degree is not a trivial task and many variants have been implemented
in the past [34] while GSM and UMTS systems use a centralized RRM approach, the LTE system
employs a more distributed RRM approach to reduce the access latencies at the cost of reducing
coordination efficiency.
2.2.5

Control time scales

RRM decision execution is related to implementation complexity in terms of control overhead and
needed information exchange between different cells and the decision making entities [16, 35].
Typically, control is performed at the frame level in the physical or medium access layer whereas
controlling operates over longer time scales in the upper layers. Therefore, the proper separation of time
scales and dimensioning of the subproblems is important. The selection of the time scale has an effect
also on the necessary processing time to execute the RRM decisions and sets a constraint on the
allowable computation time. While the different time-scale problems can be studied separately, mixed
multi-time scale problems aim to combine different timescales into a common optimization framework
[36]. When selecting the time scale for an RRM task, it is important to include the limited backhaul
capacity into the design process, especially with very high network densification [37, 38, 39].
2.2.6

Control protocol structure

In addition to some general frameworks such as self-organizing networks [40] and cognitive radio
networks [37], two important trends in the general control protocol structure of the HetNet concept are
the control-data separation and cross-layer design using layer abstraction. In the control-data separation,
the objective is to separate low rate control signals requiring full coverage from macro cells and more
local high rate user data provided by small cells to improve the resource usage and interference
resilience [41, 42]. This means that idle users are connected with the control macro base stations only
and the link to data base station can be switched off. The control base station can help in selecting the
best data base station. Closely related concept terms with some variations on how control and data are
separated and how the control problem is abstracted include software-defined networks [42], phantom
cells [43], information-bridlhed control [44], hyper-cellular networks [45], SoftCell [46], SoftRAN
[47], MobileFlow [48], and SoftMobile [34]. The actual separation of the underlying control plane and
data plane is a nontrivial task. It is essential to be able to use well defined interfaces from lower layers
in a flexible way using easily programmable control as well as to support virtual network functions to
improve resource utilization [34].
Cross-layer design paradigm aims to utilize information on channel variations, traffic requirements, and
service demands in a common framework [28, 35, 49, 50]. This is accomplished by carefully coupling
the information hidden inside different layers. A central part of this cross-layer design is the ability to
abstract layer-specific parameters so that they are representable to other layers with a minimum number
of parameters but without losing any significant information. Similarly, the abstractions that transform
only relevant information to the C3 are important in the programmable control approach having
separated control and data planes [51]. One key abstraction mapping is between signal to interference
and noise ratio and packet error rate or throughput which is not an easy task to be done without semianalytical measurements on a particular network and protocol setup.
2.2.7

Summary of control challenges

Based on previous subsections, we summarize some main control challenges in HetNets, relevant to the
design of network graphs, as follows:
-

RRM in the presence of unpredicted cross- and co-tier interference.
Scalability and complexity of RRM with multiobjective network optimization and small cells.
Optimal centralization degree with small cells.
The effect of backhaul architectures with different time scales and ultra-densified HetNets.
Efficient designs for control-data separation, layer abstraction, virtualization, and
programmable control.
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2.3

Abstracting wireless systems

2.3.1

Background

Abstraction can treat both the control actions and data structures. Examples of different abstraction
levels and procedures are illustrated in Figure 2-2. The interpretation and details of the necessary
hierarchical levels or abstraction steps depend on the application, including design of integrated circuits
[52], software systems [53], system-level simulators [54], resource abstractions for virtualized networks
[55], programming abstractions for software-defined networks [56], or information extraction from raw
data [57].

Circuit design
abstraction levels
(Gajski 1996)

Radio resource
abstraction levels
(Liang 2015)

Information
abstraction steps
(Ganz 2015)

Link-to-system
abstraction steps
(Brueninghaus 2005)

System level

Network level

Semantic data

System perform.
indicator

Algorithmic level

Data flow level

Feature extraction

Model calibration
and mapping

Register-transfer
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Packet level

Dimensionality
reduction

Time-frequency
compression

Logical level

Resource block
level

Preprocessing

Instantaneous
quality measure

Circuit level

Hardware level

Raw data

Native link
measurements

Reductive top-down transition

Inductive bottom-up transition

Figure 2-2 Examples of abstraction levels and procedures in different kind of applications
adopted from [52, 54, 55, 57]
Abstractions of various phenomena have been extensively used for different purposes in the design of
wireless networks. In a broader view, the most frequently used study cases include:
a) Promoting analytic understanding of performance of stochastic wireless systems
b) Simplification of system level simulations via link-to-system interfaces
c) Simplification of control procedures for RRM.
These study cases are highly interrelated, providing different viewpoints on abstraction procedures and
their needs in wireless networks, and are treated next in more detail.
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2.3.2

Promoting analytic understanding of performance of stochastic wireless systems

Regarding the case a), a vast amount of literature exists with an ultimate aim of finding closed form
relationships between various system parameters and system performance. At the link level, a primary
goal has been in finding unified error rate expressions in different fading channels and modulation
methods [58, 59]. On the other hand, on the network level the main aim has been the analytical
modelling of aggregate network interference as a function of wireless propagation effects, PHY and
MAC transmission parameters, spatial density, and related performance indicators [60, 61, 62, 63].
Sophisticated abstractions of stochastic phenomena for fading and spatial distributions are needed in
finding analytic expressions between system parameters (e.g. fading distribution, interference power,
noise variance) are performance indicators (e.g. outage probability, data rate). Different abstractions of
identifying if the packet transmission is successful are given and compared in [64]. It is concluded that
the cumulative interference has a major impact and needs to be included in the abstraction model.
2.3.3

Simplification of system level simulations

Regarding the case b), the objective of abstraction is to reduce the simulation time of complicated
system level evaluation by abstracting the lower layer phenomena into desired higher layer performance
indicator without using complicated physical layer simulations in the actual system level simulator. A
typical case is to map the measured signal to noise ratio (SINR) with resulting packet error rate (PER)
for given modulation and coding method which is not typically available in an analytic form as function
of desired system parameters. Different mapping functions between SINR and PER are compared in
[54, 65, 66, 67, 68, 69], in the single antenna and multiantenna cases. Effect of automatic repeat request
is included in [70]. Another important case is to identify the mapping between SINR and throughput,
which can be achieved via modified Shannon capacity or PER-dependent throughput expression [68,
71, 72, 73]. In these works, the main problem is to identify case-sensitive post-detection SINR values
that include the effects of spatio-temporal processing of the transceiver. Typically the main approach is
to find an effective SINR value that is an abstract model of the transceiver and stochastic phenomena
in the channel, and is then mapped to given mathematical model using model calibration techniques
such as least squares curve-fitting method. Such a popular link-to-system abstraction approach used for
LTE systems is described in [74].
2.3.4

Simplification of control procedures for RRM

Regarding case c), the derived abstractions are primarily used to simplify the controlling approach with
the aim to reduce the control overhead and complexity of required control methods for RRM. To this
end, more advanced abstraction models suitable for link adaptation control are proposed in [73, 75, 76].
In the LTE system, the control decisions for link adaptation are based on quantized channel quality
indicator, which is well summarized in [21]. Abstraction models including queueing analysis for
advanced scheduling control approaches have been proposed in [75, 77, 78]. Abstracted SINR models
for different intercell interference coordination techniques are analysed in [79]. In [80], the packet error
rate is approximated via outage probability to assist multihop routing control.
In case of control concepts where a (semi-)centralized control paradigm is used, it becomes relevant to
construct a (semi-)global view of the network status. Such a view is important in many modern network
control frameworks, including cognitive radio networks with spectrum awareness of primary and
secondary users [81], heterogeneous networks with co- and cross-tier interference awareness [82],
network virtualization [55], and software-defined networks with separated control and data planes [42,
51]. In these works, the view of the network status is often called as a map or graph that allows the C3
to perform the RRM tasks more efficiently. There are a number of ways to create and utilize such a
graph. Typically, the main aim is to reduce the decision space so that the RRM decision problem
becomes tractable [83].
2.3.5

Remaining challenges

Based on previous subsections, we summarize some challenges in abstracting wireless systems as
follows with an emphasis on control procedures:
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-

2.4

Addressing optimal trade-offs between overheads and accuracy of used abstractions to enable
scalable RRM decision frameworks
Identification of possible new phenomena arisen from massive MIMO and massive machinetype access
Smart aggregation of PHY (channel, interference, and power) and MAC (data buffer) based
graphs
Deriving probabilistic abstracted metrics to predict consequences of control decisions
Extending the abstraction to higher levels and use it to enable a new control paradigm for
complex densified wireless networks
Identifying what kind of abstractions are missing or could be improved in current systems; in
essence, what parameters that are currently handled in a distributed way in LTE base stations
can be used by a C3 in a reasonable way.

D2D channel modelling

Accurate channel models are fundamental to the build-up of a wireless communication system and play
a vital role in the process of algorithm design, protocol definition, performance evaluation, and network
optimization. From a practical point of view, we need a model that combines all the aspects of radio
channel including the path loss, shadowing and small-scale fading, rather than the theoretical one such
as the Rayleigh distribution that only captures the small-scale fading.
The propagation characteristics of device-to-device (D2D) communication radio channels are distinct
from that of the conventional channels in terrestrial cellular systems due to the differences on antenna
height, propagation distance, moving speed, surrounding environment, and so on. That is to say, the
D2D links, including human-to-human (H2H), vehicle-to-vehicle (V2V), and machine-to-machine
(M2M), are required to be modelled for facilitating the system design and performance evaluation of
the upcoming 5G systems.
Special requirements for D2D channel modelling
There exists tens of, if not hundreds of, models to describe the propagation characteristics of radio
channels. However, most existing channel models are not as such suitable for modelling D2D links.
Compared to the conventional cellular models, which capture the radio links between the base stations
and the mobile terminals, D2D links have special features:
-

Both ends of the link are typically at low heights.
Both ends of the link can be moving.
Both ends of the link are subject to shadowing by the user and surrounding obstructions.

Because of this dual mobility, both ends of the link can be at arbitrary location -usually close to each
other- which has its impact on channel modelling requirements.
Basically, the most important factors to affect the channel characteristics are the carrier frequency, the
propagation distance, the height of antenna, the propagation environment, and the movement of
transmitter and receiver. As is well known, plenty of models such as COST, SCME and WINNER II,
have been generated during the research and development of cellular communication systems in the
past decades. However, these models are specifically developed for the radio channels between the
terrestrial base stations and the terminals. The following factors contribute to the specific propagation
characteristics of D2D channels:
(1) The antenna heights of terrestrial base station are normally ranged from 25m to 50m for urban
macro-cell, 10m for urban micro-cell, and 3-6m for indoor hot spots. In D2D communications,
the antenna heights of both transmitter and receiver should be around 1.5m (in comparison with
the floor in case of indoor).
(2) In general, the scatters are close to the terminal while locating far away from base station. Both
the transmitter and receiver in D2D channels are surrounded by the scatters, leading to different
channel characteristics especially in multi-antenna scenarios.
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(3) The movement of the transmitter or receiver cause Doppler spread. Although the terrestrial
base stations are always static, the terminals at both ends of D2D link are highly possible to be
in motion.
(4) As given in a survey of Intel research team [191], the rough estimated distance between two
terminals connecting D2D link in a dense urban area is merely about 10 meters, which is much
shorter than the typical distance observed in cellular systems.
2.4.1

3GPP activities on D2D channel modelling

In December 2012, a Study Item (SI) on LTE Device-to-Device Proximity Services was established by
3GPP. The D2D channel models were investigated in 3GPP RAN1 meetings. The scenarios, evaluation
methodology, and simulation parameters, which are strongly related to the selection of D2D channel
models, have also been investigated and reported.
Scenarios
The following are the proposed scenarios for investigation:
-

Option 1: Urban macro (500m ISD) + 1 RRH/Indoor hot zone per cell – mandatory for general
scenario
Option 2: Urban macro (500m ISD) + 1 Dual stripe per cell
Option 3: Urban macro (500m ISD), all UEs outdoor
Option 4: Urban macro (500m ISD) + 3 RRH/Indoor hot zone per cell
Option 5: Urban macro (1732m ISD), mandatory for public safety specific scenario
Option 6: Urban micro (100m ISD)

Qualcomm is driving this very strongly and it is worthwhile reading their contributions R1-131412 and
R1-131413. They already have their proprietary D2D solutions that will be adapted to merge into LTE
technology more smoothly.
In summary, 3GPP has achieved the following agreements on the D2D channel modelling, which can
be mainly summarized as follows:
-

Symmetric angular spread distribution and dual mobility corrections
Amend the ITU-R UMi/InH model to incorporate dual mobility
TX (UE1) and RX (UE2) parameters separately with phase change per sub-path
Direction of Travel (velocity vector) independent and random
Doppler is determined by path AoA and AoD
Uniform AoA spread of 104 degrees

2.4.1.1 WINNER channel models for D2D
During the process of EU/ FP7 ABSOLUTE project, the following conclusion was revealed after the
investigation of all the existing channel models. For the D2D communication links, one can take
advantage of Scenario A1 of WINNER II channel models, although it cannot capture all the features of
D2D channels (the drawbacks will be described in the end of this subsection). The antenna heights of
both BS and MS range from 1 to 2.5 meters, which are quite similar to the propagation environment
encountered by D2D communications. The applicable frequency range is also from 2 to 6 GHz.
Similarly, the scenarios B4 and C2 of WINNERII model have been used to evaluate the links, such as
that between PLMU and UE.
The WINNER II project developed channel models suitable for different propagation environments,
including indoor and outdoor, line-of-sight (LoS) and non-LoS (NLoS). In particular, WINNER II is
based on a stochastic geometric modelling approach in which the radio signal is made of rays that are
assumed to arrive in clusters. Each cluster corresponds to a path in the multipath environment with each
cluster (or path) made of several rays (or sub-paths). Referring to the documentation explaining the
MATLAB implementation of each WINNER II model [192], there are up to 24 paths with a fixed
number of rays equal to 20. The models allow taking into account several propagation parameters
(number of stations, number of links, antenna height, indoor/outdoor, room and street environments,
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among others), as well as different RF parameters (antenna type MIMO or SISO, delay, power, angleof-arrival and angle-of-departure of each ray). Typical outputs that can be collected with WINNER II
software is the RMS delay spread of the received signal. Basically, B4 is particularly suitable for
outdoor NLoS environments, whereas C2 can be used to obtain results for urban environment in NLoS
conditions. Relevant parameters for B4 and C2 channel models derived from the WINNER II Interim
Report are provided in Table 2-1.
Note that the wall of the building has a huge impact on the D2D channel modelling, so the discussion
of D2D modelling is generally divided into three scenarios: Indoor-to-Indoor, Indoor-to-Outdoor (as
well as Outdoor-to-Indoor), and Outdoor-to-Outdoor.
Table 2-1 A1, B4 and C2 WINNER II Channel Models [193]
Scenario

Definition

LoS/NLoS

A1

Indoor
small
office
/residential
Outdoor
to
indoor/ Outdoor
typical urban

LoS/
NLoS

B4

NLoS
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[km/h]
0-5
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[GHz]
2-6

Concept
group
LA

Note

0-5

2-6

MA

B1 or C2 to
the
wall/windo
w

0-120

2-6

MA
WA

PL  PLb  PLtw  PLin
where
PLb  PL B1 d out  d in 
PLtw  14  151  cos( )  ,
2

PLin  0.5d in
PL NLoS  PL LoS ( d 1 [m ])  20 
12.5n j  10n j log 10 ( d 2 [m ]),
with
n j  max 2.8  0.0024d 1 [m ],1.84 
Shadow fading std : 7dB
3 m  d out  d in  1000 m
h BS  10 m
h MS  3n FL  1.5 m
C2

Typical urban
macro-cell

NLoS

PL  44.9  6.55 log10 hBS [m]log10 (d m)

 34.46  5.83 log10 hBS [m]
 20 log10  f [GHz] / 5.0

Shadow fading std : 8dB
50 m  d  5 km
hBS  25 m
hMS  1.5 m

PLb is the basic loss between the BS and MS along the route dout - din without wall effects

PLtw is the loss through the outer wall
PLin is the loss inside the building
PLB1 is B1 path-loss
d out is the distance between the outside terminal and closest point of the wall to the inside terminal d in
is the distance from wall to the inside terminal
 is the angle between the outdoor path and the normal of the wall.
nFL is the number of the floor. (Ground floor is the number 1.)
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hBS is BS antenna height
hMS is MS antenna height
d 1 and d 2 is defined for NLoS case in Figure 2-3.

Figure 2-3 Geometry for d 1 and d 2 path-loss model for B4 NLoS
Let H(t) denote the channel matrix which is obtained after running MATLAB simulations and let

s(t )  Pt p(t ) denote the transmitted signal, let Pt denote the transmitted power and p(t) be a suitable
way of representing and OFDM signal with normalized unit power. The received signal r(t) can thus
be written as
r (t )  s(t )  H(t )
L
,
2
2
PR  PT H(t )  PT  hl (t )
l 1

where 8≤L≤24 is the total number of multipath components, PR is the received power of the signal, hl
denotes the channel impulse response of the lth path in a cluster, and  is the convolution operation.
Relying on [194] for numerical values, the achievable capacity evaluated in terms of the number of bits
per transmission dimension (b) is computed as


1
P 
b  log 2 1  R 
2
 N 0W 

[bits/dimen sion ] ,

where W denotes the signal bandwidth of LTE system, N0/2 is the two-sided power spectral density of
the Additive White Gaussian Noise (AWGN), and PR is the received power. To obtain numerical results,
the preferred system parameters include W = 10 MHz, PR = 23 dBm and N0 = -174 dBm/Hz.
Numerical results for WINNER II channel model B4 are shown in Figure 2-4. The figure shows the
received power and the achievable bits/dimension. The antenna height of the PLMU is assumed to be
10 m, while that of UE is 1.5 m. The speed of a user is assumed to be 1.1 m/s and the number of
traversed floors is one. It shows that the simulated distance separating transmitter and receiver is up to
100 m and the achievable bits/dimension decreases as the distance increase. For short distances, the
communication links can use even a 64 QAM (b = 6), whereas it reduces to a QPSK (b = 2) approaching
100 m. Interestingly such a decrease is in line with the information conveyed by the channel quality
indicator (CQI), which can be used to select a higher modulation and coding scheme (MCS) in
correspondence to a higher CQI value that could occur more likely for shorter distance separations
between the transmitter and the receiver.
Numerical results for the WINNER II channel model C2 are shown in Figure 2-5. The figure shows the
received power and the achievable bits/dimension. Since channel model C2 is suitable for wider areas,
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higher speed is considered here as well. The antenna height of the PLMU is assumed equal to 25 m,
while that of the UE is 1.5 m. The speed of the user is assumed here to equal 14 m/s and the simulated
distance separation between transmitter and receiver is up to 800 m. Conclusions similar to those
presented in Figure 2-5 can be derived also for this case. In general, as anticipated in [195], increasing
the antenna height with respect to channel model B4 has a positive effect since it allows keeping
approximately the same number of bits/dimension for higher distance values.
WINNER II Model C2: h BS=10m, hms=1.5m, v=1.1 m/s, Ptx=23dBm, 1 Floor

80
70

Cells area, Y[m]

60
50
40
30
20
10
0
-10
-10

0

10

20

30
40
Cells area, X[m]

50

40

60
Distance [m]

80

60

70

80

6.5

Achievable bits/dimension

6
5.5
5
4.5
4
3.5
3
2.5
0

20

100

120

Figure 2-4 Results on WINNER II channel model B4
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WINNER II Model C2: h BS=25m, hms=1.5m, v=14 m/s, Ptx=23dBm, 1 Floor
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Figure 2-5 Results on WINNER II channel model C2
2.4.1.2 Comments and drawbacks about WINNER II used for D2D modelling
In WINNER II channel models, the basic principle is that for every link the large scale parameters (like
angular spreads) are taken from a map. In that way, the correlation properties of those parameters are
matched with those observed in measurements. However, the small scale parameters (like angles of
arrival and departure) are randomly drawn from a distribution, independently for each link. This means
that even close-by links have independent values for e.g. AoA and AoD, which is of course not the case
in reality. This spatial inconsistency was not problematic with the quasi-stationary modelling of
WINNER, but it has an impact on performance with e.g. multi-user MIMO case. The spatial
inconsistency also means that the WINNER approach does not handle time evolution very well. New
sets of parameters are randomly drawn at each location of a mobile, and there is no smooth transition
between two locations. This means that dynamic simulations are problematic. Interpolation between
two locations is of course possible. The interpolation can be done by drawing random small scale
parameters, like cluster delays, powers, directions, etc., to two UE locations and linearly interpolating
parameter values in between locations. A problem may result because interpolated values are always
between the original values, and thus with interpolation all distributions become narrower.
WINNER models also do not specify transitions between different propagation environments (urban,
rural, outdoor, indoor, etc.) or between LoS and NLoS, which also creates spatial inconsistency and
unrealistic transients.
2.4.2

D2D channel measurements in EU/FP7 ABSOLUTE project

Mainly due to the lower transmitter height, the D2D channel varies greatly from the conventional
terrestrial channel used to model cellular communications where the transmitters are mounted on
rooftops or on towers. There have been various propagation measurements conducted to model D2D
channels in the literature. They have measured the channel for different frequencies in different channel
conditions and have suggested different models. Some of the related works are mentioned below. In
[196], [197], and [198], the author has characterized the D2D channel for different environments and
different frequencies. In [199], the authors have studied the path-loss behaviour of D2D channel in an
H2020 5G-PPP COHERENT Deliverable 3.1

30

D3.1 First report on Physical and MAC layer modelling and abstraction

urban environment for millimetre-wave frequencies. In [198], the author has studied the effect of
shadowing caused by human body in cellular D2D communications. However, none of any previous
works to model the D2D channel in a rural area. It is important to characterize the D2D channel in a
rural area for ABSOLUTE with respect to the forest fire scenario, earthquake, and flood. Hence, the
ABSOLUTE project consortium has performed experiments in a rural area to characterize the D2D
channel in terms of path loss exponents and the standard deviation of shadowing. The experiments have
been carried out for two ISM (license-exempt) bands 922 MHz and 2.466 GHz. More information and
numerical results about these measurements can be found in ABSOLUTE FP7 project deliverables and
from [200][201][202].
2.4.3

Conclusion of D2D channel modelling review

As a conclusion, D2D communications have been extensively recognized as one of key technologies to
meet the requirements of the upcoming 5G systems. On the other hand, accurate channel models play
a vital role in the research and development of D2D communications.
However, the legacy channel models generated during the process of designing the terrestrial cellular
systems, which focused on the links between base stations and mobile terminals, are hard to be applied
directly to the D2D communications. That is because the propagation characteristics are strongly related
to the antenna heights, the propagation distance, the mobility, and the surrounding environments of both
the transmitter and receiver, among others. These factors are distinct between the conventional cellular
communications and the D2D links. That is the motivation behind investigating D2D channel
modelling.
In this literature review, we provided a basic vision of D2D channel models. The activities of 3GPP in
the Study Item of D2D proximity services can be an important reference, where the application
scenarios, the evaluation methodology and simulation parameters of D2D, have been discussed. A lot
of potential D2D channel models have been investigated by the 3GPP contributors. The WINNER II
channel models were also shown since some cases have similar environments as D2D, which can be
used as a reference model, but some drawbacks need to be solved. Besides, the EU FP7 ABSOLUTE
project have carried out some measurements on D2D channels in the rural areas for the Public Safety
scenario, and the results can be used as a concrete reference for the D2D channel modelling.

2.5

Relevant standardization activities for supporting a central coordinator in LTE
standards

The existing LTE networks operate based on a distributed approach, however in LTE Release 12 and
13 the new CoMP procedures were designed to allow the operation of a central coordinator, without
explicitly mentioning this.
In Release 12, part of the Small Cell WI, was given support for a Central Coordinator; the text in 3GPP
TS 36.300 [85], Section 16.1.9, “Inter-eNB CoMP” says:
“The task of inter-eNB CoMP is to coordinate multiple eNBs in order that the coverage of high data
rates and the cell-edge throughput are improved, and also the system throughput is increased. The
coordination of multiple eNBs is achieved by signalling between eNBs of hypothetical resource
allocation information, CoMP hypotheses, associated with benefit metrics. Each of the signalled CoMP
hypotheses is concerned with a cell belonging to either the receiving eNB, the sending eNB or their
neighbour.”
The word “neighbour” is hiding a “C3”. Section 16.2, “RRM Architecture” starts with 16.2.1,
“Centralized handling of certain RRM functions”, which includes a single word: “void”. The hidden
support of a C3 continues through the reports related to eNB CoMP, as shown in the following text
from Section 16.1.9:
“RSRP measurement reports and CSI reports may be exploited for inter-eNB CoMP. For example, the
RSRP measurement reports and CSI reports can be used to determine and/or validate CoMP hypotheses
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and benefit metrics. The enhanced RNTP may be used in inter-eNB CoMP to exchange information
between eNBs concerning the adopted power allocation. RSRP measurement reports and CSI reports
may be exploited for inter-eNB CoMP. For example, the RSRP measurement reports and CSI reports
can be used to determine and/or validate CoMP hypotheses and benefit metrics.”
Due to the high time-frequency resolution of the CoMP hypothesis and eRNTP reports and also to the
non-incremental coding mode of the defined messages, the generated traffic is too high to be used in
distributed mode. For a 20MHz channel, with 110 PRBs, and a system frame (40 subframes) the eRNTP
(see 36.423 [86]) the message length can be longer than 4.4 kbit for 1 bit per PRB and 8.8 kbit for 2
bits per PRB. If the message carrying the RNTP information is repeated every 5 ms will result a data
rate of 0.9/1.8 Mb/s for exchanging this information between two eNBs. For a modest number of 4
neighbour eNBs will result an up-link traffic higher than 3.6/7.2 Mb/s, which is more than what a typical
up-link very high rate digital subscriber line (VDSL) will allow. Opposed to this, the centralized
approach will reduce the traffic to the initial 0.9/1.8 Mb/s, which is still too high given that remains
not much room for user data.

2.6

Open problems

We identify a number of open issues that are to be further investigated for the remainder of the project
in collaboration with mainly WP2 but also WP5. In general, the research towards effective abstractions
starts with a fundamental understanding of the coordinated RAN control procedures with consideration
of the split of local and centralized control functions and corresponding abstractions. The main
questions are focused on how and where the network graphs are created in relation to C3 functions:
Network graph abstractions and to which degree they can be used over different link layer
technologies, which requires:
-

Identification of common parameters and invariants for the purpose of exposing resources and
network state information over different RATs.
Identification of network graphs that are common for managing different RATs.
Identification of abstractions that support programmability.

In general, finding abstractions that are meaningful for both LTE and WiFi is difficult as the possibility
of creating the network graph information elements (edges and vertices) depends on the standards used
and the properties of the RAT. First steps towards addressing these issues are reported in Section 4,
which encompasses identification of available metrics for both LTE and WiFi technologies. Section 4
also includes suggestions on how existing and new metrics can be used for representing the network
state at a higher level of abstraction. In Section 5, specific methods for creating network graphs and
metrics are described in more detail.
Aggregation, storage and access of data and network graphs, which require further understanding
regarding:
-

-

Infrastructure capabilities and constraints with respect to monitoring, storage and access (i.e.
available data sources);
Application programming interfaces (APIs) for access and information exchange between
network entities and controllers;
Where network graphs (fully or partially) are stored (e.g. controllers, dedicated storage, or innetwork) and how often they need to be updated and accessed.

The network graph is essentially a data structure that is aimed to provide a holistic view of a specific
aspect of the network state. The metrics and methods proposed in Section 4 and Section 5 are based on
highly distributed data sources combined with computationally light-weight local processing (e.g.
aggregation and parameter estimation), for the purpose of providing input to network graph data
structures residing in dedicated storage associated with the COHERENT controllers entities. The
decentralized and hierarchical COHERENT architecture worked out in collaboration in WP2 allows for
distributed and centralized storage and access of the network graphs and its elements such that
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management functions can operate in close to real-time and at longer time scales with low messaging
overhead.
C3 complexity with respect to the network graph abstractions and usage, which requires further
discussions about:
-

The level of controller-split functionality and degree of decentralization;
The information and access requirements for different control functions operating at various
levels of the protocol stack (e.g. with respect to control-loop timing);
How network graphs are managed by a controller and between controllers in a consistent,
scalable and timely manner.
How higher-level management applications can access network graph information from one or
several controllers.

The controller complexity and degree of centralization influence to which degree a network graph can
be distributed, maintained and applied in various management actions carried out at long and short time
scales. The COHERENT architecture and its controller components have been outlined in greater detail
in D2.2 [140] which has allowed for identifying where and how network graphs are created, stored and
accessed. In summary, aggregation and processing of metrics takes place as close to the data sources
and the infrastructure as possible. Aggregation, data processing and metrics maintained locally in nodes
having sufficient computational capabilities serve the purposes of low communication overhead in the
network and support self-organizing and distributed management actions that need to be executed in
real time. Network graphs are created per region and are managed directly by components being part
of the regional controller (e.g. an associated network entity for offloading). At the centralized
coordination level network graphs over several regions can be merged and used for management
operations over longer time scales. The exact mapping depends of a network graph is specific to the
management application. Section 5 describes a number of approaches related to monitoring and network
graph abstractions along with suggestions how the methods can be mapped to the COHERENT
architecture. Interfaces for exchanging network graph information between controllers remain to be
worked out in further detail in WP2 in collaboration with WP3. Information consistency between
COHERENT controllers is out of scope in WP3, but is partially investigated in WP5 for the purpose of
maintaining connectivity under service disruption or performance degradations.
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3. COHERENT system model and abstraction framework
In this section, the COHERENT system model is outlined and the target abstraction framework is
introduced.

3.1

COHERENT network architecture

In 5G, RAN coordination and programmability are central concepts that are aimed to improve service
quality, resource usage, and management efficiency, addressing the limitations of the current LTE and
WLAN systems operating under highly distributed control [206]. Centralised solutions in SDN have
potential to achieve the global optimal, but coming with high cost on scalability and latency. To address
the scalability and latency issues, two control mechanisms in the COHERENT Architecture are
designed for achieving programmable 5G RAN, namely Central Controller and Coordinator (C3) as
well as Real-Time Controller (RTC) as shown in Figure 3-1. The real time here means that the time
scale for the status update and control decision between RTC and Radio Transceivers (RT) is in the
order of milliseconds.

Figure 3-1 COHERENT Architecture
The C3 is a logically centralised entity1, which provides network-wide control for the networks. The
main function is to orchestrate the behaviours of network entities, mainly base stations or access points,
in the RAN so that network behaviours in the RAN are harmonised. By receiving status reports from
low layer entities, C3 maintains a centralised network view of the governed entities, e.g. transport nodes
(TNs) and Radio Transceivers (RTs) in the RAN. Based on the centralised network view, the SDN
principles are applied in the design of the C3. For overcoming scalability issues in a large and dense
RAN deployment, or for performance/reliability reasons, the logically centralised C3 can be distributed
with multiple C3 instances in regions so that the regional network graphs are shared across several
physical control instances. The distribution abstraction shields higher layer from state dissemination
and collection, making the distributed control problem a logically centralised one.

1

Note that defining C3 as a logically centralised entity neither prescribes nor precludes implementation
details, e.g. the federation or hierarchical connection of multiple control instances.
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The biggest challenge in creating such a software defined radio access network is the inherent delay
between any centralised C3 and the individual radio elements. For overcoming the delay limitation,
latency-sensitive control functionalities are offloaded from the C3 to RTCs, ensuring that the radio
elements are given the opportunity to adjust to rapidly varying wireless networks. By offloading
latency-sensitive control functionalities between the C3 and the RTC, the C3 makes decisions that affect
the logically centralised network states, while the RTC handles control decisions for latency-sensitive
network functionalities in RTs with its local network view (LNV).
Inside the control entities (C3 and RTC), there are southbound and northbound interfaces. The
southbound interface connects to different radio access technologies (RAT). Control applications are
built upon the northbound interface, to perform the high level spectrum management, mobility
management, traffic steering and network slicing functions. A network slice is defined as a collection
of specific control applications and RAT configurations, which are aggregated together for particular
use cases or business applications. A network slice can span all domains of the network: software
programs running on cloud nodes, specific configurations of the transport network, a dedicated radio
access configuration, as well as settings of the 5G devices. Some application modules in network slices
may be latency-sensitive. For such a slice, these modules are located in the RTC2. The C3 and/or RTCs
provide the required network view, namely slice-specific network view (SNV), for the network service
slices so that network service slices could express desired network behaviours (by programming)
without being responsible for implementing that behaviour (with hardware) themselves.

3.2

COHERENT network graph and abstraction framework

The graph comprises nodes and edges, where a node represents a single or a set of network elements,
whereas an edge between a set of nodes may be used to represent aspects such as connectivity state,
resource constraints, and interference coupling, depending on the nature of measurements, reporting
and abstractions graph. An example of a network graph is provided in Figure 3-2.

D3
;2,
2

D1;2,2

2
D2;

eNB4

D3
;3

D4
;4

D4;2,2

UE2

UE4
eNB2

UE3

eNB3

D1;1

UE1

eNB1

Figure 3-2 A downlink network graph
The network graph in Figure 3-2 shows the base stations (nodes or vertices) creating interference for
example to UE2. The serving and interfering links are named “edges” of the network graph. The edges
2

The examples of latency-sensitive network applications are flexible function splitting in cloudRAN, MAC scheduling (regular, CoMP, eICIC, transmission mode selection, etc.), X2 HO decision,
MAC/PHY (more generally cell) reconfiguration and most of MEC applications (localisation,
augmented reality, low latency IP service, etc).
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are noted with D (for downlink) followed by the index of the transmitting node, the index of the
receiving UE and the index of the node serving the UE. In case of the edge link connecting an UE to a
serving eNB, D is followed by the index of the node serving the UE and the index of the UE (receiver).
3.2.1

Nodes

As HMNs consist of different types of network elements, a node can be defined as a particular type of
network element such as a base station, or a combination of network elements such as a base station
and associated UEs comprising a small cell, or a D2D pair, etc. This broad definition will help us
incorporate constraints related to intracell, intercell, and duplexing resource allocation. Following is a
partial classification of the nodes, based on the list of network elements that are supported by the HMN.
The nodes can be divided into different categories. For LTE, the most prominent such categories are:
-

-

UE (for PMR there is a distinction between hand-held and vehicular)
eNodeB: Macro, Micro, Pico, femto or Home-eNodeB
Relays
Machines

Moreover, their characteristics can vary with respect to the following parameters:
-

3.2.2

Radio access technology (RAT)
Transmit powers
Bandwidth (carriers and resources)
Spectrum mask
Subscriber group or operator
Noise and interference floor
Type of receiver
Edges

The edges between the nodes depend on the model of physical environment, details of measurements
and the level of abstraction. In principle, it can be assumed that edges exist between all the nodes in the
network. The edges at PHY-layer may represent the propagation and interference conditions that exist
among the nodes, whereas the edges in MAC-layer may reflect the resource constraints between the
nodes.
Edges can be qualified at different layers (PHY, MAC etc). There may also be dependence on the
technology. Therefore, we label each edge with the time, frequency and spatial resource to which it is
associated, as well as a time deadline for indicating when the information will be outdated.
3.2.3

Abstracted network graph

The network graph can be abstracted without explicit reference to the network elements represented by
the nodes. In a purely cellular environment, the eNodeBs would be the only nodes in such an
abstraction. The edges would then be labelled with characteristics describing averaged resource
constraints, when a given resource is exploited in both cells. The abstraction is then nothing else than a
clustered version of the network graph, where the distinction between UEs associated to the same cell
is ignored. This allows us to distinguish between inter-cell decisions, which are handled by C3, and
intra-cell decisions that can be handled by a local controller in the eNodeB, see COHERENT
architecture in Section 3.1. The size of the graph is then substantially reduced, by dropping edges where
the interference measures are below some predefined threshold. For example, if the resource considered
is spectrum, then a threshold of acceptable background signal is defined. The edge between two nodes
is considered, only if the interference caused when they use the same spectrum exceeds the defined
threshold. An example is given in Figure 3-3, where the nodes are given by the cells in a homogeneous
cellular system, and there is an edge between pairs of cells if the annealed signal strength exceeds the
threshold. Observe that, while the graph has a strong geometric structure (nearby cells tend to cause
more interference than distant ones), it is not planar, nor is it defined in geometric terms. The key idea
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behind this abstraction is that a valid spectrum assignment is a proper colouring of the abstract graph,
and an example of such a colouring is given in Figure 3-3. In other words, two cells are allowed to use
the same spectral resource if and only if they are not connected by an edge in the graph.

Figure 3-3 Abstracted cellular network graph in a homogeneous network, with resource
assignments represented by colours
In a heterogeneous setting however, a more refined abstraction subdivides cells into sets of users,
according to what other cells they experience substantial interaction with. This can be done without
reference to the network elements themselves, by predefining nodes corresponding to all pairs (C,S) of
a macrocell C and a small cell S, where users assigned to S can experience substantial interference from
C. Once the graph is defined, network elements such as UEs can be assigned to nodes, according to
measures and estimates of network parameters that are compared to predefined threshold values. An
example of such an abstracted graph is given in Figure 3-4. Once again, assignment of network
resources can be done via graph colouring. This separates the problem of resource assignment into two
stages. An abstraction stage, in which network elements are clustered and continuous parameters are
discretised, is followed by a colouring stage where a purely combinatorial problem is solved
heuristically.

Figure 3-4 Network abstraction in a heterogeneous network, with two macro-cells and a small
cell used for offloading and range extension
3.2.4

Overview of abstraction procedure

The nodes and edges of the network graph are the two basic components of the network graph. To build
up the nodes and the edges of the graphs, the network information is abstracted, managed and
maintained by the COHERENT controller (e.g., C3 or RTC) through the interface between the
controller and RATs. For instance, when a new user joins the underlying LTE network, the
configuration of this user (user identity, user capability, etc.) and the associated status (attached cell
identity, tracking area code etc.) of this user are gathered and can be used to build up a node in the
network graph. When such a user sends the measurement reports that contain dynamic information on
the link performance, such as measured signal power and interference power, this information is used
to build up the edge between this node and other nodes. All these correlated users’ configurations and
statuses are maintained in order to build up the network graphs. In contrast, when a network node
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abruptly leaves the network, the associated configuration and status are removed accordingly and also
the associated nodes and edges in the network graphs. These network graphs are used to provide
abstracted information to some higher-layer applications for different purposes, e.g., mobility
management, relay selection, etc. Figure 3-5 depicts how the network can be abstracted in order to build
up the network graph inside the C3 instance and shows the interactions between the network
management and the application. The nodes and the edges of the network graph are built based on the
abstracted network information status or configuration on top of multiple underlying RATs.
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Figure 3-5 Abstraction flow for the network graph in C3 instance
As for the network graph inside the RTC, it follows the same abstraction approach as the one in C3
shown in Figure 3-6. Since the RTC only has the local view of the network, the network graph of RTC
is built based only the underlying RAT and the concerned real-time network status. Moreover, the
management entity of RTC interacts with the one of C3. The signalling over this interface might be
originated by management entity of C3 (e.g., the UE activation/deactivation that is managed by higherlayer by C3) or the entity of RTC (e.g., CoMP, ICIC or X2 handover that are managed in real-time
basis). The interaction between the management entity of the RTC and the C3 enables both network
graphs of RTC and C3 to have same up-to-update common network information (e.g., status and
configuration) for their individual purposes.
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Figure 3-6 Abstraction flow for the network graph in C3 instance
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4. Measurements and metrics to generate COHERENT network graph
This section outlines some important alternative metrics and measurements that could be used to
generate the COHERENT network graph. The presented ideas are then tuned for specific control
applications and evaluated in Section 5.

4.1

Available measurements and metrics

4.1.1

PHY layer – LTE

From a PHY layer perspective, an edge is a connection between two nodes indicating the attenuation
of power transmitted at one node and received at the other. The key parameters regarding the largescale propagation effects include path loss and the shadow fading. These parameters are static or vary
over a much longer timescale, and must be considered in conjunction with instantaneous and small
scale fading effects, which are dynamic in nature. The information is collected over all available
resources, and used to determine the edge weights, in the form of a vector or a tensor (a vector of
matrices) for scalar and MIMO channels respectively. Moreover, the gradient and the statistics of the
edge weights may be considered for improved robustness.
In contrast, fast fading occurs locally in both time and space. This must be measured at and reported
from each node, contributing additional information about the graph to dynamically add to the static
graph that is collected globally.
LTE bandwidth can be configured by RRC according to these values, expressed in number of Resource
Blocks (RB): 6, 15, 25, 50, 75, 100, which correspond respectively to the following channel bandwidth
(see TS 36.101 v13.2.0 Section 5.6): 1.4, 3, 5, 10, 15, 20 MHz. Resource blocks are defined as a
collection of 12 subcarriers over one subframe (at MAC level). The baseline subcarrier value of LTE is
15 kHz, such that the RB value is 180 kHz. TS 36.101 specifies available bands also for carrier
aggregation (CA), proximity services (ProSe) i.e. D2D (see also Section 5.9.2), etc. [87].
4.1.1.1

Channel state information measurements in current standards

4.1.1.1.1 User end measurements
Reference signal receive power (RSRP)
3GPP definition: Reference signal received power (RSRP), is defined as the linear average over the
power contributions (in [W]) of the resource elements that carry cell-specific reference signals within
the considered measurement frequency bandwidth. The reference point for the RSRP shall be the
antenna connector of the UE.
To measure RSRP, cell-specific reference signals transmitted by eNodeB on the first antenna port only
or on the first and second antenna ports are used. If the second antenna port shall be used as well, UE
is informed about it by eNodeB over broadcast channel (using System information block 3 transmitted
over Broadcast Channel (BCH)). The measured power of the resource element that carries cell-specific
reference signals is determined from the energy received during the useful part of the OFDM symbol,
excluding the cyclic prefix. It is left up to UE vendor, whether UE has to measure on every resource
element containing reference signals within the measurement period.
The following accuracy requirements were set in 3GPP 36.133:
-

-

For intra-frequency RSRP measurements under normal conditions:
o absolute measurement accuracy: between ± 6 and ± 8 dB
o relative (between two intra-frequency measurements) accuracy: between ± 2 and ±3
dB
For inter-frequency RSRP measurements under normal conditions:
o absolute measurement accuracy: between ± 6 and ± 8 dB
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o

relative (between an intra-frequency measurement and inter-frequency measurement)
: ±6 dB

Absolute accuracy reflects the difference between the actual and the correct measurements whereas
relative accuracy reflects the error when comparing the levels of two cells. The reporting range of RSRP
is defined from -140 dBm to -44 dBm with 1 dB resolution. RSRP values are reported using the mapping
of measured quantity to an integer value as defined in 3GPP 36.133.
Table 4-1 RSRP measurement report mapping
Reported value

Measured quantity
value

Unit

RSRP_00
RSRP_01
RSRP_02
…
RSRP_95
RSRP_96
RSRP_97

RSRP  -140
-140  RSRP < -139
-139  RSRP < -138
…
-46  RSRP < -45
-45  RSRP < -44
-44  RSRP

dBm
dBm
dBm
…
dBm
dBm
dBm

The RSRP measurements are used in UE’s connected mode (for handover decision, path loss estimation
used UL power control) and in idle mode (for cell selection/reselection). Starting from 3GPP Release
10, RSRP reports can also be used for adaptive component carrier configuration.
Reference signal received quality (RSRQ)
3GPP definition: Reference signal received quality (RSRQ) is defined as the ratio N×RSRP/ (E-UTRA
carrier RSSI), where N is the number of RB’s of the E-UTRA carrier RSSI measurement bandwidth. The
measurements in the numerator and denominator shall be made over the same set of resource blocks.
The E-UTRA carrier received signal strength indicator (RSSI) parameter describes the total received
power (incl. useful signal from serving cell and co-channel interference from all sources) measured on
all resource elements (not just on the resource elements containing reference signals) in OFDM symbols
containing reference signals for antenna port 0.
RSRQ measurement allows getting an estimate of the received signal quality considering both signal
strength and interference. In the first release of LTE (Release 8), RSRQ measurement was defined only
for connected mode, but starting from release 9, it can be used also in idle mode for cell reselection.
The following accuracy requirements were set in 3GPP 36.133:
-

For intra-frequency RSRQ measurements under normal conditions:
o absolute measurement accuracy: between ± 2.5 and ± 3.5dB
For inter-frequency RSRQ measurements under normal conditions:
o absolute measurement accuracy: between ± 2.5 and ± 3.5 dB
o relative (between an intra-frequency measurement and inter-frequency measurement)
: between ±3 and ±4 dB

The reporting range of RSRQ is defined in 3GPP 36.133 from -19.5 dB to -3 with 0.5 dB resolution.

Table 4-2 RSRQ measurement report mapping
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Reported value
RSRQ_-30
RSRQ_-29
…
RSRQ_-02
RSRQ_-01
RSRQ_00
RSRQ_01
RSRQ_02
…
RSRQ_32
RSRQ_33
RSRQ_34
RSRQ_35
RSRQ_36
…
RSRQ_45
RSRQ_46

Measured quantity value
RSRQ  -34
-34  RSRQ < -33.5
…
-20.5  RSRQ < -20
-20  RSRQ < -19.5
RSRQ  -19.5
-19.5  RSRQ < -19
-19  RSRQ < -18.5
…
-4  RSRQ < -3.5
-3.5  RSRQ < -3
-3  RSRQ
-3  RSRQ < -2.5
-2.5  RSRQ < -2
…
2  RSRQ < 2.5
2.5  RSRQ

Unit
dB
dB
…
dB
dB
dB
dB
dB
…
dB
dB
dB
dB
dB
…
dB
dB

Measuring RSRQ gives information about interference in addition to the signal strength of the reference
signals (measured by RSRP).
Channel quality indicator (CQI)
CQI report contains measurements of the DL radio conditions. CQI is provided to the eNodeB scheduler
as a coded value of a combination of modulation and coding rate that corresponds to the largest transport
block that can be received with error rate not exceeding 10 %. The exact CQI definition can be found
in Section 2.7.3 in TS 36.213 [88].
“Based on an unrestricted observation interval in time unless specified otherwise in this subclause, and
an unrestricted observation interval in frequency, the UE shall derive for each CQI value reported in
uplink subframe n the highest CQI index between 1 and 15 which satisfies the following condition, or
CQI index 0 if CQI index 1 does not satisfy the condition: “A single PDSCH transport block with a
combination of modulation scheme and transport block size corresponding to the CQI index, and
occupying a group of downlink physical resource blocks termed the CSI reference resource, could be
received with a transport block error probability not exceeding 0.1.”
The CSI reference resource, in the frequency domain, is defined by the group of downlink physical
resource blocks corresponding to the band to which the derived CQI value relates. In the time domain,
the CSI reference resource depends on a multiplicity of factors like, transmission mode (i.e. MIMO
mode), configurations or reporting, ICIC or eICIC techniques, eMBMS etc., but in general it coincides
with a valid DL or special subframe. The standard specifies also the conditions which the UE shall
assume for its calculation (see Section 2.7.3 in TS 36.213 [88]).
It hence depends on the channel conditions, e.g. the signal-to-interference-and-noise ratio (SINR),
experienced over the radio link, but also on the equipment parameters and the receiver type. Different
receiver algorithms may give for the same channel condition a different CQI. Hence, CQI provides
indirect information about channel state since it does not describe the channel state itself but the effect
of it on the achievable throughput of the measuring UE, which depends on its receiver algorithms.
Notice also that CQI information is deduced from the PDSCH (data channel) and hence in general it is
risky to use CQI to say something about the reception quality of the PDCCH, the control channel.
In LTE, CQI is coded on 4 information bits, according to the following tables which report Table 7.2.31 and Table 7.2.3-2 in TS 36.213 v12.8.0. The former is for reporting CQI based on QPSK, 16-QAM
and 64-QAM, the latter for reporting CQI based on QPSK, 16-QAM, 64-QAM and 256-QAM.
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Table 4-3 Table 7.2.3-1 in TS 36.213 v12.8.0, CQI index mapping for QPSK, 16-QAM, 64-QAM
CQI index
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

modulation
QPSK
QPSK
QPSK
QPSK
QPSK
QPSK
16QAM
16QAM
16QAM
64QAM
64QAM
64QAM
64QAM
64QAM
64QAM

code rate x 1024
out of range
78
120
193
308
449
602
378
490
616
466
567
666
772
873
948

efficiency
0.1523
0.2344
0.3770
0.6016
0.8770
1.1758
1.4766
1.9141
2.4063
2.7305
3.3223
3.9023
4.5234
5.1152
5.5547

Table 4-4 Table 7.2.3-2 in TS 36.213 v12.8.0, CQI index mapping for QPSK, 16-QAM, 64-QAM
and 256-QAM
CQI index
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

modulation
QPSK
QPSK
QPSK
16QAM
16QAM
16QAM
64QAM
64QAM
64QAM
64QAM
64QAM
256QAM
256QAM
256QAM
256QAM

code rate x 1024
out of range
78
193
449
378
490
616
466
567
666
772
873
711
797
885
948

efficiency
0.1523
0.3770
0.8770
1.4766
1.9141
2.4063
2.7305
3.3223
3.9023
4.5234
5.1152
5.5547
6.2266
6.9141
7.4063

Moreover, a CQI index in the CQI table corresponds to a modulation order, efficiency, and an effective
code rate (the effective channel code rate is defined as the number of downlink information bits
(including CRC bits) divided by the number of physical channel bits on PDSCH). In order to calculate
them, the transport block size must be deduced (it is the goal of the CQI calculation in fact). A CQI
index is valid only if it corresponds to a couple of modulation orders and transport block sizes, inside a
given number of resource blocks, which is specified in the standard. This combination must be allocable
by the eNodeB, and the smallest TBS which gives the code rate closest to the one of the CQI index
table is selected. In the CQI table, the column “efficiency” is the modulation order times the coding
rate.
The periodicity and frequency resolution to be used by a UE to report CQI are both controlled by the
eNodeB in the limits of the flexibility of the standard. In the following we will detail the granularity
and periodicity of the CQI reports, up to Rel 10.
The CQI can be reported as wideband CQI (for the whole channel bandwidth) or as sub-band CQI (for
a specified part of the bandwidth). Sub-band CQIs help the MAC scheduler to execute frequencyH2020 5G-PPP COHERENT Deliverable 3.1
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selective scheduling. Concerning sub-band CQI, it is distinguished in eNodeB-configured and UEselected sub-band CQI. These two types of sub-bands reporting are configured by the eNodeB RRC
signaling. The definition of sub-band in fact depends on the type of reporting.
Aperiodic CQI reporting is a CQI report decided and scheduled by the eNodeB, usually on a PUSCH
(data channel):
-

-

Wideband, one CQI value for the whole bandwidth, over 4 bits.
eNodeB-configured sub-band CQI: the wideband CQI is reported as well as all sub-bands
CQI in the system transmission bandwidth. For each sub-band a differential value with
respect to the wideband value is sent and coded over 2 bits only, the possible offsets being
{ ≤ –1, 0 , +1, ≥ +2 } (see standard for exact coding). The sub-band is a group of RBs
whose size depends on the system bandwidth. From the rules reported in the standard and
in [88], Section 10, we can find the values in Table 3.
UE-selected sub-band CQI: in this case the UE selects itself M sub-bands to be reported,
and it sends the wideband CQI, the average CQI over the selected sub-bands and the CQI
of the selected sub-bands, as well as their positions through a combinatorial index. The
sub-band CQI is coded in two bits with respect to the wideband CQI, the possible offsets
being { ≤ +1, +2 , +3, ≥ +4 } (see standard for exact coding). The definition of the subband is different from the eNodeB-configured mode. See for the values applied to the
transmission bandwidth.

Periodic CQI report instructs the UE to send the reporting on a periodic basis. The configuration of the
reporting period and report type is done by the eNodeB RRC. Periodic CQI reports are sent through a
PUCCH unless a PUSCH transmission has been scheduled for the UE in one of the periodic subframes.
In that case the periodic CQI report is sent on the PUSCH (in Rel 8 and 9 it is not possible for a UE to
have a PUCCH and PUSCH active at the same time in order to keep the PAPR of the signal as low as
possible at the UE while this possibility has been introduced starting from Rel 10 but on precise
conditions, please see the standard). The periodicity values which can be configured are {2, 5, 10, 16,
20, 32, 40, 64, 80, 128, 160} ms, or Off.
Only two types of reporting are possible:

-

Wideband, one CQI value for the whole bandwidth, over 4 bits, like for aperiodic
reporting.

-

UE-selected sub-band CQI: for all downlink (PDSCH) transmission modes. The total
bandwidth is divided into sub-bands which are grouped in bandwidth parts. For each
bandwidth part, the UE send a CQI value over 4 bits of the selected sub-band inside the
bandwidth part, plus the position of the sub-band inside the bandwidth part. Taking the values
in the standard (TS 36.213 [88]), resulted in the bandwidth parts given in Table 4-6.

Table 4-5 Size and number of sub-bands for aperiodic CQI reporting in LTE
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Channel
Bandwidth
(MHz)

System
Transmission
Bandwidth
(NRB)

1.4

6

3
5
10
15
20

15
25
50
75
100

eNodeB-configured
report
Sub-band
Number
size
of sub(RB)
bands

1
(wideband
only)
4
4
6
8
8

1

4
7
9
10
13

UE-selected
Report
Sub-band Number Number
size
of subof
(RB)
bands selected
subbands
1
1
1
(wideband
(wideband
only)
only)
2
8
3
2
13
3
3
17
5
4
19
6
4
25
6

Table 4-6 Size and number of sub-bands for periodic CQI reporting in LTE
Channel
Bandwidth
(MHz)

System
Transmission
Bandwidth
(NRB)

Sub-band
size
(RB)

Number
of subbands

1.4

6

1

3
5
10
15
20

15
25
50
75
100

1
(wideband
only)
4
4
6
8
8

4
7
9
10
13

Number of Number of Position
bandwidth sub-band in Index
parts (J)
bandwidth
(L)
parts
Bits
(Nj)
1
1
0
(wideband
only)
2
2
1
2
3-4
2
3
3
2
4
2-3
2
4
3-4
2

In case of MIMO schemes (transmission modes) with multiple codewords like spatial multiplexing if
the rank indicator (RI) report is configured and is greater than 1, then CQI for two codewords must be
sent. The standard specifies either separate reports or differential reports, depending on the situations
and transmission modes. For details of CQI with MIMO modes in LTE and LTE-A, please refer to the
standard (TS 36.213 [88]).
When eICIC schemes are active, particular attention is to be given to how CQI is measured. For that
reason, with almost blank subframes (ABS) the standard specified restrictions on the measurement
subframes so that the UE is able to measure the quality of the channel with the reduced interference
generated by the eICIC technique.

4.1.1.1.2 eNodeB measurements
Received interference power
The uplink received interference power is measured with granularity of one resource block and
represents the interference power including thermal noise over resource block. This measure was
introduced for ICIC. It is exchanged between neighboring eNodeBs over X2 interface as a part of Load
Information message. Neighboring eNodeBs can coordinate MAC scheduling by avoiding scheduling
specific resource blocks to cell-edge UEs, when neighboring eNodeB reports high uplink interference
level on these resource blocks.
Thermal noise power
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Thermal Noise Power is the uplink thermal noise power measured across all resource blocks. It is used
in combination with Received Interference Power to derive an Interference over Thermal (IoT) metric.
IoT describes uplink interference relative to thermal noise.
Sounding reference signal (SRS)
SRS is used to estimate uplink channel quality across a wider bandwidth than the current uplink data
transmission (PUSCH) or when UE has no uplink data transmissions. SRS helps the MAC scheduler to
execute frequency-selective scheduling.
UL Rx SINR
UL Rx SINR is SINR measured on each reception of the uplink data transmission (PUSCH).
4.1.1.2 Positioning-supporting measurements
Starting from 3GPP Release 9 and following [166], the following measurements were defined as:
-

eNodeB Rx-Tx time difference: the time difference between a UL radio frame and the
transmission time of the corresponding DL frame
Angle of arrival: the estimated angle of a UE with respect to the reference direction
(geographical north)
Timing advance: is used for calculating the UE distance from a cell. Type 1 (Release 9): TA
= (eNode B Rx-Tx Time Difference) + (UE Rx-Tx Time Difference), Type 2 (Release 8): TA
= the eNB Rx–Tx timing difference.

4.1.1.3 CSI reports
The CSI reports include three main components:
-

-

CQI, the channel quality indicator, reported by an UE to the serving base station, and
providing the code of the highest modulation and coding rate achievable with an error rate
below 0.1;
PMI, a pre-coding matrix indicator;
MIMO rank indicator.

4.1.1.3.1 CQI reports
LTE Release 13 standardized concept supports the transmission of channel state information (CSI)
measurements, based on so-called CSI Processes (see 3GPP TS 36.213 v 12.6.0 [88]), each CSI process
including a non-zero power (NZP), CSI reference signal (CSI-RS) transmission and one or more CSIRS zero power (ZP) transmissions. Based on these CSI-RS signals transmitted by the eNB, an UE can
assess the channel quality indicator (CQI) including the recommended modulation and coding scheme.
Given the fact that, in deployments with multiple base stations, a CQI Report is needed for each
combination of the transmitting base stations, the CQI approach conducts to numerous CSI processes.
For example, if we insist that each combination of interferers should be identifiable, then for 3
interferers there are 7 possible combinations of CSI signals, conducting to 7 CSI processes. In Release
13 it was decided in 3GPP to limit the number of CSI processes for an UE to 3, thus allowing
distinguishing only between combinations of 2 interferers. This will not be enough in a very dense
deployment, as expected for 5G, creating a need for replacing the CQI approach when building the
network graph.
It should be also noted that the energy per CSI-RS symbol is constant over the entire channel bandwidth;
in case of power control per RB there will be no indication of the expected CQI or RI. In addition, in
case of coordinated CSI measurements the overhead of CSI-RS extensive usage has reached approx.
17%, as shown in the 3GPP RAN3 contribution R3-150723.
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4.1.1.4 Parameters concerning the frame structure
LTE specified two types of frames, Type 1 for FDD and type 2 for TDD (see TS 36.211 v12.8.0 [89]).
Both frames are 10 ms long, divided in 10 subframes of 1 ms. In FDD, the subframe is divided in 2
slots of duration 0.5 ms = 15360 Ts, where Ts is the sampling time which is a constant in the LTE
system: Ts = 1/(15000 x 2048) s i.e. approximately 32,5521 ns. In TDD, the frame periodicity is
respected however subframes are distinguished in D (for DL, from eNB to UE), U (for UL, from the
UE to the eNB) and S for “special subframe”, which is a subframe for transmission direction switch.
Special subframes are composed of three fields: the Downlink Pilot Timeslot (DwPTS) used in DL, a
Guard Period (GP), used for switching of RF radio state (from transmitting to receiving and vice-versa)
and for giving a guard time for compensation of propagation delays; the Uplink Pilot Timeslot (UpPTS)
used in UL.
Table 4-7 reports 7 possible configurations of TDD frames, with their minimum periodicity as written
in the standard. These configurations have an influence in the timing of PHY procedures like
ACK/NACK acknowledgment, resource allocation requests, etc.
Table 4-7 UL-DL configuration for Type 2 frame (TDD), as in Table 4.2-2 in TS 36.211 v12.8.0
Uplink-downlink
configuration
0
1
2
3
4
5
6

Downlink-to-Uplink
Switch-point periodicity
5 ms
5 ms
5 ms
10 ms
10 ms
10 ms
5 ms

0
D
D
D
D
D
D
D

1
S
S
S
S
S
S
S

2
U
U
U
U
U
U
U

Subframe number
3 4 5 6
U U D S
U D D S
D D D S
U U D D
U D D D
D D D D
U U D S

7
U
U
U
D
D
D
U

8
U
U
D
D
D
D
U

9
U
D
D
D
D
D
D

The special subframe can be tuned to different values according to the operational needs of the network
(see Table 4.2-1 in [89]). With this configuration it is possible to accommodate different guard time,
for as a function of the area of the deployed cells. Notice also that, when relay nodes are present, specific
rules, in particular for TDD, are present in order to organize the transmission.
In the frequency domain and without Carrier Aggregation (CA), the configurable channel bandwidths
of LTE are {1.4, 3, 5, 10, 15, 20} corresponding to {6, 15, 25, 50, 75, 100} RB. Another important
parameter at the PHY layer is the cyclic prefix, which is defined in the following table. The value of
7.5 kHz is to be used only for subframes for eMBMS.
Table 4-8 Subcarrier spacing and corresponding CP as in Table 6.12-1 in TS 36.211 v12.8.0. CP
length is given in sampling times
Configuration
Normal cyclic prefix
Extended cyclic prefix

f  15 kHz
f  15 kHz

f  7.5 kHz

Cyclic prefix length N CP,l

160 for l  0
144 for l  1,2,...,6
512 for l  0,1,...,5
1024 for l  0,1,2

Transmission bandwidth of the system is sent over the Master Block Information (MIB). For D2D
communications, named inSlide Link (SL) communications in LTE, there is also a master information
block called MIB-SL, which is sent with a periodicity of 40 ms and which contains the bandwidth, the
TDD configuration of the SL frame, flag for incoverage operation, etc. For more details, please see
Section 5.8.2.3. The configurable bandwidth are {6, 15, 25, 50, 75, 100} RB as for the global MIB. In
general System Information (SI) can change with a certain periodicity by following a certain procedure
which notifies to the UEs the next change beforehand (please check [90] for further details).
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4.1.2

PHY layer – WiFi

4.1.2.1 Received signal strength indicator (RSSI)
The IEEE 802.11 standard does not specify in detail how RSSI shall be computed by WiFi-compliant
devices. More specifically according to the standard the RSSI shall measure the RF energy received by
the PHY layer. As a result RSSI is not a good indicator of the desired signal power level since it
indicates the sum of the desired signal + noise + interference power.
RSSI measurements in a WiFi system are given in arbitrary units as an 8-bits positive integer. As an
example, Cisco Systems cards report 101 different power levels (between 0 and 100). Atheros (now
Qualcomm) Wi-Fi chipsets instead return RSSI values between 0 and 127 (0x7f) with 128 (0x80)
indicating an invalid value. There is no standardized way of converting RSSI readings and power level
in either mW or dBm.
Different vendors and even different releases of WiFi drivers can (and in general do) use different
assumption regarding ranges and granularity. Moreover, RSSI measurements are acquired only upon
reception of a frame and are taken only on the preamble of such frame not on the entire frame. The
preamble is always transmitted at the basic rate (1-2 Mb/s for IEEE 802.11b, 6 Mb/s for IEEE
802.11a/g, MCS0 for IEEE 802.11n/ac).
Since the way of measuring the RSSI is so vague, it is not possible to compare RSSIs from different
clients and perhaps even from different channels or PHYs within the same client (i.e. it cannot be used
as a comparison between DSSS and OFDM PHYs). Due to the reasons above, RSSI is a poor indicator
for typical network management tasks such as handover or load balancing.
4.1.2.2 Received channel power indicator (RCPI)
With the 802.11k amendment to the 802.11 standard, a new channel quality indicator has been
introduced, namely the Received Channel Power Indicator (RCPI). The RCPI is an indicator of the
received power in a given channel measured at the antenna connector. The RCPI is measured over the
entire frame and is a monotonically increasing logarithmic function of the received power in dB. The
RCPI is reported again as an 8-bit positive integer (i.e. unsigned) in the range between 0 and 255. There
is no unit of measurement associated to the RCPI. An RCPI of 0 (zero) corresponds to a received power
of lower or equal to -82dBm while an RCPI of 255 corresponds to a received power higher or equal to
-18.5 dBm.
4.1.2.3 Wireless LAN radio measurements (802.11k)
The 802.11k standard introduces the following measurements:
Beacon report. A beacon report allows an AP to poll a wireless client for the list of networks or BSSIDs
from which it can detect a beacon or a probe response.
Frame report. Each frame report element contains one or more Frame Report quadruplets, each
consisting of the Number of Frames, BSSID and Transmit Address. Each quadruplet summarizes the
traffic from one transmit address.
Channel load. If a station accepts a Channel Load Request it shall respond with a Radio Measurement
Report. It specifies channel busy condition that the measuring station’s view of what happens on
specified channel. Channel Number, Channel Band, Actual Measurement Start Time, Measurement
Duration and Channel Busy Fraction are included in Channel Load Report.
Noise histogram. If a station accepts a Noise Histogram Request it shall respond with a Radio
Measurement Report frame containing one Measurement (Noise Histogram) Report element. The Noise
histogram report in the radio measurement category includes only non-802.11 energy in its result by
sampling the channel only when CCA indicates that no 802.11 signal is present.
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Station (STA) statistics. A STA receiving a STA Statistics Request shall respond with a Radio
Measurement Report frame containing one or more Measurement (STA Statistics) Report elements.
Each element contains a group of STA Statistics.
Neighbour report. A Neighbour report is sent by an AP and it contains information on known
neighbours of the AP. A wireless client requesting a Neighbour report shall send a Neighbour Report
Request frame to the AP it is associated with. An AP accepting a Neighbour Report Request shall
respond with a Neighbour Report Response frame containing one or more Neighbour Report elements.
This information may be used by a STA when scanning for target APs during BSS-transitions or for
other purposes.
RCPI. The RCPI element indicates the received channel power indication of the last received packet
from a given station. Within a probe response the RCPI element would carry the RCPI value measured
on the probe request. This is essentially a way for the AP to ask a wireless client to perform some active
measurements.
4.1.3

MAC layer – LTE

4.1.3.1 Scheduling and possible abstractions
While typically the scheduling in a LTE system is done at each eNB, in COHERENT a Central
Controller and Coordinator (C3) is considered which, subject to backhaul capacity and delay, can
coordinate the resource allocation between R-TPs (real transmission points). The C3 can even provide
the full scheduling information. In a mobile system, a real R-TP is a transmission point including at
least one antenna designed for at least one frequency band allocated to the mobile service.
A scheduler, function of information regarding the scheduling requests and the available resources,
assigns the UE to be served by one or more cells, where a cell is defined per node and frequency range.
The exact time-frequency-power-space resources to be used for a packet transmission or reception can
be scheduled by a node or by the C3. Hence, the scheduling is done at two levels:
-

-

Serving node selection;
Time-frequency-power resource allocation for each serving node.

4.1.3.1.1 Scheduling granularity
In LTE the scheduling granularity in time domain is in general 1 ms (subframe duration) while the
frequency granularity is a PRB (physical resource block) or a subband or a full channel. To transform
this information in a RAT-independent mode should be mentioned the time granularity e.g. 1 ms, 0.9
ms, LTE_full_subframe, and the frequency granularity (e.g. 180 kHz, LTE_PRB, LTE_Subband,
LTE_reduced_subband, etc.). Alternatively, the subframes could be, as in LTE, defined by the system
frame number and the subframe number. This allows, for synchronized networks, a practical good time
reference.
4.1.4

MAC layer – WiFi

4.1.4.1 Scheduling granularity: time
Broadly speaking, there are two main families of strategies to allocate resources in a wireless network:
scheduled access and random access. In the former case, resources for a wireless link are allocated in
the time, frequency, and space domains. In the latter case, a common random access scheme for medium
access is used by all participating wireless clients in order to reduce collisions. LTE belongs to the
former family and uses OFDMA as (scheduled) medium access scheme while WiFi belongs to the latter
family and exploits CSMA/CA as (random) medium access scheme.
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4.1.4.2 Scheduling granularity: space
The minimum allocation unit in a WiFi system is the channel identified by a frequency band, a time
interval, and the AP at which it is available. In order to have a consistent naming with LTE system, we
decide to rename the WiFi channel as resource block.
Each resource block is fully described by a 2–tuple <f, t>, where f is the frequency band, and t is the
time slot. A frequency band is a 2–tuple <c, b> where c and b are, respectively, the center frequency
and the bandwidth.
For example, the resource pool made available by an 802.11n AP tuned on channel 36 and supporting
40 MHz–wide channels is represented by the tuple ((36, HT 40), ∞). The prefix HT is used to indicate
that this band supports the high throughput modulation and coding scheme (MCS). Resource Blocks
can also be blacklisted preventing the COHERENT C3 from using them.
Each WiFi AP or client in the network can support as many resource blocks as the number of its WiFi
interfaces. For example a dual band WiFI AP would expose to the COHERENT controller the following
list of resource blocks: ((6, HT 20), ∞) and ((36, HT 20), ∞). This models the fact that the AP can
support at the same time two operating bands. The other channels supported on each band would be
exposed to the COHERENT controller as black listed resource blocks modelling the fact that the AP
cannot be tuned on more than two channels at the same time.
Notice that the proposed model does not forbid the same resource block to be assigned to multiple Light
Virtual Access Points (LVAP) in that this could in general result in a valid resource allocation scheme
if, for example, the LVAPs are sufficiently separated in space or if suitable inter–cell interference
coordination (ICIC) schemes are employed. Similarly, wireless networks using random access
protocols, such as CSMA/CA, effectively schedule multiple transmissions on the same resources in
frequency and time with the aid of suitable back–off and retransmission schemes to handle collisions.
Notice how the same formulation can be used also to model the channels and bands supported by a
wireless client. For example, a resource request could be represented by the following tuple ((1, 20),
∞). This allows us to express resource allocation problems as an intersection between the resource
blocks available in the network, and the resource blocks supported or requested by a client. Information
on the link quality experienced by the requesting client on the matching resource blocks can be used to
further filter the set of candidate resource blocks according to application–level parameters. A non–
empty intersection set of resource blocks signifies that a valid solution for the resource allocation
problem has been found.
The final set could be composed of multiple resource blocks possibly scheduled at different APs and
on different frequency bands or timeslots. The support for such a scenario depends on the actual
implementation of the client radio interface. For example, in an LTE network, a client could accept
multiple resource blocks possibly scheduled at different eNBs and on different frequencies modelling
the technique known as cooperative multi–point, or CoMP. This model also effectively decouples
uplink and downlink allowing clients to be scheduled at different APs on the uplink and on the downlink
directions (if the feature is supported by the link–layer technology).
An example of a simple resource allocation scenario for a WiFi WLAN is shown in the Table below.
Here Pn are the network resource blocks and Pl are the resource blocks supported by a client. It is easy
to see that the intersection Pn ∩ Pl produces a non–empty set composed of two resource blocks
scheduled at two different APs (W1, W2). Due to the fact that WiFi does not allow scheduling one
client on more than one AP, the final resource allocation decision will be a single resource block
selected using criteria such as the channel quality experienced by the client on the matching resource
blocks and/or the specific application–level requirements.
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Table 4-9 Resource block tuples
Network
W 1 ((6, HT 20), ∞)
W 1 ((36, HT 20), ∞)
W 2 ((1, HT 20), ∞)
W 2 ((36, HT 20), ∞)
W 3 ((11, 20), ∞)
W 3 ((36, 20), ∞)

Client
L 1 ((36, HT 20), ∞)
L 1 ((48, HT 20), ∞)
L 1 ((54, HT 20), ∞)

Intersection
W 1 ((36, HT 20), ∞)
W 2 ((36, HT 20), ∞)

4.1.4.3 Abstraction: channel quality map
From the perspective of a client, it is not important to which Wireless Termination Point (WTP) it is
attached but what communication QoS it can obtain. Such information translates, at the physical layer,
into the transmission efficiency of the radio channel linking interference with parameters such as packet
error rate. The channel quality and interference map allow the control logic to reason about the channel
quality and interference experienced by clients and to assign resources accordingly.
The channel quality map abstraction provides network programmers with a full view of the network
state in terms of channel quality between clients and APs over the available resource blocks. Let G =
(V, E) be a directed graph, where V = VAP ∪ VSTA is the set of APs and wireless clients in the network,
and E is the set of edges or links. An edge en,m,i ∈ E with n, m ∈ V exists if m is within the communication
range of n over the resource block i ∈ P. A weight q(en,m,i) is assigned to each link representing the
channel quality between the two nodes.
The channel quality map abstractions can be used to select the resource blocks that can satisfy the
requirements of a client by intersecting the set of available resource blocks in the network (PN) with the
requested resource blocks (PL). The set of available resource blocks is obtained as: PN = W1 ∪ W2 ∪ · ·
· ∪ WN. The matching resource blocks M are then given by: M = PN ∩ PL. The list of resource blocks
M’ that satisfies a certain interference level condition, such as the signal to interference plus noise ratio
(SINR) between the client n and the WTP m on the Resource Block i being greater than a certain
threshold t, is given by: M’ = {i ∈ M : SINR(en,m,i) > t} where SINR(en,m,i) can be estimated via the edge
weights in the Channel Quality Map. M’ is the empty set if a valid resource allocation is not found.
Figure 4-1 sketches a sample channel quality map. Notice how in this case RSSI has been taken as a
measure of channel quality. The map depicted here is currently implemented in the COHERENT SDK
and has been leveraged in order to implement a mobility management control application for WiFi
networks. The map is built using as an input the Wireless LAN radio measurements reports presented
in Section 4.1.2.3. In particular, a monitor interface created on top of each physical radio available at a
WiFi AP is used to extract the signal strength ﬁeld present in the radio tap header of every decoded
WiFi frame. In order to distinguish between WiFi APs and WiFi Stations, the To–DS, From–DS, frame
type, and frame sub–type ﬁelds present in the 802.11 header are used. For each neighbour within the
decoding range, an agent running within each WiFi AP computes the average of the RSSI over windows
of 500 ms, an exponential weighted moving average and an N–point smoothed moving average are also
maintained. The latter two ﬁlters have been selected because they can reduce the noise while being
responsive to RSSI changes. Such a property is useful when dealing with fast– fading affected RSSI
signals. At the same time, fast response allows to promptly react to changes in the channel conditions.
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Figure 4-1 An example of RSSI Map
Table 4-10 summarizes the RSSI map request message parameters sent by the controller to the WiFi
AP over the COHERENT C3 southbound interface (the details of the encoding will be reported in
D2.3).
Table 4-10 Southbound interface: RSSI map request
Parameter
addrs

Type
Ethernet Address

block

Resource Block

Description
Neighboring stations/Aps to
track
The channel to monitor

Example
‘FF:FF:FF:FF:FF:FF’
(’04:f0:21:09:f9:96’, 36, L20)

In the above example specifying ff:ff:ff:ff:ff:ff will return the RSSI of any station within the decoding
range of WTP 04:F0:21:09:F9:96 on channel 36. The channel quality map tracks the RSSI level of any
active WiFi device including the ones belonging to networks that are not under the administrative
domain of the COHERENT C3. This includes also wireless clients that are not associated to any
network but have their wireless interface active (WiFi clients periodically broadcast Probe Request
messages in order to discover available networks). A sample output of the primitive is reported below
as a JSON document. In this case the station a0:d3:c1:a8:e4:c3 is a neighbour of the WTP
04:f0:21:09:f9:96 on the 802.11a channel 36. The report includes, besides the previously described
averages, also the total number of frames received since the query was created (hist_packets) together
with the average (last_rssi_avg), the standard deviation (last_rssi_std), and the number (last_packets)
of RSSI measurements taken during the last observation window.
{ ”a0 :d3: c1 : a8 : e4 : c3”: { ”ewma rssi”: −82, ” hist packets ”: 15810, ” last packets ”: 10, ” last rssi
avg ”: −79, ” last rssi std ”: 7 ”sma rssi”: −82, } }
The channel quality map can be accessed at the frame–level granularity providing the network
programmer with a real–time picture of all link–layer events. Each WTP tracks the following meta–
data associated to link–layer events:
-

Transmitter address. The MAC address of the transmitter.

-

TSFT. The 802.11 MAC’s 64-bit time synchronization function timer. Each frame received by
the radio interface is timestamped with a 1 µsec resolution clock by the 802.11 driver.

-

Sequence, The 802.11 MAC’s 16-bit sequence number. This counter is incremented by the
transmitter after a successful transmission.

-

The frame RSSI (in dB), rate (in Mb/s), length (in bytes), and duration (in µsec). The collected
traces are then periodically delivered to the SD–RAN Controller where they are synchronized
to a common time reference.
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Notice that, only successful unique frames transmissions are recorded, i.e. frames with incorrect
checksum and/or Physical Layer Convergence Protocol (PLCP) header as well as retransmitted frames
are ignored. The collected meta–data can be exploited for several purposes.
Table 4-11 Southbound interface: Transmission summary request
Parameter
addrs

Type
Ethernet Address

limit

Int

every
block

Int
Resource Block

Description
Neighboring stations/Aps to
track
Number of transmission
reports to be generated
Reporting interval (in ms)
The channel to monitor

Example
‘FF:FF:FF:FF:FF:FF’
-1
2000
(’04:f0:21:09:f9:96’, 36, L20)

The statement above generates a periodic callback when a trafﬁc trace has been received from a WiFi
AP. The trafﬁc traces include all the link–layer events within the decoding range of the WiFi AP. The
limit parameters instruct the WiFi AP to send only a speciﬁed number of reports after which the
operation is stopped and all the allocated data structures on the WiFi AP are freed. Specifying −1 results
in the WiFi AP sending trafﬁc traces forever. Specifying ff:ff:ff:ff:ff:ff as addrs will generate
transmission summaries for all stations in the network. Notice that the entire data structure containing
a frame meta–information is 18–bytes long. A saturated 54–Mb/s channel can deliver up to 2336
frames/s3. In such a scenario the system would generate 42048 bytes of meta–data per second per radio
interface which correspond to a signalling bandwidth between the WTP and SD–RAN Controller of
about 336 kb/s which is negligible considering the widespread adoption of Gigabit Ethernet in
enterprise networks.
Finally, the RSSI primitive allows the programmer to trigger a callback the ﬁrst time the RSSI of a
station veriﬁes a certain condition at any WiFi AP in network.
Table 4-12 Southbound interface (RSSI trigger request)
Parameter
addrs

Type
Ethernet Address

relation

Enum(‘LT’, ‘GT’,
‘EQ’)
Int
Resource Block

value
block

Description
Neighboring stations/Aps to
track
Condition to be verified

Example
‘FF:FF:FF:FF:FF:FF’

The RSSI level
The channel to monitor

-70
(’04:f0:21:09:f9:96’, 36, L20)

‘LT’

After the trigger has ﬁred the ﬁrst time and as long as the RSSI remains below −70 dBm, the callback
method is not called again by the same WiFi AP, however the same callback may be triggered by other
WiFi APs. Specifying ff:ff:ff:ff:ff:ff as lvaps will trigger the callback when the RSSI of any client at
any WiFi AP is below −70 dBm.
4.1.4.4 Abstraction: link statistics map
Figure 4-2 sketches a sample Link Statistics Map. This is a variant of the channel quality map where
edges are annotated with the link delivery statistics. For each supported MCS, the map reports the
delivery probability, and the link throughput.
3

At 54 Mb/s an 802.11a radio encodes 216 bits/symbol. The OFDM encoding then adds 6 more bits at the end of the frame,
so a maximum length frame of 1536 bytes becomes a string of 12288 bits plus 6 trailing bits. The total 12294 bits can be
encoded with 57 symbols each requiring 6µsec for transmission. As a result, ignoring backoff, the minimum time required for
transmitting this frame is: DIFS (34µsec) + DATA (248µsec) + ACK (24µsec) = 322 µsec, which corresponds to 2336
frames/second.
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Figure 4-2 An example of link statistics map
Table 4-13 Southbound interface (link statistics map request)
Parameter
addrs

Type
Ethernet Address

Description
Neighbouring stations to
track

Example
‘04:11:af:4f:34:0d’

For each supported MCS the average delivery probability and the expected throughput in the last
observation window are reported. Moreover, also the total numbers of successful and failed
transmissions for the wireless clients are reported.
4.1.4.5 Abstraction: traffic matrix
The traffic matrix abstraction allows programmers to track the trafﬁc exchanged by a certain wireless
client and to use binning in order to aggregate such information by frame length (useful in wireless
networks due to the fact that short packets incur higher transmission overheads). An example for traffic
matrix graph is shown in Figure 4-3.

Figure 4-3 An example of traffic matrix map
Table 4-14 Southbound interface (link statistics)
Parameter
addrs
bins

Type
Ethernet Address
list

Description
Neighboring stations to track
Bins to be used for
classification.

Example
‘04:11:af:4f:34:0d’
[512, 1472, 8192]

4.1.4.6 Resource allocation model
Links in a wired network, e.g. a switched Ethernet LAN, are essentially deterministic and the status of
a port in a switch is binary, i.e. active or not active. While some Ethernet switches can select the
transmission rate (10, 100, 1000 Mb/s), this feature is aimed at reducing power consumption when the
traffic load is low and not as a mechanism for coping with fluctuations in the channel quality. In
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contrast, links in a wireless network are stochastic and, as a result, the physical layer parameters that
characterize the radio link between a client and an AP, such as transmission power, modulation and
coding schemes, and MIMO configuration must be adapted according to the actual channel conditions.
Such level of adaptation requires real–time coordination between LVAPs and WTPs and can only be
implemented near the air interface. The radio port abstraction allows the COHERENT Controller to
reconfigure or replace a certain control policy if its optimal operating conditions are not met.
A port is defined by a 3–tuple <p, m, a> where p is the transmission power, m is the set of available
MCS, and a is the MIMO configuration (number of spatial streams). For example, in the case of an
802.11n network, assigning the port configuration: <30,(0:7),1> to a client means that the AP will use
a fixed transmission power of 30 dBm, the set of MCS between 0 and 7, and single antenna
configuration for its communication with the LVAP. The port abstraction allows fast timescale
adaptations (MCS adaptation in this example) to be delegated to a local controller located near the AP
or to the AP itself. Finally, since a Port specifies the configuration of the link between an AP and a
client, an AP will have as many Port configurations as the number of client it is currently managing.
Conversely a client will have a single Port configuration (this is due to the fact that a client can be
associated to one AP at the time).
A traffic graph can be derived from all the Ports defined in a network modelling the application level
traffic between client and APs and vice-versa. This graph essentially results in the traffic matrix for a
network and can be effectively used in mobility management and load balancing applications.

4.2

Possible new metrics and approaches for constructing network graphs

Some ideas of possible new metrics for constructing network graphs are presented in this subsection.
The ideas are then detailed and tuned for relevant control applications in Section 5.
4.2.1

Probabilistic input to network graphs

In addition to abstracting over existing low-level measurements, the network graph should also
represent the network state through the use of more sophisticated metrics that provide reliable network
observations obtained in a scalable and resource-efficient way. The latter can be achieved by developing
distributed mechanisms capable of measuring and aggregating metrics at various levels in the network.
Measurements and light-weight analytics performed locally in the equipment (e.g. eNB) and close to
the data source, can effectively support self-organization and local coordination among network entities
while reducing the signaling overhead. Further, probabilistic models can generally provide more
reliable representations of the local network behavior in a compact form, as uncertainty in the
observations can be taken into account. We see that distributed and probabilistic models are specifically
useful for self-organizing systems and distributed control mechanisms, which should be scalable, agile
and stable in order to be effective [40]. The output of the distributed mechanisms and node-local
analytics can be used as inputs for analysis at higher levels, for the purpose of supporting mobility
management and network optimization. Moreover, we see that probabilistic models in many cases can
support increased programmability and higher-level abstractions through the means of configuration
based on probabilistic requirements rather than in terms of low-level parameters.
We investigate distributed approaches for producing computationally light-weight models of the
network state which can be represented in a compact form as part of the network graph (see Sections
5.2 and 5.6). More specifically, we investigate probabilistic abstractions for representing and balancing
load in LTE systems and representing link performance in WiFi networks based on available metrics
such as RSSI and PDR. The probabilistic approach under development is based on aggregation and
modelling of measurements stored in node-local data counters that are used to estimate a model of the
observed network performance. The probabilistic approach generally offers three main benefits: 1)
local processing with low signalling and measurement overhead; 2) high-granular observations of the
network performance at various time-scales; and, 3) representative models that can account for
uncertainty compared to raw counter readings or momentaneous observations. The two-step approach
described in [150][203][204] encompasses: 1) local aggregation of measurements and/or readings from
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logs or counters at short time scales (e.g. seconds or subsecond level); followed by: 2) analytics carried
out either directly on the node (depends on computational capabilities) or externally at longer timescales (seconds or minutes). The viability of the approach is currently evaluated using real data for
modelling and representing aspects of link performance at a higher-level of abstraction in wired [203]
and wireless networks (Section 5.2). Further, we employ and elaborate on the principles of estimating
and using risk as a metric for distributed load balancing in Section 5.6 based on [150][203].
4.2.2

Coupling loss

We target a method for creating the network graph which is scalable and can easily accommodate a
variable number of active interferers. The C3 should add the interference from different sources to get
the total interference at receiver and for this it should use the power in W.
In a network graph the coupling loss could be used as a weight of each branch. For deducting the
coupling loss we consider the simplest form of a link budget, in dB:
PR = PT + GT – PL – OL + GR,
where PR, PT are respectively the transmit and receive powers, GT, GR are respectively the transmit
and receive antenna gains, and PL, OL are respectively path loss and other losses (connectors, cables,
body absorption, fading, etc.).
We define the linear coupling loss (CL) as the power PT (W) at the antenna connector of the transmitter
divided by the power PR (W) at the antenna connector of the receiver:
CL(W) =PT (W) / PR (W)
Relative to the path loss (PL), CL in dB is given by the logarithmic equation:
CL(dB) = PL(dB) – GT(dB) – GR(dB) + OL(dB)
CL can be considered as an abstraction of the wireless link, as includes many values of parameters that
are not needed to be known, such as path loss, transmit antenna gain, receive antenna gain, other losses.
Instead, it is sufficient to measure the received power at the antenna connector at the receiving node
and use the known transmitted electrical power before the antenna connector at the transmitting node
for calculating it.

4.3

Management of measurements and metrics

In previous sections, we provide a series of measurement and metrics in order to abstract the network
into several different network graphs. However, to well-manage these entities efficiently in the
COHERENT C3, each metric and measurement shall be accompanied with the following general
entries:
-

-

Type: Status or configuration
Measured RAT: LTE or WiFi
Last update time stamp and valid time stamp
o
This information is used to manage the validity time for the metrics, the last update time
stamp is marked based on the configuration of this measurement event.
o
For the metrics with unknown valid durations, the valid time stamp is not set since they are
updated until some specific events.
Entity identities in triplet: Identified by the unique identities of the entity (unique identity for LTE
UE, LTE eNB, WiFi AP or WiFi client). Based on these identities, the direction of the metrics
(Downlink, Uplink, Sidelink) can be formulated.
o
Identity of target measurement entity: The target measurement entity could be the same as
the measurement executor entity. Moreover, it could be empty for the non-specific
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o

o

measurement target case, e.g., thermal noise power at LTE eNB, SINR at LTE UE, noise
histogram, etc.
Identity of measurement configurer: The network entity that commands the measurement
that is performed can be the same as the executor entity if the measurement is selfconfigured. Moreover, it can also be the same as target measurement entity, for instance, a
LTE eNB can configure the LTE UE to measure the RSRP sent from the same LTE eNB.
Identity of measurement executor: The entity that does the measurement based on the
configuration from the configurer.

In Figure 4-4, the identities of three different entities are shown, the measurement is configured by
entity A to entity B in order to measure the status from C to B. In this case, the measured status is
maintained with the entity identities triplet as: (Entity A, Entity B, Entity C). As we stated above, entity
A, B and C could be the same in partial or in total. In the following we show another example of
measuring the thermal noise at the LTE eNB when the measurement target is empty and the
measurement configurer and measurement executor are the same due to its self-configured
characteristic. Hence the entity identities triplet is: (Entity D, Entity D, -).

Entity
A

Measurement Config.
Measurement report

Entity
B

Measurement

Entity
C

a) Three entities in the measurement events

Entity
D

Measurement

Measurement Configure &
Measurement report

b) Single entity in the measurement event
Figure 4-4 Measurement entities triplet
Besides the common entries stated above, some other system-related and content-related indexes are
included in each own content individually. For the specific system-related index, such as the associated
release version of the RAT (LTE Rel-8, Rel-9, etc.) and the protocol version of the RAT (IEEE 802.11a,
802.11g, etc.), the layer where the measurement takes effect (Physical layer, MAC layer, RLC layer,
PDCP layer, X2/S1 layer, etc.) are included in its content. As for the content-related index, such as the
specific sub-identities of the measurement (e.g., Receiver antenna index, Physical resource block index,
etc.), link direction of the measurement (e.g., uplink, downlink, sidelink, etc.), measurement duration
and measurement periodicity are also incorporated in the content.
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5. Evaluation of abstraction opportunities in selected COHERENT control
applications
In this section, some interesting case examples, where the network graph concept can be applied, are
presented. Specifically, we investigate LTE downlink performance, channel quality indicators for WiFi,
distributed and coordinated MIMO systems, inter-node interference modelling, load balancing,
cognitive radios, D2D communications, mobility management, and coverage extension. For some of
the presented topics, the work is only preliminary and meant to be further investigated in the upcoming
deliverables.

5.1

LTE downlink PHY transmission model and link-level performance

The LTE PHY technical specifications are designed to accommodate channel bandwidths from 1.4MHz
to 20MHz [185]. OFDM was selected as the modulation scheme for LTE downlink transmissions
because of its robustness in the presence of severe multipath fading. Specifically, in this scheme, the
high-rate stream of data symbols is first serial-to-parallel converted for modulation onto M parallel
subcarriers. This increases the symbol duration per subcarrier by a factor of approximately M, so that
it becomes significantly longer than the channel delay spread. Downlink multiplexing is accomplished
via OFDMA. As defined in 3GPP LTE Rel. 9 technical specifications, LTE downlink supports 6
physical channels and 2 types of physical signals [186], in which physical channels are used to convey
the information from higher layers and physical signals are used for downlink cell search and
synchronization, and channel estimation.
5.1.1

LTE downlink PHY transmitter

The diagram of LTE downlink PHY transmitter and the main OFDM modulation parameters are shown
in Figure 5-1. The transmitter consists of 6 downlink physical channel processing, 2 types of physical
signals, 1 subframe builder, and baseband signal processing.

Figure 5-1 LTE downlink PHY transmitter
LTE Downlink physical channels include:
-

Physical Broadcast Channel, PBCH
Physical Control Format Indicator Channel, PCFICH
Physical Hybrid ARQ Indicator Channel, PHICH
Physical Downlink Control Channel, PDCCH
Physical Downlink Shared Channel, PDSCH
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-

Physical Multicast Channel, PMCH

The PBCH carry part of the system information and is required by the terminal in order to access the
radio network. The payload to the PBCH processing is called master information block (MIB). The size
of MIB on the PBCH is 40 bits. MIB includes the PHICH configuration of the cell, downlink bandwidth,
and system frame number (SFN). In addition, the number of transmit antenna ports at eNodeB are
implicitly transmitted with PBCH block. The PBCH may use single antenna transmission and transmit
diversity with QPSK modulation scheme.
The PCFICH carry information about the number of OFDM symbols used for transmission of PDCCHs
in a downlink subframe. The payload to the PCFICH processing is called control format indicator (CFI).
The size of CFI on the PCFICH is 2 bits. In order to make transmitted information sufficiently robust,
the 2-bit CFI is encoded, scrambled, and QPSK modulated so that it forms 16 symbols. The PCFICH
is transmitted on the same set of antenna ports as the PBCH; with transmit diversity being applied if
more than one antenna is applied.
The PHICH carry information about the hybrid ARQ ACK/NACK to indicate to the terminal whether
a transport block in the UL should be retransmitted or not. HARQ input (HARQ indicator) is set to 0
for a positive ACK and 1 for a negative (NACK). This information is repeated in each of 3 BPSK
symbols. Then PHICH is spread through one complex orthogonal Walsh sequence so that 12 BPSK
symbols are generated. With different orthogonal sequences, multiple PHICH could be multiplexed in
one PHICH group. The PHICH processing may use single antenna transmission or transmit diversity.
The PDCCH carry scheduling assignments and other control information. The payload to PDCCH is so
called downlink control information (DCI) format. There are total 11 DCI formats defined in Release
9 and 13 DCI formats defined in LTE-Advanced. The PDCCH is transmitted on an aggregation of one
or several consecutive control channel elements (CCEs), where a control channel element corresponds
to 9 resource element groups. PDCCH may use single antenna transmission or transmit diversity with
QPSK modulation scheme.
The PMCH carries multimedia broadcast and multicast services (MBMS). It is transmitted together
with MBSFN reference signal. No transmit diversity is specified for PMCH processing. Layer mapping
and precoding shall be done assuming a single antenna port.
The PDSCH carries the data from the eNodeB to User Equipment (UE). It is the PHY channel used for
unicast transmission, but also for transmission of paging information and system information blocks
(SIB). In addition, the PDSCH can be transmitted on different antenna ports together with UE-specific
reference signal in order to achieve the transmit beamforming. Different modulation schemes can be
applied for PMCH and PDSCH, such as QPSK, 16QAM, and 64QAM.
LTE Downlink physical signals include:
-

Reference Signals
Synchronization Signals

Five types of downlink reference signals (RS) are defined in LTE-Advanced, namely, cell-specific RS
(CRS), MBSFN RS, UE-Specific RS (D-RS), positioning RS (PRS), and channel state information
(CSI) RS. The main features of five types of downlink RS are shown in Table 5-1.
Table 5-1 Downlink reference signals
Reference signals
CRS
MBSFN RS
D-RS
D-RS

Antenna port
0, 1, 2, 3
4
5
7, 8,…,14
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Cyclic Prefix
Normal/Extended
Extended
Normal/Extended
Normal/Extended

Subcarrier Spacing
15KHz
15KHz or 7.5KHz
15KHz
15KHz
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PRS
CSI RS

6
15, 16,…,22

Normal/Extended
Normal/Extended

15KHz
15KHz

Two types of downlink synchronization signals are defined:
-

Primary synchronization signal (PSS)
Secondary synchronization signal (SSS)

The synchronization signals represent LTE physical layer cell identity, given by,
(1)

(2)

cell
𝑁ID
= 3𝑁ID + 𝑁ID

with the cell ID group identifier and the identity within one cell ID group.
Subframe builder is used to construct one LTE downlink subframe. LTE technical specification defines
two types of downlink subframe, one is normal downlink subframe and the other is special subframe.
Note that special subframe is only used for Frame structure type 2, i.e. for time division duplexing
(TDD), and it is used by the UE to switch from reception to transmission or vice versa. Different
physical channels have different resource mappings in downlink subframe. Taking normal Cyclic Prefix
as example, the PBCH signals are located in OFDM symbols #7, #8, #9, #10 and they are sent over the
72 center subcarriers. The reason for this configuration is that a terminal may not know the downlink
cell bandwidth when receiving the PBCH. The concept of Resource Element Group (REG) is defined
in LTE specification for control signal mapping. The total number of REGs is calculated based on the
channel bandwidth and CFI value. The PCFICH signals are located in OFDM symbol #0 and they are
sent over the 4 REGs. The PHICH signal mapping depends on PHICH group and PHICH duration
configured by higher layers and the signals are mapped in a various number of REGs. The remaining
number of REGs is used for the PDCCH signal mapping. The PMCH signals are mapped in the full
channel bandwidth and the PDSCH signals are mapped in the bandwidth scheduled based on different
resource allocation types [187]. The physical signal mapping has the higher priority over the physical
channel mapping. In other words, no physical signals can be overwritten by physical channel processing
outputs. The detailed description of physical signal mapping can be found in [186]. After applying IFFT
processing to each OFDM symbol in one downlink subframe, the OFDM baseband signal is generated.
In order to avoid Inter-Symbol Interference (ISI) due to the multipath impairment, the CP is inserted at
the beginning of each OFDM baseband signal.
5.1.2

LTE downlink PHY receiver

When UE receives the signals sent over the wireless channel, it first performs the time and frequency
synchronization and then detects cell identity, CP type and Half Frame (HF) identity over the received
signals based on synchronization signals. UE carries out different types of RSRP or RSRQ
measurements for the purpose of cell (re-)selection or handover. After removing the CP and applying
FFT processing to the synchronized baseband signals, UE starts to decode control information and
system or user data. Meanwhile, it performs periodic CSI measurement and report triggered by higher
layers or aperiodic CSI measurement and report triggered by DCI format 0 or Random Access Response
(RAR) grant. The diagram of LTE downlink PHY receiver is shown in Figure 5-2. Note that all PHY
modules included in the UE receiver are processed based on frequency domain data.
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Figure 5-2 LTE downlink PHY receiver
At UE receiver, each subcarrier component is expressed as the product of the transmitted signal and the
channel frequency response at the particular subcarrier. Therefore, there is a need to estimate the
channel so as to recover the transmitted data. In general, the downlink LTE channel is estimated using
reference signals known at both the transmitter and receiver side. Once the channel estimates at RS
locations are obtained, the interpolation techniques (for instance, Wiener 2X1D interpolation [188]) can
be used to obtain channel response at the non-pilot positions. As shown in Figure 5-3, CRS-based
channel estimation (CHEST) is the first module in diagram of UE PHY receiver. It estimates the
channels and outputs its estimates to physical channel processing and CSI measurement.
Figure 5-3 shows the control block diagram of CRS-based channel estimation and its parameter
estimations. The components shaded in color “blue” indicate processing for CRS-based channel
estimation. The three blocks shaded in color “gray” show the processing for the parameter estimation.
The Delay ‘D’ is the duration of one subframe after which the appropriate taps are selected based on
the delay spread, Doppler spread and SNR estimation [189].

Figure 5-3 Control block diagram of CRS-based channel estimation
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The received signals at the location of CRS are extracted and passed to the so-called pilot compensation
component. The channel is first estimated at the pilot locations. The compensated channel pilots are fed
as inputs into 3 components, namely, delay spread estimation, channel estimation (frequency
interpolation), and SNR estimation. The filter taps for frequency interpolation are chosen based on the
estimated delay spread and SNR. These are fed into the Frequency filter tap selection component to
generate the suitable filter coefficients needed to carry out the channel estimation (interpolation) in
frequency direction. The interpolated channel estimates in frequency direction are passed into the
Doppler spread estimation component to estimate the Doppler spread. The Doppler spread and SNR
estimates are then passed into the Time filter tap selection component to select the appropriate number
of taps needed to perform channel estimation in the time direction. The “Estimated channel” at the
output of channel estimation component represents the final output for the channel estimation.
Based upon the estimated channel at CRS subcarrier position, periodic CSI measurement or aperiodic
CSI measurement is performed in the dedicated downlink subframe and is reported to higher layer.
Note that CSI measurement includes estimations of CQI, precoding matrix indicator (PMI), and rank
indicator (RI) at UE PHY receiver. According to [187], the UE is requested to report the largest CQI
out of 15 possible values corresponding to a specific modulation and coding scheme (MCS) for which
the UE can guarantee a transport block error probability that does not exceed 10%. The selection of
CQI that is valid for the entire reporting bandwidth requires some kind of averaging of the individual
instantaneous subcarrier SINRs. In [190], the exponential effective SINR mapping (EESM) technique
is introduced that represents a method for the purpose of computing equivalent wideband SNR estimates
in the context of system level simulations. Based on the simple information measure the EESM is
defined as
𝑁𝑠𝑐 −1

𝑆𝐼𝑁𝑅𝐸𝐸𝑆𝑀

𝛾(𝑘)
1
−
= −𝛽𝑀𝐶𝑆 ∙ 𝑙𝑛 (
∑ 𝑒 𝛽𝑀𝐶𝑆 )
𝑁𝑠𝑐
𝑘=0

where 𝛽𝑀𝐶𝑆 is a design parameter that needs to be carefully chosen and 𝑁𝑠𝑐 denotes the number of
subcarriers that are used for the computation of the average.

Figure 5-4 MIMO receivers at UE PHY receiver

H2020 5G-PPP COHERENT Deliverable 3.1

62

D3.1 First report on Physical and MAC layer modelling and abstraction

Physical channel receiver conducts the inverse operation of physical channel processes at transmitter
side. PBCH receiver decodes the MIB payload and sends it to higher layer. CFI value can be obtained
from PCFICH receiver. PHICH receiver calculates ACK/NACK information and the occupied number
of REGs, which are used for PDCCH signal extraction. PDCCH decoders all possible DCI formats by
blindly monitoring common search space and UE-specific search space. DCI decoder parses all DCI
formats in order to obtain downlink grant associated with control information for PDSCH decode and/or
uplink grant for physical uplink shared channel (PUSCH) transmissions. PMCH receiver is called if
subframe is configured as MBSFN subframe; otherwise, PDSCH receiver decodes system information,
or paging information, and user data based upon the control information. To decode control and
PMCH/PDSCH data, different MIMO techniques could be applied according to antenna configuration
and transmission schemes. Figure 5-4 shows the diagram of MIMO receivers at UE PHY receiver.
Advanced MIMO receivers can be applied for LTE-Advanced in order to achieve a good tradeoff
between the link performance and implementation complexity.
5.1.3

LTE PHY link-level simulations

In order to verify LTE downlink PHY link-level performance according to the requirements in [185],
the following test bench shown in Figure 3-6 is constructed. The test bench consists of 4 main blocks,
namely, test case (TC), downlink PHY transmitter, channel models, and downlink PHY receiver. The
final output from this test bench is the throughput for the specific test case at certain defined SNR in
[185]. The test case includes 3 sub-blocks, TC setting, eNodeB TC, and UE TC, in which TC setting
defines all needed system and subframe configuration parameters. eNodeB TC generates control and
data payload to downlink PHY transmitter and the UE TC generates configuration parameters given by
radio resource control (RRC) signaling to downlink PHY receiver. The LTE baseband signals generated
by downlink PHY transmitter are sent over LTE channels models [185]. After applying channel and
additive white Gaussian noise (AWGN) to the input signal, the outputs from LTE channel mode block
are sent to downlink PHY receiver. It can decode the data and calculate the CRC per subframe for
throughput calculation. For the case of CSI testing, the CSI measurements need to be reported from
downlink UE receiver to the transmitter side in order to select proper CQI value, PMI, and RI value.

Figure 5-5 Test bench for PHY link-level modelling
LTE technical specification [185] defines multi-path fading propagation conditions and 4 channel
models with different Delay profiles and Doppler spreads. The 4 channel models are named as
-

Extended Pedestrian A model (EPA)
Extended Vehicular A model (EVA)
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-

Extended Typical Urban model (ETU)
MBSFN channel model

The delay profiles of channel model are selected to be representative of low, medium and high delay
spread environments. Figure 3-7 shows the time impulse response of above 4 channel models.

Figure 5-6 Time impulse responses for different channel models
Using CA (CommAgility) test bench and LTE downlink PHY software, link-level simulations are
carried out for the test cases defined in [185]. Assuming 30.72MHz sampling frequency, the selected
results are given in Table 5-2 (OL denotes Open-Loop and CL denotes Closed-Loop)
Table 5-2 Summary of results
Bandwidth

Modulation

10MHz
20MHz
10MHz
10MHz
10MHz
10MHz

QPSK
64QAM
16QAM
16QAM
16QAM
64QAM

Bandwidth

Modulation

10MHz
20MHz
10MHz
10MHz
10MHz
10MHz

QPSK
64QAM
16QAM
16QAM
16QAM
64QAM

FDD (Frame Structure Type 1)
Channel Model Transmission
SNR
Scheme
ETU 300Hz
SIMO 1x2
0.0
EVA 5Hz
SIMO 1x2
17.6
EVA 5Hz
TD 2x2
6.8
EVA 70Hz
OL 2x2
13.0
EVA 70Hz
OL 4x2
14.3
EPA 5Hz
CL 4x2
14.7
TDD (Frame Structure Type 2)
Channel Model Transmission
SNR
Scheme
ETU 300Hz
SIMO 1x2
-0.2
ETA 5Hz
SIMO 1x2
17.6
EVA 5Hz
TD 2x2
6.8
EVA 70Hz
OL 2x2
13.1
EVA 70Hz
OL 4x2
14.2
EPA 5Hz
CL 4x2
14.7

H2020 5G-PPP COHERENT Deliverable 3.1

Reference
Throughput
70%
70%
70%
70%
70%
70%

Result
Throughput
90.67%
98.89%
91.78%
90.22%
95.61%
91.22%

Reference
Throughput
70%
70%
70%
70%
70%
70%

Result
Throughput
90.10%
98.59%
94.55%
85.66%
92.38%
90.24%
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5.2
5.2.1

Modelling of channel quality indicators for WiFi
Problem description

Programmable software-defined infrastructures enable dynamic and adaptive networks with seamless
client migration between APs as well as resource and energy efficiency, but require effective
representation of the network state. In current WiFi-standards, raw readings or averages of RSSI
measurements can be obtained by polling the node entities, but is limiting in terms of increased
communication overhead. Besides, raw measurements or averages do not provide reliable estimates of
the network state as they do not capture the properties of the underlying distribution. To address the
aforementioned limitations, we propose a probabilistic and distributed aggregation model capable of
providing a high level abstraction of the link quality in terms of probabilistic representations of the
observed network state.
Specifically, we investigate the possibility of building a scalable channel quality map (CQM) that serves
as an abstraction of the network graph and represents the estimated channel quality of the links in a
WiFi-network. Based on this channel quality map, the aim is to support network management
operations such as optimization regarding mobility (e.g. handover) and energy efficiency, in addition
to maintaining connectivity and quality of service.
The indoor wireless environment is highly dynamic with mobile stations being subject to varying
propagation loss, multipath fading and shadowing. Even links between stationary devices are subject
to noise, interference and moving scatterers. The temporal properties of these links are essential to study
and model, to get accurate characterizations of links, which can then be used for a range of prediction
and management applications.
The approach developed is centered on WiFi technology and use case 1.SR - RAT Sharing Support
described in D2.1 [15] - the aggregation and modelling principles described here are, however, relevant
for more than one use case. In order to support distributed monitoring the COHERENT architecture
need to fulfill requirements #28 [15].
5.2.2

Proposed solution

We aim at building a network graph representing link quality between wireless and programmable node
entities in a network. Our proposed solution to this is centred on a distributed and probabilistic approach
for building a network graph or channel quality map (CQM) by modelling link quality indicators.
Characterizing a link requires the definition of a metric for link quality which could either be directly
measured or estimated from alternate indicators. Throughput or goodput are the desired metrics that
quantify link quality for most applications. A link quality estimator is thus gauged by its ability to
accurately estimate the time varying throughput on the link. Received signal strength indicator (RSSI),
signal to noise ratio (SNR), bit error rate (BER), and packet delivery ratio (PDR) are common indicators
used in prior research for acquiring robust localizations of wireless nodes and for modelling link
performance [141][142][143][144][145]. Each indicator has its advantages and limitations. We have
begun our study of probabilistic characterization of temporal variations in WLAN links by using RSSI
in combination with PDR to create signal strength maps. Previous research has shown that RSSI alone
is insufficient to characterize link quality since it only measured over preamble of a frame and also does
not capture the presence of interference [146][147][148]. We hence use it as a starting point from which
we will extend the estimation metric to a tuple of RSSI and PDR, which will extend the signal strength
map (SSM) to a more complete and accurate CQM.
In the COHERENT framework, a wireless and programmable node entity has the capability to deploy
one or several software-defined access point (AP) controller applications. The CQM represents the
observed link quality between clients (STA) and programmable node entities (APs) and is aimed to
support management decisions. Supported management operations are typically related to client
migration or (de-)instantiation of AP-controller applications under varying conditions, such as when
the user concentration increases or decreases at a certain location.
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We assume that we only have control over programmable node entities and that clients are not
controllable. The distributed aggregation model consists of local monitoring components deployed in
the programmable node entities. A local monitoring component aggregates raw RSSI and packet
delivery measurements for the purpose of computationally light-weight analysis for a given time-scale.
We have so far investigated real-world measurements of RSSI values and packet delivery rates from a
WiFi-testbed consisting of programmable node entities (i.e. APs) and clients such as laptops and
smartphones. The data are collected from controllable node entities which sniff transmitted frames from
AP-STA and STA-AP. Upon decoding the received frames, we obtain the information of transmitter
MAC-address, RSSI at the received AP and sequence number of the frame, which are used as input to
our distributed aggregation model. Hence, each programmable node entity maintains a local CQM
representing the locally perceived network state, which can be used by various management functions
in the COHERENT architecture.
5.2.2.1 Algorithm description
Preliminary investigations of the data indicate that probabilistic aggregation can be performed by
modelling a random RSSI having a known distribution and then estimating its parameters using sample
moments. We are currently investigating the feasibility of the following approach using data from realworld deployments.
In each programmable node entity, for each link it observes, counters 𝑐𝑖 𝑘 (e.g. sum) of the observed
RSSI and additionally also the PDR, are measured over a pre-defined observation interval indexed by
𝑖 and link indexed by 𝑘. The length of the observation interval should be appropriate for the rate at
which the link is varying and the latency requirement of the application at the controller. Our
requirements and observations indicate that a time scale of seconds or milliseconds is appropriate
depending on the network traffic conditions. In our initial experiments on the data at hand the time scale
varies between 1-10 s. Given the updated counters, the aim is to estimate the model 𝑝𝑖 for RSSI and
PDR, respectively, for the purpose of expressing the link performance in terms of a joint probability
model 𝜉𝑖 based on the percentiles derived from the cumulative distribution functions (CDF) 𝐹𝑅𝑆𝑆𝐼 and
𝐹𝑃𝐷𝑅 . In general, the CDF provides the probability of making an observation below a certain value,
𝑃(𝑋 ≤ 𝑥). Hence, it is possible to assess the probability (or risk) to observe RSSI and PDR indications
below tolerable levels. Given the complementary information properties of RSSI and PDR, we believe
that the link performance can be expressed as a joint probabilistic model 𝜉𝑖 based on the product of both
percentiles - see Section 5.2.2.2 for further details.
For both RSSI and PDR the following algorithm per estimator is carried out:
1. Upon reception of a frame from a transmitter within observation interval 𝑖: update counters
with the new observation 𝑥𝑖 𝑘 and update the number of samples 𝑛𝑖 = 𝑛𝑖 + 1
2. At the end of time interval 𝑖 , update and store model parameters 𝑝𝑖 based on maintained
counters; reset counters for next observation interval 𝑖 + 1.
3. Compute percentiles 𝐹𝑅𝑆𝑆𝐼 (𝑝𝑖𝑅𝑆𝑆𝐼 ) and 𝐹𝑃𝐷𝑅 (𝑝𝑖𝑃𝐷𝑅 ), respectively.
4. Compute 𝜉𝑖 based on 𝐹𝑅𝑆𝑆𝐼 and 𝐹𝑃𝐷𝑅
The above outlines a generic framework in which specific parameter estimation approaches can be
plugged depending on the properties of the data and the computational capabilities of the node entities.
5.2.2.2

Network graphs and abstraction aspects

5.2.2.2.1 Measurements
Vlavianos et al. [141] do a detailed study of the appropriate metric to use for link quality and describe
the conditions under which each is useful. They examine the correlation of each metric to the
transmission rate used in 802.11a and 802.11g WiFi measurements. They demonstrate that RSSI, while
being the easiest metric to measure, does not capture the effects of interference in the network since
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RSSI is available only for successfully received frames. The PDR, although a good estimate is specific
to the size of the frame and rate of transmission, both of which vary in the network. Recognizing the
strengths and limitations of each metric our idea is to combine them in an efficient manner for an
accurate CQM.
The measurements currently investigated for representing a CQM for WiFi networks are RSSI and PDR
(based on monitoring the frame sequence number per link) which are observed at the MAC layer.
Within each observation interval 𝑖 the measurements are stored upon decoding of received frames. The
approach can be used within the current standards for wireless technologies. The data under
investigation have been collected in a testbed with 802.11g programmable node entities. Measurements
and updates of parameter estimates after each observation interval 𝑖 is carried out locally in each
programmable node entity.

5.2.2.2.2 Abstraction metrics
The probabilistic monitoring function will provide input to the CQM (or rather SSM) in terms of
parameter estimates that represent the learned model in a compact form. The possible output includes:
-

Joint probability model metric 𝜉𝑖
Descriptive statistics, such as sample mean and variance of the metrics used (RSSI and PDR in
our case)
Reports on performance changes (e.g. degradations)

In general, estimating the parameters of known distributions enables more advanced analysis of the link
performance compared to keeping track of the average or an exponentially weighted moving average
(EWMA). Once the estimated models have been acquired for both the RSSI and PDR, it is possible to
1) derive descriptive statistics, such as sample mean and variance; and 2) assess the link performance
by studying the (empirical) CDF or probability mass function (PMF) at various percentiles.
In the case of the RSSI model, the second option can be used to create a probabilistic threshold or metric
that reflects the tolerable risk 𝜑𝑅𝑆𝑆𝐼 of having a signal strength that is persistently below a certain RSSI
value. The properties of the (empirical) CDF allow for creating a signal strength degradation detector given an RSSI-value 𝑟 (e.g. 𝑟 = −85 dBm), the 𝐹𝑅𝑆𝑆𝐼 (𝑟; 𝑝𝑖 ) and 0 < 𝜑𝑅𝑆𝑆𝐼 < 1 (e.g. 𝜑𝑅𝑆𝑆𝐼 = 0.1),
the risk of having signal strength degradation can be tested relative to the condition 𝜑𝑅𝑆𝑆𝐼 <
𝐹𝑅𝑆𝑆𝐼 (𝑟; 𝑝𝑖 ).
In the case of the PDR model, the probability mass corresponds to the 𝐹𝑃𝐷𝑅 (𝑝𝑖 ), representing the
probability of successfully receiving a packet. In a similar way as in the RSSI case, a threshold on the
tolerable packet loss on a link can be defined as 0 < 𝜑𝑃𝐷𝑅 < 1, with a corresponding detector defined
as 𝜑𝑃𝐷𝑅 < 1 − 𝐹𝑃𝐷𝑅 .
Neither the RSSI nor the PDR models provide sufficient information about the link quality alone, but
can be combined to a single probabilistic metric based on the joint probability 𝜉defined as:
𝜉𝑖 = (1 − 𝐹𝑅𝑆𝑆𝐼 (𝑟; 𝑝𝑖 ))𝐹𝑃𝐷𝑅 (𝑝𝑖 ),
where the total probability of observing RSSIs above a certain threshold and a certain packet delivery
ratio is computed. Here, 𝜉𝑖 = 1 corresponds to a perfect link. The combination allows for detecting
when the overall link performance is degrading. By studying the individual RSSI and PDR percentiles,
the main contribution to the link performance degradation can be identified. For example, a low 𝜉𝑖 may
be caused by a weak RSSI (and thereby also low PDR) indicating failure or misconfigured equipment,
or just a link with low signal. In other cases, a low 𝜉𝑖 may be influenced mainly by low PDR due to e.g.
interference or congestion while the RSSI remains high.
Estimation approach: In the ideal case, the RSSI and PDR can be modelled by estimating parametric
distributions given that the data can be fitted to known density functions. In general, parametric
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modelling is more information effective compared to non-parametric models, in the sense of a better
capture of the underlying statistical behaviour which can be used for optimization and prediction
purposes. Empirical observations of the datasets indicate that RSSI measurements in each observation
interval could be modelled in terms of normal distribution (in combination with adequate continuity
corrections since the data points are discrete) for larger time scales (e.g. 20s), but further analysis is
required to confirm this, specifically for smaller time scales at which the function will operate.
Moreover, observations reported in the literature do not provide conclusive results regarding the RSSI
distribution [149]. Additionally, both RSSI and PDR are discrete valued which further limits the use of
continuous parametric distributions. Hence, we will employ a non-parametric modelling approach that
does not require assumptions about the underlying generating process of the measurements and that can
be applied to discrete values, in order to estimate the percentiles directly.
To compute the percentile for the RSSI measurements at a given tolerance RSSI level r, we estimate
the RSSI percentile 𝑃(𝑋 ≤ 𝑟) = 𝐹𝑅𝑆𝑆𝐼 (𝑟) = ∑𝑖 𝜁𝑖 /𝑛 as the ratio of observations less than 𝑟 and where
𝜁𝑖 is an indicator variable and 𝑛 is the number of samples in a time window:
𝜁𝑖 = {

1,
0,

𝑥≤𝑟
𝑥>𝑟

Further, the PDR is per definition the ratio between the number of received and sent packets [141],
meaning that we estimate 𝑃(𝑋 = 1) = 𝐹𝑃𝐷𝑅 = ∑ 𝑥 /𝑛 where 𝑥 is derived from the difference between
observed packet sequence numbers.
The number of data points in each time window may vary from very few to many which influence the
estimates in each interval. Moreover, the observed links are relatively noisy which leads to large
variations in the measurements. In order to obtain “smoother” estimates that also provide more reliable
results when the number of samples is small in a time window, we estimate the percentiles by the use
of Bayesian estimators such that a current estimate is a weighted combination of the current and prior
parameter estimates. We assume that the observations for 𝜁 for RSSI and 𝑥 for PDR, respectively,
follow a Bernoulli distribution with parameter 𝐹𝑅𝑆𝑆𝐼 and 𝐹𝑃𝐷𝑅 , respectively, and that the Bernoulli
parameters 𝐹𝑅𝑆𝑆𝐼 and 𝐹𝑃𝐷𝑅 also follow a distribution (a prior). Based on using the Beta distribution as
a prior over the Bernoulli parameters, the Bayesian percentile estimates in both cases correspond to:
𝜈𝑖−1 𝐹𝑖−1 + 𝑛𝑥̅
𝐸[𝐹𝑖 ] =
𝜈𝑖−1 + 𝑛
where is 𝜐 can be considered as weight influencing the importance of recent data - over time the effect
is that older estimates decay exponentially, similarly to an EWMA. The 𝐸[𝐹𝑖 ] can then be plugged into
the expression for the link performance model 𝜉𝑖 .

5.2.2.2.3 Implementation of the network graph
Our approach emphasizes distributed methods. The parameters for link performance (𝜉𝑖 ) are estimated
locally at each programmable node entity and communicated to the controller as required by the
application either on request or based on triggers. Given the decentralized control architecture and the
monitoring components as described in D2.2 [140] we see that the monitoring approach can be split
into three components operating at different levels of the architecture in order to achieve resourceefficiency and timeliness.
As shown in Figure 5-7, the parameter estimation based on the RSSI and PDR measurement counters
is carried out locally in each node entity (or station). The obtained parameter estimates can then be used
for deriving probabilistic link quality metrics and for detection of changes in the link quality. If the
computational capacity of the node entity allows it, the processing of the parameter estimates can take
place directly on the node and reported upon request or when a change (e.g. degradation) has been
detected, meaning that a node-local CQM is maintained. Alternatively, the parameter estimates can be
pushed to a dedicated node entity handling the CQM for further processing at regular intervals. The
CQM is in most cases assumed to be maintained by relevant functions residing in a controller. The
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entries a CQM hold the estimates and the probabilistic metric of the observed RSSI and PDR per
receiver-transmitter pair (identified by the MAC addresses). Additional descriptive statistics such as
moments, sample mean and variance may be stored as well. Functionality for maintaining the CQM
and using the information for various management and controller actions (e.g. migration of a station to
another access point) may include additional processing for computing the probabilistic metrics in the
case this is not done locally in the nodes. Finally, CQMs may be merged for representing the link quality
over several regions in terms of a centralized network view [140].

Figure 5-7 A conceptual overview of monitoring functions (MFs) implementing local aggregation
and probabilistic modelling inside APs

5.2.3

Evaluation

5.2.3.1 Evaluation methodology
Our evaluation so far is based on qualitative analysis of real world data collected from an enterprise
WiFi network. We have defined a metric 𝜉𝑖 that incorporates quantile RSSI obtained by using a
threshold on the RSSI CDF, and PDR obtained from sequence numbers. The metric 𝜉𝑖 is a probabilistic
estimate of the link quality with 𝜉𝑖 = 1 indicating a perfect link. A threshold on 𝜉𝑖 is used to identify
link degradation.
5.2.3.2

Results
Figure 5-8, Figure 5-9, and Figure 5-10 depict, respectively, the plots of Bayesian estimated time series
𝜉, (1 − 𝐹𝑅𝑆𝑆𝐼 ) and 𝐹𝑃𝐷𝑅 . The quantile RSSI plot is obtained by choosing an RSSI threshold 𝑟 that,
given a data rate and no interference, results in high PDR on the link. The threshold value is based on
the theoretical relationship between SNR and BER extended to a relationship between RSSI and PDR
for a known frame size and data rate. This RSSI threshold does not account for interference which is
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motivation for including sample PDR to capture interference. Our demonstrative choice of -86 dBm
should be adjusted for each WiFi supported data rate. Looking at Figure 5-9 we see that the quantile
RSSI drops low a little before 2000 s in the time series. This degradation in link is accompanied by a
drop in the PDR metric as well. Looking at Figure 5-10 we see another degradation in the link after
around 3000 s. Notice that this drop in PDR is not accompanied by a drop in the quantile RSSI metric.
This is likely a scenario where the RSSI of the link is high, but interference causes PDR to drop. The
combined metric 𝜉 reacts to both degradation in RSSI and in PDR and provides a single metric that can
be used to monitor link quality. A suggested threshold probability for a good link (good being defined
by the combined metric) is indicated by the red horizontal line on the plot. This can be used to trigger
management or control actions when the link degrades below this threshold.

Figure 5-8 Plot of ξ_i as a time series over a sample link, with window size of 10 s. The black
overlay curve on each plot is the smoothed Bayesian estimation of the metric in the background.
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Figure 5-9 Plot of quantile RSSI as a time series over a sample link, with window size of 10 s. The
black overlay curve on each plot is the smoothed Bayesian estimation of the metric in the
background.

Figure 5-10 Plot of FPDR as a time series over a sample link, with window size of 10 s. The black
overlay curve on each plot is the smoothed Bayesian estimation of the metric in the background.
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5.2.4

Final discussion and summary

The work throughout the COHERENT project is focused on probabilistic modelling and encompasses
to understand: the statistical properties of various channel quality indicators obtained from a WiFi
testbed as well as identification and analysis of other available metrics that can be used to represent the
network state in a CQM; how to observe and aggregate the measurements in a resource-efficient and
scalable manner; architectural aspects of such a distributed modelling mechanism; and, evaluation of
the proposed mechanism.
Next, we will continue to investigate the performance of the outlined algorithm and obtain quantitative
analysis based on further measurements in the WiFi-testbed in combination with developing an adaptive
measurement mechanism. We see that an adaptive measurement mechanism is necessary for
autonomously performing active measurement with varying intensity when the traffic on a link under
observation is too sparse per time interval to provide a reliable channel quality estimate. Evaluation
results are planned to be reported in D3.2.
We also plan to improve our current link quality indicator 𝜉, by extending PDR with bit error rate (BER)
or other equivalent metrics. PDR is dependent on the size of frames and rate of transmission over the
link. BER would be a more generic metric that can be used to estimate throughput on a link for a known
frame size and rate.

5.3
5.3.1

Distributed antenna system/massive MIMO
Problem description

With decreasing cell sizes at high-density traffic hotspots, the number of cell-edge areas increases
dramatically. As the users move throughout hot-spot areas covered by multiple base stations, they will
be always located at cell-edge at some moments and experience performance degradation due to high
interference. Mobile operators are looking for efficient densification techniques while the users are
looking for consistent service in hot spot areas.

Figure 5-11 Possible DAS setup in a stadium
5.3.2

Modelling

The problem is addressed in the project by using Massive or very-large MIMO eventually combined
with distributed antenna system or base station coordination (e.g. CoMP and interference alignment
techniques). Massive MIMO contributes to interference elimination and thus will provide a significant
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improvement to cell-edge users’ throughput, contributing to their consistent mobile experience. For
mobile operators, it will allow a more intense reuse of the spectrum in dense areas and so increasing
cell spectral efficiency and improving cell coverage. Furthermore, the combination of small cells with
Massive MIMO presents new opportunities to reduce energy consumption and associated energy costs.
Massive MIMO is considered among the key enablers to achieve the challenging 5G requirements.

Figure 5-12 Collocated antenna cell and distributed antenna cell
This potential technology will be investigated, modelled theoretically and simulated for the possible
distributed antenna system (DAS) scenarios. The necessary parameters for the network graph w.r.t.
DAS will be abstracted as well. The description below is a summarization of the work accomplished so
far, which comprises a detailed literature review and initial findings on modelling of DAS.
Figure 5-11 describes a possible DAS setup in a stadium, where the density of users is quite large. In
this setup the coverage of each remote radio head (RRH) is made quite small by transmitting very small
amount of power, thereby eliminating interference, to accommodate many RRHs for serving the high
density of users. The DAS can be setup in different ways like cooperative RRHs and dynamic
clustering.
DAS promises to deliver viable solutions for the future wireless challenges using multiple RRHs in a
distributed architecture, thereby supporting rapid frequency re-use, decreasing the interference and
increased coverage. DAS architecture consists of Multiple RRH’s connected to a centralized base
station via an optical fiber network. By combining multiple base stations (BSs) into a server we increase
demand for resource control. It has to cope not only with processing latency in servers but also with
latency and throughput on fronthaul interface [95]. A fronthaul link, an interface between RRH and
base band unit (BBU), is a new element that does not exist in a traditional base station. The fronthaul
connection is usually served by common public radio interface (CPRI) or open base station architecture
initiative (OBSAI) protocol. The fronthaul link capacity requirement highly depends on the functional
split between RRH and BBU. For example, it requests approximate 1 Gbps fronthaul capacity in order
to fully transport all air-interface raw data samples for a single UE with 75 Mbps peak rate over the
uplink. This gap between the air-interface user throughput and fronthaul capacity can be highly reduced
if more functions are employed at the RRH side; for example, applying the FFT operation at the RRH
side can almost half the data rate. Besides the challenge of the capacity, the timing constraint due to
LTE HARQ processing is stringent when we consider the fronthaul link. That is because we also take
the latency due to the round-trip fronthaul transmission delay into account. A suggested value of the
one-way fronthaul transmission latency shall be less than 250 s (NGMN, 2015), so in the worst case,
the available processing time is reduced by 500 s due to the round-trip transportation between RRH
and BBU.
In DAS setting, a single RAN engine simultaneously operates multiple RRHs. This is similar to classical
MIMO system except that geographically distributed RRHs (Figure 5-12) give an additional degree of
freedom, usually referred to as macro diversity. In DAS setting we are interested whether to use linear
diversity pre-coding or a simple transmit antenna selection (TAS). A linear pre-coding is a fashionable
way to tap into diversity. However, in a DAS the antennas are located far away from each other. User
has significant path loss difference towards different antennas and it is preferable to direct all the
transmission power to the strongest RRH only. As a natural extension of TAS, we also consider spaceH2020 5G-PPP COHERENT Deliverable 3.1
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division-multiplexing (SDM) where as many users as RRHs are simultaneously scheduled. In SDM,
each RRH serves one user. In a typical DAS, the RRHs have minimal intelligence of their own;
essentially they are an extension of the base station antenna ports.
Previous work with single antenna RRHs has established the benefits of DAS for improving indoor
coverage [96, 97], reducing outage in the downlink [98, 99], reducing outage in the uplink [100], and
increasing capacity [101]. DAS works with different multiple access technologies [102, 103]. The
application of multiple user MIMO to DAS has received less attention. Simulation results in [104] for
several different transmission techniques, incorporating realistic channel parameters and interference,
show that orthogonal transmission between RRUs is preferred in some cases. Results in [105] show
that multiuser MIMO DAS outperforms selecting the best user in the presence of out-of-cell
interference. While the results in [106] consider scheduling, only three single antenna RRHs are
considered and expressions for ergodic rates are not provided. The RRHs may have a single antenna or
multiple antennas while the subscriber has a single receive antenna.
The current work mainly focuses on the details of implementation of LTE PHY on a TI (Texas
instruments) DSP and the corresponding processing blocks that need to be adapted to support the
functionality of DAS. Effort has been made to implement a commercial LTE system on DSP and ARM
boards. The LTE PHY layer is ported on a commercial TI DSP which gives flexibility to modify or
enhance the functionalities towards DAS.

Figure 5-13 DLSCH transmitter processing chain adaptation for DAS [107]
Figure 5-13 represents a PHY level, DAS architecture with centralized processing unit, where the PHY
level processing for all the UEs are done, replacing the ubiquitous base stations or cellular architecture,
connected to many RRHs’. In [107] without loss of generality LTE downlink shared channel processing
for transmission has been taken as a use case to analyze realistically the necessary adaptations required
for DLSCH processing blocks to incorporate it in the DAS. This analysis is quite valid and can easily
be extended for all downlink and uplink channels. For the LTE downlink shared channel processing
chain, a case with 2 TBs per UE per subframe is assumed. After all the TBs received by the PHY, it
starts per user and per TB related processing at bit level like CRC, code block segmentation, Turbo
coding, rate matching and code block concatenation, it is forwarded to modulation symbol level
processing which includes scrambling with a pseudo random sequence and modulation mapper. The
generated modulation symbols for that user, i.e., the symbols from all the TBs pertaining to that UE are
passed through layer mapping and MIMO precoding blocks. In the LTE specification, after the MIMO
precoding the symbols are mapped into the allocated resource elements depending on the resource
allocation type and number of RBs and the OFDM signal is generated. But in the DAS, the outputs of
the MIMO precoder for all the UEs allocated in that subframe could be further processed by DAS
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Engine block. It is obvious that one can also incorporate the MIMO precoding block into the DAS
Engine itself, but to make clear the adaptations w.r.t. the existing LTE standard the MIMO precoder
and DAS precoder are shown separately.

Figure 5-14 Hardware implementation blocks [107]
As described in Figure 5-14, the PHY layer processing blocks were ported onto the DSP, which
communicate with Protocol stack, running on an ARM board via Gigabit Ethernet. The Antenna
Interface component on the DSP receives the IQ samples from the DSP and converts them into CPRI
frames that facilitate the transfer of baseband signal to the RRHs via optical cables. Protocol stack will
communicate with EPC, running on a Linux PC. Although DSP is capable of processing for many users,
without loss of generality, as a first step we have selected a use case with only 2 UEs per subframe with
2 RRHs. Implementation of the processing blocks on a DSP gives us high level of flexibility to analyze,
modify, append new features and measurements. Real-time tracing and debugging on CCS, a TI
proprietary debugger provides immense opportunities to fine tune or even select the correct set of
precoding vectors in real-time. The current LTE setup can communicate with commercial LTE UEs.
Depending on the precoding techniques used within the DAS precoder, a commercial UE can be used
to communicate if no further processing on the UE is required. In case of further processing on the UE
is required, we employ a Keysight MXA LTE analyzer to capture IQ samples, which can be decoded
offline using MATLAB.
5.3.3

Measurement setup

In Figure 5-15, on the left side the LTE eNodeB testbed in a microTCA chassis is depicted and on the
right side Keysight’s MXA LTE signal analyzer is used for measuring the quality of the signal received.
The microTCA chassis contains the TI DSP board and RRH board apart from the microTCA controller
card. The PHY layer processing blocks are ported onto the DSP. The DSP communicates with protocol
stack, which is running on an ARM board, via Gigabit Ethernet. The antenna interface (AIF2), a
hardware accelerator on the DSP receives the time-domain IQ samples from the DSP and converts them
into CPRI frames that facilitate the transfer of baseband signal to the RRHs via optical cables. Protocol
stack communicates with evolved packet core (EPC), running on a Linux PC.
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Figure 5-15 Measurement setup
5.3.4

Results

Keysight’s VSA software running on MXA signal analyzer is capable of real-time capturing and
decoding of time domain LTE signals over the air. The VSA software can show very useful information
like IQ constellation plots, channel equalization, spectrum, LTE channel decoding, error vector
magnitude (EVM) for each LTE channel etc., that are quite useful for validating and analyzing. The
implemented DAS technique is called “antenna selection”. For the measurements, 2 transmit antennas
at eNodeB, 2 UEs with SISO transmission, QPSK and overlapping resource allocation for both the UEs
(RBs 0 to 7) are considered with different radio network temporary identifier (RNTI) for the UEs having
been configured. Therefore, 2 Tx antennas are serving 2 different UEs. Different measurement trials
[107] have been done, in a closed room, by altering the distance between the two transmit antennas and
observing the quality of decoded signals i.e. EVM on the LTE analyzer.
In the first trial as shown in Figure 5-16, single transmit antenna case is considered for reference. EVM
measured was 6.5% at a receive power of -69.2 dBm.

Figure 5-16 Constellation and EVM - Single transmit antenna case
In the second trial as shown in Figure 5-17, the second antenna is also activated. The two antennas are
separated by about 300 cm from each other. The measured EVM is about 11.5%, which is still
acceptable for decoding the QPSK modulation.

Figure 5-17 Constellation and EVM – Two antennas separated by 300 cm
In the last trial as shown in Figure 5-18, the two antennas are separated by about 200 cm from each
other. The measured EVM is about 30.5%. Here the performance is severely degraded.
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Figure 5-18 Constellation and EVM – Two antennas separated by 200 cm
It is evident from the trials that, the transmit antenna selection is dependent on the separation distance
between the two antennas and with enough separation distance antenna selection technique can be
deployed in DAS.
5.3.5

Usage of abstraction

In the COHERENT architecture, the eNodeBs are connected to the COHERENT controller for
transmitting and receiving necessary information in the format of abstracted network graphs. The
abstracted network graphs basically describe all the participating nodes in that network. The edge of
these graphs defines the key parameters pertaining to the interconnecting nodes. In the DAS deployment
with antenna selection technique, CQI and SINR per RB allocated are some of the useful parameters
from the physical layer perspective for construction of network graphs.

5.4

Coordinated multipoint transmission

Coordinated multi-point transmission and reception (CoMP) has been identified as a promising
technology to improve cell-edge user performance and cell coverage in 3GPP LTE-Advanced (LTE-A)
system. The focus of the current work is on investigating the downlink CoMP transmission schemes
mainly considered in the literature: joint processing and coordinated scheduling and beamforming. In
Figure 5-19, (a) represents the joint transmission (JT), (b) represents dynamic cell selection (DCS), and
(c) represents coordinated beamforming. RRE means radio resource element. These techniques are
described in this section. For this technology, necessary parameters to be abstracted for network graph
would be investigated. In the CoMP transmission the related control channels, including the physical
downlink control channel (PDCCH), are transmitted only from the serving cell regardless of the
transmission scheme [109]. It is targeted to apply the abstraction of network graphs in future deliverable
D3.2 of COHERENT project.

Figure 5-19 CoMP downlink transmission schemes [108]
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5.4.1

Joint processing

Joint processing is further categorized into joint transmission (JT) and dynamic cell selection (DCS).
In JT the same resource block (RB) of the PDSCH is transmitted from multiple cells associated with a
UE – specific demodulation reference signal (US-RS) among coordinated cells (i.e., from non-serving
cells as well as the serving cell). In DCS an RB of the PDSCH associated with a UE specific reference
signals, is transmitted from one cell among the coordinated cells, and the cell transmitting the PDSCH
with the minimum path loss is dynamically selected through the fast scheduling at the central BS.
5.4.2

Coordinated scheduling and beamforming

In a coordinated scheduling and beamforming (CS, CB) approach, an RB of the PDSCH is transmitted
only from the serving cell together with the PDCCH. Hence, an RB is assigned to the UE with CS/CB
by scheduling of the serving cell. However, scheduling and beamforming is coordinated among
multiple coordinated cells. In this case transmit beamforming weights for each UE set are generated to
reduce the unnecessary interference to other UE scheduled within the coordinated cells. Therefore, in
particular the cell-edge user throughput can be improved due to increase in received SINR.

5.5
5.5.1

Dynamic inter-node OOB interference modelling
Inter-system interference characterization

The inter-system interference depends significantly on the modulation techniques used in both systems.
As it is foreseen that the 5G system will be based on some multicarrier PHY we will focus on such a
scenario, i.e., interference caused by this system to another system and interference caused by another
system to this system. Some results on the interference between LTE (OFDM-based) and UMTS and
GSM can be found in (ETSI TR 1 [208]) and (ETSI TR 2 [209]).
Standards give some requirements on transmitted signal spectrum shape and requirements on the
interference rejection capabilities at the receiver, e.g., in ETSI TR 4 [210] and ETSI TR 4 [211]. In
ETSI TR 4 chapter 6.6, the requirements on the LTE BS TX are defined that help to limit interference
power at other systems adjacent in frequency. The low Out-of-Band (OOB) radiation power can be
obtained first by limiting the occupied bandwidth. Bandwidth of the system is defined as a continuous
frequency range where at least 99% of the total transmit power is emitted. The bandwidth is limited in
the standard. Secondly, adjacent channel leakage ratio (ACLR) is limited. It is defined as a ratio of
power transmitted in a given channel to the power transmitted in the adjacent (in frequency) channel.
Importantly, in Section 6.6.2.1-1, the in-band power is calculated over “channel bandwidth” and OOB
radiation is calculated over “transmission bandwidth. As defined in Table 5.6-1 for channel bandwidths
1.4, 3, 5, 10, 15, 20 MHz the transmission bandwidths are 1.08, 2.7, 4.5, 9, 13.5, 18 MHz. In all the
cases the minimum required ACLR equals 45 dB. Additionally, absolute limit on the power leaking
into adjacent channel is stated, e.g., -32 dBm/MHz for Local Area BS and -50 dBm/MHz for Home BS.
Additional unwanted emission limits dependent on the Base Station type and transmission band are
given in Section 6.6.3 using dBm measured using a given filter bandwidth, e.g. 100 kHz. It is defined
like a spectrum emission mask, i.e., requirement changes with the frequency offset from the occupied
bandwidth. It is defined for the frequency range spanning 10 MHz lower or higher than the channel
bandwidth. For all frequencies outside this range but within a band 9 kHz-12.75 GHz “spurious
emission” limits are defined in Section 6.6.4. Maximum (over frequency) transmitted power (dBm)
averaged in time is defined using a given measurement filter bandwidth, e.g. 1 kHz, 1 MHz. In the same
section, additionally, some extra limits are stated for some specific frequency ranges, e.g., occupied by
GSM900, or UL band for FDD BS operation in Section 6.6.4.2.1.
From the perspective of receiver standardisation “Dynamic range” limits (defined in Section 7.3 of in
ETSI TR 4) are interesting. This is a measure of capability of a considered system to operate (achieving
at least 95% of the maximum throughput) under interference (modelled as a white noise) present in the
same channel. Similarly as previously, the interference or noise power is defined over transmission
bandwidth. As an example, for the Local Area BS and 5MHz channel bandwidth, the receiver has to
operate for wanted signal power equal to -62.2 dBm and interference signal power equal to -74.5 dBm
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assuming Fixed Reference Channel A2-3. Simple calculations show that the receiver should work for
an SIR equal or higher than 12.3 dB.
In Section 7.4 requirements on “In-channel selectivity” are defined. In this case it is assumed that two
E-UTRA signals (from 2 UEs) are received in adjacent RBs (non-overlapping). Both signals are
assumed to be time-synchronized and the BS has to be able to receive a weaker one achieving at least
95% of the maximal throughput. For Local Area BS the signal of -92 dBm (over 15 RBs) should be
successfully received for the interference of -73 dB (over 10 RBs), i.e., power of a single RB of an
interferer is 20.76 dB higher than the victim RB power.
While the “In-channel selectivity” deals with signals transmitted on separate spectrum resources but
received within the BS RX bandwidth, the “Narrowband blocking” and Adjacent Channel Selectivity
(ACS) defined in Section 7.5 specify robustness to the interfering signal transmitted outside of the BS
RX channel bandwidth. Narrowband interference is an E-UTRA signal utilizing only a single RB. It is
assumed that the wanted signal is a few dB stronger, e.g., 6 for Local Area BS and 5 MHz channel, than
the sensitivity level (defined in Section 7.2). In this case Narrowband interference of -41 dBm has to
be acceptable while -44 dBm in the case of interference from fully utilized E-UTRA transmission.
For the E-UTRA interfering signals being more distant in the frequency (e.g. up to 20 MHz from the
wanted channel edge) the “Blocking” requirements are defined. For the interfering signals more distant
in the frequency blocking requirements are defined assuming Continuous Wave interfering signal.
The last parameter that is worth to be mentioned is “receiver intermodulation”. In the case of two or
more signals being transmitted nearby, some nonlinear operations can be observed in the BS frontend
causing high effective interference power. According to Table 7.8.1-2 it is assumed that in the band
adjacent to the wanted E-UTRA transmission two interfering signals are transmitted, i.e., CW and
another E-UTRA signal. The frequency separation is chosen in such a way that intermodulation product
falls within interfered E-UTRA band. The protection mechanisms in the UE are similar as the one
presented for BS, as such not shown.
It is important to mention that the above presented specification aims at reducing effective interference
between different transmitters and receivers. These values have been derived by means of calculations,
simulations, or measurements as shown e.g. in ETSI TR 1. In general, as shown in Figure 5-20 below,
the effective interference is dependent on the characteristics of the TX and RX nodes. The TX (System
A) transmits some signal utilizing a given band with a given spectrum shape. While keeping the given
in-band spectrum characteristic (e.g. power), the OOB radiation power (measured sometimes using
ACLR) is decreased in order to decrease effective interference power at system B RX.
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Figure 5-20 TX and RX characteristic influence on the effective interference
However, for very low OOB radiation power the dominating factor causing effective interference is
limited selectivity of System B receiver (shown as an ACS and filter characteristic in the middle of
Figure 5-20). The combination of TX (ACLR) and RX (ACS) characteristics is typically described by
means of Adjacent Channel Interference Ratio (ACIR). ACIR can be defined as a ratio of mean
interference power at the victim RX antenna port (total power in the first plot in Figure 5-20) to the
effective interference power degrading transmission (assumed 0th in-band attenuation of useful signalaggregated power in the bottom of Figure 5-20).
The existing standards (as shown above) have static requirements on ACLR/ACS. However, as the
number of systems operating in adjacent bands increases (as well as the number of a given system
configurations), it is foreseen that a more dynamic approach to interference modelling and protection
is required.

5.5.2

Influence of PHY modulation techniques on inter-node interference

Most of the recently introduced wireless communications systems are based on OFDM modulation,
e.g., IEEE 802.11n, and LTE. It is foreseen that a 5G system will be based on some multicarrier
modulation scheme as well, e.g. OFDM or filter bank multicarrier (FBMC) [84].
There are different sources of inter-node interference in multicarrier PHY-based systems. If different
nodes utilize the same frequency resources in the same time the interference will be dependent mostly
on the transmission power and pathloss (there is no Code Division Multiple Access like in UMTS).
However, if both nodes use different time or frequency resources, interference can be significantly
reduced.
In the case of OFDM the dominating source of inter-node interference is a rectangular pulse shape used.
Theoretically, if both systems use OFDM modulation all nodes can be frequency and time
synchronized. While accurate (small fraction of OFDM subcarrier spacing, i.e., 15 kHz in LTE)
frequency synchronization is required, cyclic prefix allows tempering time synchronization
requirements. If all users utilize different time and frequency resources, all transmitted signals are
orthogonal causing no inter-node interference. In practice different nodes can have synchronized local
oscillators (thanks to GPS reference clock) but some carrier frequency offset will occur because of the
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Doppler Effect. Moreover, propagation time delay between different nodes can violate the orthogonality
between different subcarriers. As such, in the case of limited coordination between nodes, inter-node
interference can occur. In the worst case, the power of interference decreases with squared frequency
distance between utilized subcarriers. It is caused by sinc-shaped frequency response of a single
subcarrier. However, many signal processing algorithms have been designed in order to reduce OOB
radiation of OFDM [84].
In the case of FBMC transmission the time domain impulse is not rectangular. It is designed in order to
be “well localized” in time and frequency domain. Although in the case of perfect synchronization
pulses on different subcarriers are not orthogonal (differently from OFDM), interference is negligible.
Importantly, FBMC pulses have lower side lobes power than frequency domain response of a single
OFDM subcarrier. As such if the nodes are not accurately synchronized in time or frequency,
significantly lower interference power is expected. Exact values depend on a chosen prototype filter. It
is foreseen that FBMC-based systems can operate without time coordination (asynchronously) in
adjacent frequency bands without increasing interference power (in comparison to synchronous
transmission).
The other sources of inter-node interference are distortions caused by analogue frontends in TX and
RX side. The most common problem is nonlinear distortion in power amplifiers. Both OFDM and
FBMC have high transmitted signal amplitude variations. While such a system passes through real
front-end, clipping of the strongest samples can occur. In the frequency domain it results in an increased
OOB radiation power (TX side) and intermodulation products of interference signal falling into wanted
signal band (RX side). However, there are different techniques to decrease the influence of this problem,
e.g., front-end predistortion, Peak-to-Average Power Ratio reduction, and Input Back-Off increase. As
shown in [84], in the presence of nonlinear front-end and high energy efficiency requirement (low IBO
value) both OFDM and FBMC provide similar ACIR values. The other analog front-end-originating
distortions can be, e.g. IQ imbalance or local oscillator leakage.
It is foreseen that based on a given modulation scheme parameters and front-end model the expected
ACIR value can be calculated before the transmission and used e.g. for resource allocation.
5.5.3

Proposed solution and results

It is shown above that there are many different constraints provided in standards in order to limit
interference between different nodes utilizing different frequency resources. However, as the number
of different wireless systems used in a given band increases (considering dynamic spectrum utilization)
and the number of possible configurations of a given standard increases, the protection of all systems
from interference becomes harder. On the other hand, standards should be designed in order to protect
different devices from harmful interference in the worst case scenario. As such, even in the absence of
this “worst case” scenario, wireless devices have to significantly limit OOB radiation (TX) or increase
receiver selectivity (RX) sacrificing some resources, e.g. throughput, power, computational power,
time.
Two interesting solutions to dynamic inter-node interference modelling has been presented [109, 110].
In [109], it has been shown that Spectrum Emission Mask can be calculated dynamically based on the
assumed victim receiver type (ACS known) in order to maximize achievable throughput. It showed that
the achievable throughput is much higher than in the case of static SEM/ACLR requirements (common
in standards). The gain comes from utilizing path loss to the victim receiver. The interference is limited
significantly (limiting throughput too) only when the path loss is relatively low. Additionally, the
proposed method assumes some minimum OOB radiation power (caused e.g. by the power amplifier
nonlinearity) keeping it close to the real frontend transmission.
In [110], the concept of a known ACS is used in order to design spectrum shaping algorithm at the
OFDM transmitter. Such a transmitter maximizes ACIR that is closer to optimality than the typically
used ACLR maximization. The ACIR value can be increased (reducing interference at the victim
receiver) by sacrificing some system resources, i.e., throughput or computational power.
H2020 5G-PPP COHERENT Deliverable 3.1

81

D3.1 First report on Physical and MAC layer modelling and abstraction

Here, an approach to identification of interference coupling between two systems, namely GSM and
LTE operating in adjacent bands is presented. It is foreseen that a mobile network operator want to
deploy 5G/LTE-like network using the same bandwidth as GSM carrier [212]. The migration from
GSM standard may take some time as there are still some users/applications utilizing this standard
deployed. While LTE transmits subcarriers in blocks of 12 called Resource Blocks (RBs), GSM uses a
carrier of 200 kHz bandwidth. As presented in Sections 5.5.1 and 5.5.2, the effective interference
depends both on the RX filter characteristic, i.e., ACS, and TX spectrum shaping, i.e., ACLR/SEM. In
the case of GSM the SEM is defined in [175] and ACS has been calculated in [176]. For the LTE we
assume that the GSM carrier operates in the band of LTE carrier, as such limits put on TX/RX in
standard, presented briefly in Section 5.5.1 are not appropriate. This is a more flexible, yet challenging
scenario, from the perspective of future HetNets. As such, interference observed at a given frequency
can be calculated investigating properties of IDFT and DFT used in the LTE transmitter and the
receiver, respectively. By assuming digital modulator/demodulator implementation and considering the
approach presented in [177], the PSD of n-th subcarrier at pulsation ω in TX is
𝑃𝑆𝐷𝑂𝐹𝐷𝑀−𝑇𝑋 (𝜔, 𝑛) =

1
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where N is size of IDFT used and NCP is number of Cyclic Prefix samples. The magnitude of frequency
response in RX is
2
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The overall interference caused by n-th subcarrier to GSM receiver can be calculated as
𝑃𝑂𝐹𝐷𝑀−𝐺𝑆𝑀 (𝑛) =

𝛼𝑂𝐹𝐷𝑀−𝐺𝑆𝑀
2𝜋

𝜋

∫−𝜋 𝑃𝑆𝐷𝑂𝐹𝐷𝑀−𝑇𝑋 (𝜔, 𝑛) |𝐻𝐺𝑆𝑀−𝑅𝑋 (𝜔)|2 𝑑𝜔,

where 𝛼𝑂𝐹𝐷𝑀−𝐺𝑆𝑀 is a coefficient dependent on pathloss, antenna gains between OFDM TX and GSM
RX, and |𝐻𝐺𝑆𝑀−𝑅𝑋 (𝜔)|2 is magnitude of GSM RX filter based on ACS defined in [176]. The overall
interference power caused to n-th subcarrier by the GSM carrier can be calculated as
𝑃𝐺𝑆𝑀−𝑂𝐹𝐷𝑀 (𝑛) =

𝛼𝐺𝑆𝑀−𝑂𝐹𝐷𝑀
2𝜋

𝜋

∫−𝜋 𝑃𝑆𝐷𝐺𝑆𝑀−𝑇𝑋 (𝜔) |𝐻𝑂𝐹𝐷𝑀−𝑅𝑋 (𝜔, 𝑛)|2 𝑑𝜔,

where 𝛼𝐺𝑆𝑀−𝑂𝐹𝐷𝑀 is a coefficient dependent on pathloss, antenna gains between GSM TX and OFDM
RX, and 𝑃𝑆𝐷𝐺𝑆𝑀−𝑇𝑋 (𝜔) is PSD of GSM carrier (here assumed worst case, i.e. SEM presented in
[175]). In both the above presented cases the interference caused by/to all active subcarriers has to be
added. The respective PSDs or magnitudes of RX filters frequency responses are presented in Figure
5-21. It is assumed GSM carrier occupies RB 0 while LTE uses only RB 3. OFDM has high power
sidelobes both at the TX side (left axis) and RX side (right axis) that dominate the interference coupling
between both systems.
The final metric that can be useful to populate COHERENT network graph can be a pair of ACIR values
presented as a function of RB shift in Figure 5-22. The ACIR of interference caused to GSM RX is
normalized in order to obtain 0 dB ACIR for RB overlapping in frequency. The received interference
power 𝑃𝑖𝑛𝑡𝑒𝑟𝑓−𝐺𝑆𝑀 𝑅𝑋 caused by a given RB can be calculated as
𝑃𝑖𝑛𝑡𝑒𝑟𝑓−𝐺𝑆𝑀 𝑅𝑋 [𝑑𝐵𝑚] = 𝑃𝑂𝐹𝐷𝑀 𝑇𝑋 𝑅𝐵 [𝑑𝐵𝑚] + 𝐺𝑇𝑋 [𝑑𝐵𝑖 ] + 𝐺𝑅𝑋 [𝑑𝐵𝑖 ] − 𝑃𝐿𝑂𝐹𝐷𝑀−𝐺𝑆𝑀 [𝑑𝐵] −
𝐴𝐶𝐼𝑅 [𝑑𝐵],
where 𝑃𝑂𝐹𝐷𝑀 𝑇𝑋 𝑅𝐵 is power transmitted in a single RB at OFDM transmitter, 𝐺𝑇𝑋 and 𝐺𝑅𝑋 are
transmitter and receiver gain, 𝑃𝐿𝑂𝐹𝐷𝑀−𝐺𝑆𝑀 denotes pathloss between OFDM TX and GSM RX and
ACIR is a value taken from Figure 5-22. In the case of interference caused to a given OFDM RB by
GSM TX the above equation can be rewritten as
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𝑃𝑖𝑛𝑡𝑒𝑟𝑓−𝑂𝐹𝐷𝑀 𝑅𝑋 [𝑑𝐵𝑚] = 𝑃𝐺𝑆𝑀 𝑇𝑋 [𝑑𝐵𝑚] + 𝐺𝑇𝑋 [𝑑𝐵𝑖 ] + 𝐺𝑅𝑋 [𝑑𝐵𝑖 ] − 𝑃𝐿𝐺𝑆𝑀−𝑂𝐹𝐷𝑀 [𝑑𝐵] −
𝐴𝐶𝐼𝑅 [𝑑𝐵],
where 𝑃𝑖𝑛𝑡𝑒𝑟𝑓−𝑂𝐹𝐷𝑀 𝑅𝑋 is interference caused to a given RB, 𝑃𝐺𝑆𝑀 𝑇𝑋 is transmit power of GSM carrier,
𝑃𝐿𝐺𝑆𝑀−𝑂𝐹𝐷𝑀 is pathloss between GSM TX and OFDM RX. In this case ACIR equals 0 dB when the
whole received interference power is integrated over whole OFDM band. In the case of a selected RB
overlapping in frequency with GSM carrier (offset equal 0) ACIR equals 1.13 dB. The GSM carrier has
wider bandwidth than a single OFDM RB.
This model characterizes only waveform specific TX/RX. It does not consider nonlinearity distortion
(increasing interference) or some additional filtering applied at TX/RX (decreasing interference) as
these are vendor-specific. In a more general case it is possible that each vendor provides its ACLR/
ACS (recall that 1/ACIR = 1/ACLR + 1/ACS) values that can be used to improve the network graph.
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5.6

Load balancing

Load balancing in a heterogeneous network consists in distributing the load in the network by
associating users to BSs in lightly loaded tiers, such as macro, pico and femto cells, relay BS and D2D
communication pairs. Each tier differs in transmit power, cell size, deployment density, bandwidth,
backhaul, cost, ease-of-deployment and propagation characteristics [111].
Cell association is based on metrics such as maximum RSSI, maximum SINR, maximum achievable
rate, nearest distance and strongest channel gain. In HetNets, such cell association results in unbalanced
load distributions due to different power in BSs and propagation characteristics [113]. To balance the
load of the cells, a bias is added to the metric used for cell selection such that more users can be
associated to a cell, in particular to a low-power BS [113]. This technique is known as cell range
expansion (CRE).
Possible deployments for load balancing are co-channel or out-of-band transmissions. In co-channel
deployments the cells operate in the same frequency band. In out-of-band deployments the cells operate
in at least two frequency bands. One notable example for this last case is the use of licensed and
unlicensed bands.
Load is balanced with the objective of maximizing a metric of the network, such as resource utilization,
fairness, waiting time in queues, or throughput. For this purpose an optimization problem is defined in
terms of maximizing a sum utility of the system, in which, for co-channel deployments, user association
and user scheduling are coupled due to the load and interference in the network. The optimal user
association and scheduling is a complex, NP hard, combinatorial optimization problem. In [114], the
problem is converted to a convex problem by assuming a full buffer model, and relaxing the binary
constraint on one-to-one cell-user association to a real number, allowing users to associate to all the
BSs in the system. The solution gives an upper bound in performance.
Co-channel interference in HetNets is managed by means of intercell interference coordination (ICIC).
In ICIC, time and/or frequency resources are muted for transmission, thus mitigating interference [115].
In the particular case of LTE, the granularity of these resources involves resource blocks in frequency
domain, and sub-frames in time domain [116, 117]. LTE Rel. 10, under the category of enhanced ICIC
(eICIC), defines almost-blank-subframes (ABS), in which signaling remains in the subframe and data
is muted. An example of co-channel interference in UL is the case of macro cell users interfering small
cell BSs. An example for DL is in the case of femto-cells, in which a closed subscribed group (CSG)
policy forbids non-member users to associate to the femto cell. These users are served by the macro
cell, and receive strong interference from the femto cell.
Load balancing has been analysed from different perspectives [112], such as, relaxed optimization
[114], Markov decision processes [118], game theory [119] [120], CRE [117], and stochastic geometry
[113]. According to [112], the factors that should be considered in a comprehensive study of load
balancing include: backhaul bottleneck, mobility, UE capability, asymmetric DL and UL, and D2D
offloading.
5.6.1

Enhanced distributed load balancing

The proposed load balancing approach in [121] is a distributed on-line mechanism capable of
autonomously assigning target load values for each involved node, based on the observed load situation
in its environment. The target load estimates together with the actual loads are used as input to a
mechanism that redistributes and balances load within the network among adjacent nodes. Compared
to previous work [122, 123, 124, 125], the approach proposed dynamically assigns target loads in a
distributed manner under varying network conditions.
We will enhance the load balancing mechanism by investigating several aspects that improves the
current mechanism and the support to the COHERENT network graph, including enhanced target
functions for load balancing and development of probabilistic thresholds for triggering distributed
updates of target loads.
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The proposed load balancing approach described in [121] is based on a distributed on-line mechanism
capable of autonomously assigning target load values for each involved node, based on the observed
load situation in its environment. The difference between the actual load and the target is used as input
to an actuation mechanism (LTE CRE) that redistributes and balances load among adjacent nodes.
Compared to previous work [122] - [125], the approach dynamically assigns target values in a highly
distributed manner and scales and adapts well to varying network conditions.
Within COHERENT, we are working on enhancing the balancing mechanism by investigating several
potential improvements on the mechanism, and instrument it to support and exploit the COHERENT
network graph, including specifying enhanced target functions and developing probabilistic thresholds
for triggering and adapting the distributed mechanism, using information stored in and derived from
the network graph. The first key findings and preliminary results are presented below.
We also include an overview of the kind of metrics and abstractions we can supply to the network graph
and an outlook on using data available in or obtained through the graph to control the behavior of the
distributed algorithm.
5.6.1.1 Technical background
The mechanism described in [121] is an on-line distributed and self-adaptive balancer of radio resource
load for use in an environment with a mix of RAN nodes from different tiers. The actuation mechanism
used, is dynamic reconfiguration of the CRE parameter within each involved cell, but the way of
deriving suitable values for the parameters is novel, and consists of a highly distributed and scalable
algorithm, where the controller responsible for each cell i maintains a local neighborhood of other cells
with which i had recent handovers. Moreover, the controller also maintains a target load value for the
cell which is computed as the average of the target loads in the neighborhood of i and an exponentially
decaying mean (EWMA)
𝒍̂𝒋 =

𝒘𝒍̂𝒋−𝟏 + 𝒍𝒋
𝒘+𝟏

of the load of i, where 𝑙𝑗 is the observed momentary load, 𝑙̂𝑗−1 the previous (EWMA) estimate, and w
is a weight, determining how slowly the influence of older momentary loads decays. The difference
between the target value and load EWMA is then scaled to a range of CRE values deemed acceptable
w.r.t. QoS of individual users, normally ~ ± 3 dB. This is done, taking into account the range of
differences between EWMA loads and target values of nodes in the neighborhood, so that the range of
acceptable CRE values gives a maximum actuation latitude.
As showed by simulations described in [121], the mechanism works well for a range of traffic and
mobility scenarios, in the sense that it does improve overall load balance significantly, and that load is
effectively shifted to smaller cells in typical HetNet scenarios but works to offload them in situations
where they instead become overloaded, e.g. flash-crowd scenarios. Figure 5-23 shows load distribution
examples for the unbalanced and balanced cases.

H2020 5G-PPP COHERENT Deliverable 3.1

85

D3.1 First report on Physical and MAC layer modelling and abstraction

Figure 5-23 Load distributions for unbalanced and balanced cases for a macro cell and an
adjacent small cell
A disadvantage of this mechanism is that it tends to use the full range of CRE offsets even when none
of the involved cells are highly loaded, which potentially impacts QoS for UEs forced to connect to a
node with less SINR than the best one. In these situations, the load balance is not an ideal metric of the
system performance. At least it has to be weighed against other metrics of system efficiency.
Another limitation is a lack of a more global view of the network state. The design of the mechanism
allows each involved node a limited view of the entire network since its target metric is computed using
the target metric of its neighbors, which in turn is based on the target metrics of their neighbors, etc.
In certain types of scenarios, this mechanism may prove to be insufficient, or react too slowly to sudden
changes, and for these, the more global view provided by the network graph can be utilized. In order
to exploit that opportunity we first need to consider what kind of metrics each cell should provide to
the network graph, and what kind of processing of that information is needed to support improved
decisions. To investigate these issues, we will explore a number of scenarios where the current
mechanism does not work optimally.
In this report, however, we will mainly address the issue of unnecessarily adjusting CRE for systems
of lightly loaded cells, i.e. a first step to consider, more generally, the QoE impact of the mechanism.

5.6.1.2 Proposed solution
The first approach we propose to address this issue is to not balance the absolute (EWMA) load of cells,
but instead estimate and balance the risk of reaching states of high loads.
An alternative would be to modify how we scale the difference of the metric between adjacent nodes
into the range of CRE values, but doing this in a way that preserves the latitude of the actuation
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mechanism in situations with high load is not trivial. Instead we propose to characterize the distribution
of the observed load values so that we may estimate the risk of reaching a given threshold. Depending
somewhat on the model we use for this characterization, and accuracy of the estimation method, we
should be able to balance the risk of reaching these high risk states using the full range of available
CRE values, but avoiding assigning significantly different CRE values to cells in situations where the
risk of overload is insignificant for all of them.

5.6.1.2.1 Solution / algorithm description
The risk model we propose is related to the one used in [150], which uses the amount of mass in the
CDF of the probability distribution beyond a fixed threshold corresponding to or close to the capacity
of the utilized resource. In order to accurately estimate this risk, we need to model the empirical
distribution well enough to compute the probability of observing loads higher than the threshold. As a
first approach, we will assume that the load distribution is lognormal. Currently, the only reason for
this assumption is that we have experience with this type of model and can quickly produce a prototype
and experiment with model parameters. In addition, in our simulator, we did actually observe (again,
see Figure 5-23) empirical distributions which have a clear lognormal signature. This was a bit of a
surprise since even though we have seen numerous examples of lognormal throughput distributions in
recordings from both land lines, and in WCDMA data, most of the event generating processes in the
simulator samples from more heavy-tailed distributions, Pareto in the case of the traffic, and truncated
power-law in the mobility model. If load distributions seen in the simulator are examples of the type
of smoothing we see in real traffic traces, or something else, is too early to say.
To verify or falsify this model assumption we will have to investigate empirical load statistics for
collections of cells. A next step will be to adjust the method to those findings, e.g. modelling the
distribution with other parametric methods, or inspecting quantiles of the empirical distribution directly,
if necessary. Meanwhile we can report (in Section 5.6.1.3 below) on the results using this model within
our simulator.
As noted above, the balancer attempts to regulate the CRE of each individual cell in order to equalize
a given target metric. In the previous version of the mechanism, the metric was based on the EWMA
of the momentary radio resource usage. Replacing the momentary load metric, which in the simulator
is actually the mean over whole seconds, with a continuously updated estimate of the risk of exceeding
90% of the cell capacity turned out to be relatively straight-forward, using previous results. For
evaluating and tuning the new mechanism, however, we had to add several new plots and metrics. The
key new metric is computed as follows:
First compute the load EWMA as in calculation of 𝑙̂𝑗 above, and compute in addition a corresponding
exponentially decaying variance measure as
̂𝟐𝒋 =
𝑺

̂𝟐𝒋−𝟏 +
𝐰𝑺

𝒘
(𝒍 − 𝒍̂𝒋 )
𝒘+𝟏 𝒋
𝒘+𝟏

2
where 𝑙𝑗 , 𝑆̂𝑗−1
and w are as in calculation of 𝑙̂𝑗 and 𝑆̂𝑗2 are the consecutive variance estimates.

Then estimate the parameters of an (assumed) lognormal load distribution using the method of moments
(MoM):
𝟏 𝟐
̂ 𝒋 = 𝐥𝐧( 𝒍̂𝒋 ) − 𝛔
̂
𝝁
𝟐 𝒋
̂𝟐𝒋
𝑺
̂ 𝟐𝒋 = 𝐥𝐧(𝟏 + 𝟐 )
𝛔
𝒍̂𝒋
{
and use the CDF of the estimated distribution of the load L to extract a momentary risk estimate 𝑐̂𝑗 of
observing loads over a given fraction (here 90% ) of the cell capacity r.
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𝒄̂𝒋 = 𝑷(𝑳 > 𝟎. 𝟗𝒓) =

̂𝒋
𝐥𝐧(𝟎. 𝟗𝒓) − 𝝁
𝟏 𝟏
]
− 𝐞𝐫𝐟 [
𝟐 𝟐
̂𝒋
√𝟐𝝈

We do not need to maintain any EWMA of the risks, since the decay of each observation is already
encoded in the parameter estimates. This derivation should be more properly checked for Bayesian
accuracy.

5.6.1.2.2 Network graphs and abstraction aspects
The metrics listed below are tentative at this time. We will continue work to prioritize which metrics
are most useful to our own purposes, but also encourage feedback on what could be most useful for
other purposes within the project.
5.6.1.2.2.1 Measurements


Delivered to the graph:
1. Raw momentary radio resource consumption for each cell (probably undesirable because of
high data rate, see below)
2. Corresponding additional measures for other resources, e.g. backhaul capacity utilization, and
base station compute load

5.6.1.2.2.2 Abstraction Metrics


Delivered to the graph:
1. EWMA relative radio resource load for each cell
2. Absolute local balance for each cell, i.e. difference between target and one or more EWMAs
of actual load
3. Local load balance (i.e. variance of the above measures) in the neighborhood of each cell
4. Same data for any given quantile of load distribution
5. If distribution turns out to fit well to a parametric distribution, estimation of its parameters for
each cell, and risk of observing an arbitrary load level
6. Detections and alarms of e.g. developing flash crowds, possibly also of network partitioning,
based on computed neighborhood and node pair protocol used to compute target loads
7. Triggering startup of backup equipment, or allocation of additional spectrum, if possible



Read from the network graph (examples and hypothesis only, at this time)
1. CQI data, for setting the range of acceptable CRE values in a neighborhood
2. More global load data to adjust e.g. temporal properties of the actuation mechanism

5.6.1.2.2.3 Implementation of the network graph
The use case most relevant to how we plan to use and contribute to the network graph, is “Use Case
1.RS: RAN sharing among heterogeneous mobile networks in Scenario 1: Network cooperation and
inter-operability”, as described in deliverable D2.1 [135]. Within this context, we expect to deliver at
least a subset of the metrics mentioned above for use in controlling the distributed mechanism.
It is currently too early to specify exactly what metrics will be used, and how information will be
represented and processed in the graph to be useful for our purposes, but as a coarse first outline we
envision an architecture that supports regional controllers where metrics generated by individual nodes
can be combined and correlated with e.g. CQI measurements, and represented to support the
configuration decisions in the local controllers.
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5.6.1.3

Assessment / Evaluation

5.6.1.3.1 Evaluation methodology
The mechanism previously described was evaluated on achieved load balance only, and taking into
account QoS impact only by limiting the range of CRE-values allowed. For the improved mechanism
we will instead need a measure that takes the actually achieved performance of the system into account.
A metric that does capture an important aspect of this is the total throughput of the system, but since
that also depends on the state of the dynamic traffic and mobility models in the simulator we will focus
use the percentage of total throughput demand satisfied by the system, and it changes over time.
The traffic model generates demands from each user sampled from a Pareto distribution, which
expressed as a request for a throughput in kb/s. The length of the duration over this throughput is
required is sampled from another Pareto distribution, while the following idle time is log-normal. These
distributions were fitted to WCDMA data made available to us in ~2012, but can easily updated given
e.g. reliable statistics on LTE or 5G data. Since the radio model is currently based on a limited number
of LTE base station stats, and we are interested to stress the system into high load states, we have
increased the mean of the throughput Pareto sampling mechanism with a single adjustment of the slope
parameter, and scaled further by adding UEs, which is coarse, but does appear to give clear indication
of the difference between the older mechanism, and the new one.
The throughput demand is uncorrelated with the UE location and may therefore, due to fading,
occasionally result in excessive demands on radio bandwidth. The radio resource scheduler of
simulated nodes is currently extremely simple, and will simply disconnect any UE with demand
exceeding the remaining capacity. This is, of course, highly unrealistic, and will have to be improved
in further developments of this work, but for what it is worth, the results so far, are summarized below,
and appear quite promising.

5.6.1.3.2 Evaluation/Simulation/analytical results
5.6.1.3.2.1 Qualitative results
Based on experiments with the new mechanism we have verified that in general, balancing the overload
risk reduces the negative impact on QoS since the mechanism tends to use the full range of CRE only
in situations when the risk of overload would also have significant QoS impact. This means that we
may be able to allow a wider range of CRE values. The standard allows values of ±10 dB while our
colleagues in the industry claim that more than ±3 dB could have unacceptable QoS impact in practice.
The first qualitative observation is that while the older mechanism tends to always regulate at least two
nodes to the extremes of the range, regardless of the load level and regulation latitude, the new
mechanism tends to center all involved nodes around the mid of the CRE range, i.e. close to no
regulation. In principle this could make it possible to tune the mechanism to operate within a large
range but using large offsets from the mid, only in extreme situations. For such tuning we would
probably need access to far more accurate, and ideally live data, than we currently have access to.
Figure 5-24 shows time series of load, risk, and CRE parameter settings generated in simulations for
the two variants of the method and a scenario with two macro nodes and three smaller nodes. The
spatial configuration for this experiment is shown in Figure 5-25.
Note that for this experiment, we relaxed the constraints on the range of CRE values, so that the load
balancer uses expanded range ±10 dB almost fully, even at the expense of reduced QoS for many UEs,
while the risk balancer spontaneously (for this experiment) restricts itself to the prescribed ±3 dB. This
is not always the case, of course, and the overall load level is a bit lower for this particular example,
but the tendency is clear, and representative of what we see in many scenarios.
A second observation is that for small cells, the relative difference between the mean and the risk
estimate is larger than for the larger ones. We interpret this as an effect of the impact of individual UE
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demands can have on smaller cells, which drives up the coefficient of variance. For our improved
mechanism, this means that, in general, we will tolerate higher average load in larger cells before
engaging the actuation mechanism.

Figure 5-24 Load, risk and CRE value time series for comparable high risk scenarios. Left
column balances load, right balances risk.
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Figure 5-25 Spatial configuration used in qualitative examples
5.6.1.3.2.2 Preliminary quantitative results
At this point, quantitative results are still sparse, but in order to verify that the proposed improvement
of the method does indeed improve service quality we have run a small set of experiments with a type
of scenario where one macro cell is placed close to a densely populated area and two smaller cells are
placed to overlap their coverage and expected to off-load the macro. Some 1250 UEs move around the
area according to a type of bounded Levy-walk model, and sample traffic demands and idle and active
(connected) periods, normally according to parametric distributions fitted to WCDMA data, but for this
particular experiment the throughput samples were drawn from a distribution with increased mean, in
order to provoke more congestion. The results for three experiment cell and UE location distributions
appear in Table 5-3. Figure 5-26 shows a screen shot of the cell and momentary UE distributions for
Scenario 3 of Table 5-3.
The tendency indicated by these preliminary results is clear: The risk balancing mechanism delivers an
improvement in terms of overall performance of the system. These numbers are averages over long
runs, but for shorter episodes of high risk, the results are even more convincing. We've seen examples
the unbalanced case having a service level of less the 20%, while the risk balancer manages to maintain
over 90% over similar situations. Such cases are difficult to capture with our current simulator setup,
and anyway at best indicative, so further work is need to investigate how typical such cases are. For
low risk scenarios, an improvement is also expected, due to minimal impact on QoS from the actuation
mechanism for the risk balancing case.
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Figure 5-26 Spatial configuration of scenario 3 in Table 5-3
Table 5-3 Proportion of requested throughput served for 3 random placements of one macro and
two smaller cells, and ~1250 active/passive and mobile UEs and each of three balancing methods
Balancing

No balancing Load balancing Risk balancing

Scenario 1 (30 min.)

83.7%

95.1%

97.5%

Scenario 2 (30 min.)

90.8%

95.1%

99.6%

Scenario 3 (60 min.)

92.6%

95.3%

97.2%

5.6.1.4 Final discussion and summary
These are the first results on a promising improvement of an earlier result, relevant to the COHERENT
objectives. We plan to continue work in several directions, as indicated by the WP objectives, in the
short term primarily, more extensive quantitative evaluation of the described results. This will involve
constructing new and complementary metrics, e.g. handover frequency, or the number active and
passive UEs served. It could also include statistics on additional resources. A straightforward first
approach to multi objective load balancing would be to minimize a weighted sum of comparable
resource usage metrics.
The limitations of the current radio resource scheduler probably also have some impact on the observed
results. We will assess the feasibility of adding a slightly fairer scheduler in order investigate more
realistic overload scenarios. Verification and/or modification of the model assumptions is also high in
our list of priorities, but dependent on an access to better load statistics.
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Finally, we will complete the list of metrics we expect to deliver to the network graph, including suitable
data structures and abstractions, and outline mechanisms to deploy the network graph to configure our
algorithms.
5.6.2

Load balancing in energy-limited HetNets

5.6.2.1 Problem description
Due to limited resources and increasing amount of traffic, offloading or traffic steering for improved
load balance between the cells is one of the most significant RRM tasks in heterogeneous networks
(HetNets) [112]. Due to expected further densification of upcoming 5G networks, more advanced and
accurate load adaptation is needed in order to enable QoS-guaranteed services. A basic feature of 5G
HetNets is to allow offloading of traffic from macro base station (MBS) to small base stations (SBSs)
for more aggressive spatial reuse of bandwidth or savings in energy consumption. On the other hand, if
the resources of an SBS are exhausted, the traffic load can be balanced between SBSs or could be also
steered back towards MBS. Typically, a communication system must guarantee minimum performance
of users while maximizing network performance. Depending on the primary design objective, there are
a number of metrics that can be used to balance the load, including maximum received signal power,
minimum interference, maximum user fairness index, maximum network sum capacity, minimum
network sum energy, etc.
When the resources of the network are limited, efficient resource usage is of paramount importance to
avoid the cells to be congested, i.e. the resource of interest is depleted. If a cell becomes congested, the
grade of service in terms of connection blocking and dropping probability will be degraded. In the most
general form, load balancing is understood as a way to associate users to desired BSs to avoid congested
cells [184]. The congested resource under investigation is most typically the available frequency
spectrum. However, the criterion for load balancing decision can also be the available power or
available energy of the network node [179].
The load-balancing schemes can be classified based on the balancing cooperation mode, decision
making criterion, and user set participating the balancing. The cooperation mode can be based on either
resource borrowing from lightly-loaded cells or traffic transferring to lightly-loaded cells [179]. The
load-balancing decision criterion can be based on simple threshold triggering or alternatively
maximizing selected network utility function. There are a number of possibilities to apply both methods.
For instance, the utility function may aim at having the same load in each cell, provided all cells have
the same resources and processing capabilities. Since this is typically not the case in HetNets, more
sophisticated utility functions are needed instead of aiming at having the same amount of users in each
cell. Load balancing method can be direct, i.e. only new connection requests participate in load
balancing, or indirect, i.e. all users participate in load balancing. Obviously, the latter is typically more
complicated.
The HetNet system of interest is illustrated in Figure 5-27. Therein, the heterogeneity is revealed by
four different aspects: traffic characteristics (M2M, H2H), radio access (SBS, MBS), energy access
(on-grid, off-grid), and backhaul link (wired, wireless). The previous studies in HetNets have focused
on intercell interference mitigation between SBSs and MBSs [112]. On the other hand, the energy
consumption and flexible network deployment problem of very dense HetNets have received increasing
attention in 5G community. In particular, the interest in using renewable energy has recently increased
especially for dense small cells such as femtocells whose energy consumption is feasible to operate
with reasonable size renewable energy sources. The feasibility of using renewable energy with small
base station is studied in [178]. In these scenarios, the main expected benefits include easier and faster
small-cell network deployments without the need to install on-grid energy and data wires, as well as
operational on-grid energy cost savings and reduced carbon emissions, see also [179][181][182]. In
practice, not all the nodes can be harnessed solely with renewable energy, leading to a concept of
energy-limited partially off-grid HetNet.
In this work, we focus on direct load balancing approach and on heterogeneous traffic-dependent energy
consumption of BSs of the partially off-grid multihop SBS backhaul topology. Instead of using a
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traditional load criterion to avoid spectrum congestion, we study a provisioned probabilistic criterion
which steers the traffic towards the closest SBS, provided the energy depletion probability of the
involved SBSs is less than a given threshold. In this perspective, the approach is not aiming at balancing
the load evenly between cells, but rather adapting the load of each SBS to avoid energy congestion or
depletion of off-grid SBSs having different energy harvesting capabilities. In other words, an adaptive
RRM approach is evaluated to balance traffic loads of SBSs based on their respective energy
availability. To achieve some way of controlling the connection dropping probability due to potential
energy depletions, joint load balancing via multihop routing decisions and sophisticated admission
control with a possibility to steer the blocked traffic to MBS are of paramount interest. More
specifically, the objective in the traffic load distribution is to minimize the energy depletion probability
(EDP) of involved SBSs. Most of the BS energy in cellular networks is typically consumed at PHY
layer, as evaluated in [29]. Therefore, energy consumption modelling of PHY is important. At this
stage, we focus solely on energy aspects and the detailed evaluation of effects e.g. from limited
bandwidth and interference are left for future work.
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Figure 5-27 Abstracted network graph concept in a HetNet with diversified design constraints
5.6.2.2 Studied solution
Figure 5-28 shows a simplified example of target abstracted energy graph principle. The target SBS
multihop backhaul topology is described with a weighted graph 𝒢 = (𝒱, ℰ) where 𝒱 denotes the set of
all vertices (BS nodes) and ℰ is the set of edges (links) between the vertices. Parameter 𝒲 ∈ {𝑤𝑗 }
represents the set of weights associated with the corresponding vertices. The required control channel
can be placed in a separate control plane communicated via MBS or alternatively embedded in the SBS
backhaul data links. An edge between two vertices exists if they are within a communication range that
supports the target quality of service requirements. If a direct edge does not exist, multihop edges must
be used where SBSs act additionally as relay stations.
The SBSs can be either wired on-grid nodes charging energy from a wired electric socket or wireless
off-grid nodes charged by a local renewable energy source which can harvest energy provided by sun,
wind, etc. To enable a cost-efficient high-density mesh network deployment, only a subset of the SBSs
acts as a direct Internet gateway node in a given area. The vertex weights should describe the capability
of HetNet nodes to support a target traffic demand for a target time period, given that the available
energy of off-grid nodes is limited. Compared to traditional cellular networks, where all BSs are ongrid, this setup leads to an untypical situation where the service availability of BS can vary based on
the energy availability. Fortunately, this disruption can be overcome with sophisticated RRM
algorithms as will be shown later.
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Figure 5-28 Illustration of probabilistic energy graph of a centrally coordinated energy-limited
SBS access tier. Energy consumption is heavily affected by the operation of the PHY layer.
5.6.2.3 Abstraction principle and control protocol
The abstraction principle at hand is based on a probabilistic measure of energy status of each SBS. The
key idea of the applied abstraction principle is to use a queue-theoretic approach to predict the
prevailing status of EDP. The approach allows a high degree of aggregation of different parameters that
affect the energy status of an SBS. Furthermore, being a moment-based long term measure, it requires
sufficiently low amount of control overhead. Therefore, it is appealing for the use of a central
coordination framework.
Each of the energy buffers embedded in SBSs are modelled as energy queueing systems where the
random arrival and departure of a single energy charge unit depends on the energy charging process
𝑥𝑗 (𝑡) and energy consumption process 𝑦𝑗 (𝑡), respectively. Specifically, the number of energy units in
the jth SBS at the t is represented as
𝑞𝑗 (𝑡) = min{max{𝑏𝑗 + 𝑥𝑗 (𝑡) − 𝑦𝑗 (𝑡), 0}, 𝐵𝑗 }
where 𝑏𝑗 is the initial number of energy units, and 𝐵𝑗 is the maximum energy level of the energy buffer.
An energy depletion event is declared if 𝑞𝑗 (𝑡) becomes zero. Provided that 𝐵𝑗 is large enough, its effect
on energy depletion probability becomes negligible. Given the energy buffer status at 𝑡 = 𝑡0 , the main
objective is to be able to predict the energy state at time 𝑡 = 𝑡0 + 𝑆 where 𝑆 is the target prediction
horizon in time units.
In general, there are a number of alternative system-specific sources which affect the stochastic
behaviour of energy arrivals and departures. Instead of studying very specific energy models separately,
it is more insightful to understand the relative behaviour of the energy arrival and departure processes.
Therefore, without loss of generality, we apply a G/G/1 queueing model where the distributions of the
energy interarrival and interdeparture times can be general, and do not need to be known by the system
nodes. Yet, the model does require the knowledge of their first- and second-order statistical moments
which can be measured.
Using above modelling approach, the EDP at jth SBS can be obtained using an integral-based method
(cf. [179][180])
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where 𝛽𝑗 = 𝑚𝑥−1
− 𝑚𝑦−1
denotes the energy rate difference of random energy arrival and departure
𝑗
𝑗
2
−3
processes, 𝛼𝑗 = 𝜎𝑥𝑗 𝑚𝑥𝑗 + 𝜎𝑦2𝑗 𝑚𝑦−3
denotes the total variance of the queue process, and 𝑚𝑥𝑗 and 𝑚𝑦𝑗
𝑗
2
2
(𝜎𝑥𝑗 , 𝜎𝑦𝑗 ) are the means (variances) of the energy interarrival and interdeparture times, respectively. For
accurate results, the above integration requires many integrand evaluations. To simplify the calculation
in a closed form for online processing, it is shown in [180] that the EDP with finite prediction horizon
S can be well-approximated by an upper bound
𝑃𝑗 ≤ 𝜔(𝛽𝑗 ) exp (−

2𝛽𝑗 𝑏𝑗 + 𝑏𝑗2
2𝛼𝑗 𝑆

)

where 𝜔(𝛽𝑗 ) is a coefficient given in [180]. If we further relax the abstraction approach, so that the
prediction horizon S is set to be infinite, the asymptotic approximation gives
𝑃𝑗 ≤ exp (−

|𝛽𝑗 |𝑏𝑗 + 𝛽𝑗 𝑏𝑗
)
𝛼𝑗

providing even a simpler equation but at the cost of losing accuracy for finite prediction horizons. In
above equations, it can be seen that the abstraction approach conveniently combines a number of
different parameters, which affect the energy status of SBS, into a single EDP parameter which can
used to provision the grade of service via sophisticated RRM protocol to be discussed next.
The applied probabilistic RRM protocol is described as follows. A new randomly arriving user is
requesting a data service from the closest SBS. The random state of the SBS tier is defined by the vertex
weights 𝑤𝑗 = 𝑃𝑗 denoting the predicted EDP of the jth SBS during a given prediction horizon. The
central coordinator selects a route that minimizes the maximum EDP among the involved SBSs. The
admission for a new user is granted if the measured EDP is below a target threshold which sets the
grade of service in terms of connection dropping probability. The centralized control approach is
summarized in Figure 5-29.

1: if an admission request arrives to an SBS then
2:
for j = 1,2,…do
(Loop for the jth candidate route)
3:
for i = 1,2,… do
(Loop for the ith SBS in the jth route)
4:
Measure vertex weights (EDPs) at each SBS
5:
Send EDP via control plane or SBS backhaul to coordinator
6:
end for
7:
end for
8:
Coordinator balances load by selecting the optimal path that minimizes maximum EDP
9:
if measured EDP is less than set EDP threshold then
10:
Coordinator informs the SBS to admit new user
11:
else
12:
Coordinator informs the SBS to block the new user and connect via MBS
13:
end if
14: end if

Figure 5-29 Control procedure for centralized coordination of new user request leading to
optimized load balance with respect to applied probabilistic energy graph principle
5.6.2.4 Evaluation
The presented energy graph –based RRM approach is evaluated in this section. We first demonstrate
the accuracy of the analytical abstraction method and compare it to corresponding Monte Carlo
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simulations. Then, we apply the abstraction approach to the target control application and compare the
centralized approach with a fully distributed approach regarding the grade of service performance in
terms of connection blocking probability and dropping probability. Note that service availability is
proportional to (1 - blocking probability) whereas service reliability is proportional to (1 - dropping
probability).

5.6.2.4.1 Abstraction accuracy
In order to demonstrate the accuracy of the energy graph approach, we assume that the energy
interarrival times associated with 𝑥𝑗 (𝑡) follow a discrete probability mass function with two-state
harvesting source. The high-energy state represents direct sunlight or turbulent wind whereas the lowenergy state represents indirect sunlight or light wind. The state is randomly selected reflecting the
environmental condition of a particular SBS. The energy consumption process 𝑦𝑗 (𝑡) is characterized
by converting the random traffic arrivals into random energy consumption events, each consuming one
energy unit. The interdeparture times are assumed to follow Weibull distribution which is characterized
specific shape and scale parameters that are specified by a particular energy consumption process using
required transmission and processing energies [180]. If energy consumption is much larger than energy
given by harvesting or vice versa, the problem becomes trivial. The most interesting case from efficient
resource usage point of view is when the mean energy rate difference of arrival and departure processes
is in the similar order (i.e., 𝛽𝑗 is close to zero). Then the effect of variability or second order statistics
of the random processes really kicks in.
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Figure 5-30 Comparison of accuracy of energy depletion abstraction methods with integral-based
approach and upper bound
In Figure 5-30, the accuracy aforementioned three EDP methods are demonstrated with comparison to
Monte Carlo simulations for S = 100. While the accuracy of the infinite-horizon upper bound is quite
loose, the finite-horizon bound can approximate the EDP rather well. The proposed analytical upper
bound can also follow the simulation results quite closely while providing simpler way to calculate the
EDP online as it is integral-free method. We remark that underestimation of the EDP, which may
happen with the imperfect integration, is much more harmful for than overestimation of the EDP
because the necessary condition for the connection admission is to ensure that the EDP is below a target
threshold. Obviously, underestimation of the EDP from the integral- based approach is avoided by using
the upper bound.

5.6.2.4.2 Control application
The main objective in this section is to demonstrate the benefit of having a centralized RRM approach
over a distributed approach with the studied energy-limited HetNet concept. In the distributed approach,
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all the required RRM decisions are made based on local observed EDP value without sharing the EDP
values of involved SBSs. The obvious strength of a centralized approach is to have a global view of the
energy status of the network for making provisioned RRM decisions that allow adjustments regarding
the grade of service parameters, such as connection dropping probability. This is achieved at the cost
of increasing the control overhead. However, since the control information needs to be updated only
when the statistical moments varies, the overhead is not extensive if the moments vary slowly.
In Figure 5-31, the dropping and blocking probabilities of the centralized and distributed approaches
are compared for the example network configuration shown in Figure 5-28. The results are shown as
function of mean energy rate difference of arrival and departure processes 𝐸(𝛽𝑗 ) for the target EDP
threshold of 0.05. It is seen that unlike the distributed approach, the centralized approach is able to
guarantee that the dropping probability is below a target threshold by balancing the load between SBSs.
This is achieved by blocking SBS connection attempts with insufficient energy capacity and possibly
steering that traffic towards MBS.
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Figure 5-31 Comparison of energy-limited SBS connection dropping and blocking probabilities
of centralized and distributed approaches for different average energy rate difference E(βj) of
random energy arrival and departure processes
5.6.2.5 Summary
In this study, abstraction of energy status of small base stations harnessed with specific energy charging
capability from the surrounding environment is investigated. In this foreseen energy-limited scenario
of future dense 5G HetNets, energy sustainability, i.e., the prevention of dropping users during
communication, is emphasized. It is known that most energy of base stations is typically consumed by
lower layers. Maximizing the use of off-grid energy indirectly affects the energy efficiency of the
network while reducing the deployment complexity as it becomes a possibility to use completely
wireless base stations. Obviously, this has some distinctive characteristics compared to on-grid wired
base stations where energy is not limited.
The used abstraction approach, which aggregates a number of different parameters into a single
variable, is used as a predictive method to provision the probability that users experience connection
dropping during communication. The main benefit of the approach is that it allows the evaluation of
transient effects which lead to more accurate quality provisioning than traditional steady-state
approaches. The most interesting case from efficient resource usage point of view is when the mean
energy rate difference of arrival and departure processes is in a similar order of magnitude. Then the
effect of variability or second order statistics of the random processes really kicks in, and must be
considered as is done in the applied abstraction approach. The approach leads to inherent load
adaptation between SBSs and, in case of infeasible solution for user admission to any of the SBSs,
traffic steering towards MBS to avoid droppings due to energy depletions. It implies the known fact
that load balancing does not necessarily mean equalization of the loads of base stations but adapting the
relative loads based on the target criterion. In such scenarios, it is therefore important to recognize
renewable energy utilization as one of the metrics for balancing the load of base stations.
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This study is based on our recent manuscript [180]. In this deliverable, we have further extended the
results by comparing the centralized control approach with the corresponding distributed approach to
illustrate the potential benefit that could arise from that of centralized control. To increase the reliability
of the networks, it is important to make decisions proactively and be able to predict the consequences
of the RRM decisions. It is obvious that the applied predictive energy graph principle allows such a
capability but only gathers a specific characteristic of future dense HetNets. Therefore, in future work,
the energy graph concept is to be combined e.g. with interference network graphs. More detailed
analysis is required regarding the control protocol, effects of various system nonidealities, different
energy models, and how the current cellular standards would need to be configured to support such
RRM framework.

5.7

Cognitive radio in HetNets

Cognitive technologies tend to be a significant tool for wireless and mobile systems. They are applied
to sense environmental parameters and reconfigure the network parameters to improve throughput,
coverage and QoS provision. For the interest of COHERENT, there are two modes in which these
cognitive networks (CN) can operate and provide benefits. The first one is where secondary users (SU),
are trying to access the spectrum of cognitive networks which is occupied mostly by primary users
(PU). These PUs are the ones who primarily pay for accessing the spectrum of CNs, while the SUs are
dynamically searching for spectrum availability. The CN adapts dynamically in order to provide with
the best network capabilities for both users. The second case is where secondary small cells, (femtocell,
picocell), networks dynamically share the licensed spectrum of primary networks. Usually the
secondary users or networks have lower priority in accessing the available spectrum than the PUs or
PNs. These are shown in Figure 5-32.

Figure 5-32 Access approach of a secondary user to available channels of an unused spectrum
SU may use machine learning techniques to predict the channel vacancies. Spectrum sensing is based
on learning and prediction techniques where a learning model is provided by exploiting historical data,
then a new state is observed and from these the next state of spectrum availability can be predicted. The
secondary user will be able to sense the spectrum according to the channel status kept in a database and
to the channel status which is detected. This work is further to be analysed in deliverable D3.2 of
COHERENT project. The network graphs for the CNs consist of all the network parameters which
make up the CNs such as spectrum, interference, power, sensitivity, etc. which will be studied further
in the upcoming work.

5.8
5.8.1

Device to device communications
Problem description

Device-to-Device Communication is going to be a key enabler for future 5G heterogeneous network. It
provides a new kind of connectivity, which can help to boost the network capability, reduce the end-toend delay for local sharing applications and reduce the device energy consumption. However, the
deployment of D2D communication will change the design logic of the traditional cellular network.
The interference management, resource allocation and power control should be carefully considered for
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this new communication paradigm. COHERENT D2.1 [15] has defined a use case call UC3.CE which
is directly related to D2D communication and a set of requirements which are needed to be fulfilled by
the COHERENT architecture. In this section, we propose to use the local information drawn from the
network graph and interference graph under the framework of COHERENT control system to address
the cell association, resource allocation and D2D relaying management problem. Traditionally, the D2D
resource allocation and interference coordination problems are considered only inside one cell, either
using an underlay or overlay scheme. However, in a dense HMN system, the D2D communication,
D2D-relaying can happen across multiple cells, and each network node will see multiple co-channel
interference victims and interference generators. Moreover, the interference due to common uplink and
downlink transmission to the device to device communication and vice versa should also be taken into
account. As a result of this complex interference interaction, the cell boundaries become vague
compared to traditional cellular systems for D2D. To tackle the resource allocation and interference
coordination for such a complicated network, graph-based control scheme is a natural way. Graph
theory is an efficient tool for modelling various types of interactions in cellular network, and it has been
widely used to solve the D2D resource management problems in a single cell [126, 127, 128, 129, 130].
However, no modelling and analysis for multi-cell scenarios is presented in these previous works.
The management of the D2D network in HMN includes D2D discovery, cell association, D2D relay
selection, resource allocation and interference coordination etc. Before D2D transmission, BS discovery
and device discovery are necessary procedures. BS discovery can be done using the traditional
measurements as described in current LTE standard. In 3GPP, two types of D2D discovery are provided:
Model A (“I am here”) and Model B (“Who is there” /”Are you there”). The model of D2D discovery
is standardized in 3GPP Rel-12 in which each involved UE is categorized as announcing UE and
monitoring UE. The monitoring UE will monitor the discovery signaling sent from the announcing UE.
After successful monitoring, the monitoring UE will know the announcing UE is in proximity. Further,
3GPP defines two types of D2D discovery: open discovery and restricted discovery depends on whether
extra permission is required to do the D2D discovery or not. For the restricted discovery, the discovery
shall be permitted in application layer and use the restricted code in the discovery signal transmission.
The Model A can be open or restricted; however, the Model B can be only restricted. Two things that
are worth to note are that the D2D discovery is not necessarily coupled with the following D2D
communication and that the D2D discovery operation can be done in different carrier frequencies via
requesting the transmission/reception gap for inter-frequency D2D discovery. The inter-frequency D2D
discovery resource can be allocated by original frequency, common resource or dedicated resource
allocation by the concerned frequency. For the public safety (PS), the D2D discovery shall be restricted
in either model (model A or B) and can be used in following use cases: (i) Group member discovery,
(ii) UE-to-network relay discovery and (iii) Relay discovery addition information transmission. The
resource for PS related discovery can be different from the non-PS related discovery via common
allocation or dedicated allocation.
On top of direct D2D communication, 3GPP has defined a UE relaying feature which is used for public
safety scenarios [132]. This feature is applicable in situations such as UE-to-Network relaying or UEto-UE relaying. The UE-to-network relay acts as the relay node between the out-of-coverage remote
UE and the radio access network. It shall relay the unicast UL/DL traffic via one-to-one D2D
communication link. For the uplink traffic, the relay applies its UL traffic flow template (TFT) for the
packet prioritization which may be independent of the packet prioritization applied for the D2D link
between the relay node and the remote UE. The downlink traffic priority is mapped from QoS class
identifier (QCI) of the EPS bearer provisioned by the relay. Moreover, the relay node can also relay the
downlink multicasting traffic (e.g., MBMS) via one-to-many D2D communication link based on the
request from the remote UE. Further, the UE-to-UE relay is still under standardization which can be
applied for the group communication of mission critical push to talk (MCPTT) application. This
requires each involved MCPTT UEs to have knowledge about the nearby UEs for the signal routing
from the source UE to the target UE.
5.8.2

COHERENT system model for D2D network

As described in COHERENT D2.2 [140], most of management for D2D network (e.g. interference
coordination, D2D relay selection etc.) are typically real-time, and these management tasks should be
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performed by COHERENT local real-time controller (RTC). RTC is responsible for the construction
of local D2D network graph. In addition to RTC, C3 controller is responsible for tasks such as loadbalancing by D2D relaying. Our system model is depicted in Figure 5-33. In the D2D network graph,
there are two kinds of edges representing the interactions between nodes. For some close device-to-BS
edge, we assume that perfect CSI (including fast fading related to mobility) is available at RTC either
by timely channel measurements or feedback from devices. For the device-to-device or harmful
interference edges, only average CSI (distance-dependent path loss plus shadowing) is available. Please
note that both instantaneous and average CSI reporting are currently not supported by the standard (see
Section 5.9.2.2), it is a new added feature required by our system. When scheduling a D2D transmission,
the information of interference edges is considered when performing resource allocation. The potential
interference (interference spillage) is modeled as a function of interference edge weights, traffic load
of transmission link. Using this function, we can attach a price for each D2D link, with higher price
meaning larger interference spillage. When doing D2D communication scheduling, only local graph
information related to the D2D pair is needed, which reduces the controlling overhead. It should be
noted that the depicted locations in Figure 5-33 are not the same as the actual geographic locations, the
weight of each edge is a result of lots factors including location, shadow fading etc.
COHERENT RTC

COHERENT C3
(Instance)

Local D2D network graph

b
k

gkm

m

s

Micro Base station

Small Base station

User Device

Figure 5-33 Interference graph for D2D-assisted HMN
5.8.3

Abstraction approach for D2D management

In order to abstract the D2D links of various features (communication, discovery, relay) in different
purposes (one-to-one, one-to-many, public safety, etc.), the low-level parameters are necessary to be
provided and abstracted for the controller, for instance, D2D link functionality (D2D relay,
communication, discovery), usage of the D2D link (PS-related, Non-PS related), grouping information
(one-to-many, one-to-one), available resource in time and frequency of each user, intended frequency
information, destination user list, link quality (sidelink RSRP and sidelink discovery RSRP defined by
3GPP), and UE geo-location. Based on this information, the network graph for various D2D links is
formed and used by the higher-layer D2D management application to allocate available resources,
carriers, transmission power for the D2D links. These D2D management applications can have different
D2D link priorities, adjust D2D link performance, manage D2D interference levels and modify the
priority of common downlink and uplink and the sidelink. One shall notice that the impact to the normal
downlink or uplink communication shall also be taken into account when forming the D2D links. The
impact can be reduced via adjusting the allocated time and frequency resource, the transmitted power
on D2D links and by allocating a suitable UE as a D2D relay. After forming the D2D network via D2D
management application, the underlying network can be formed via allocating the resource, carrier to
each D2D links and the D2D relays. These allocations are done by the D2D network management.
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However, the common downlink and uplink information can not only be used as the input to the D2D
management applications but also as the output from the applications. The priority setting of different
links might be used to prioritize some D2D links (e.g., for public safety purpose) when using the
underlay resource allocation scheme or some common uplink and downlink setting are modified in
order to support D2D links (e.g., modify the gap setting for inter-frequency D2D discovery transmission
and reception). In the current 3GPP standard, the legacy uplink and downlink operation is prioritized
over sidelink operation used for D2D transmission and reception.

Figure 5-34 D2D management application and underlying D2D network management
5.8.4

Proposed graph-based solution for D2D network management

In this section, we describe how to apply the COHERENT network graph to address the problem of
D2D network management. To achieve this goal, we need to consider the construction of D2D network
graph based on D2D discovery and channel measurements, graph-based resource allocation for D2D
network in HMN and the D2D relaying management problems.
5.8.4.1 D2D discovery and cell association
In [131], D2D measurement and discovery is done by measuring the preamble signal in PRACH, other
researchers also propose to use dedicated D2D discovery beacon. In 3GPP Rel-13, it is proposed to
apply periodic dedicated D2D discovery beacon for D2D discovery. The periodicity of D2D discovery
beacon is called the discovery period and it ranges from 16ms up to 10.24s. The sub-frame allocation
of the beacon is also provided via the sub-frame bitmap within the discovery period. Using these kinds
of measurements over D2D links and also the legacy downlink and uplink links measurements, RTC
can construct the network graph including D2D edges. Both the device and the RTC are aware of the
local graph information. By collecting all the graph information coming from each RTC, the C3 can
possess a central view of the graph.
5.8.4.2 Resource allocation for D2D network
Traditional D2D communication in cellular network has two resource allocation schemes: overlay D2D
(orthogonal spectrum between D2D and cellular UEs) and underlay D2D (non-orthogonal). However,
in the multiple-cell HMN, where interferences occur among multiple D2D links and multiple BSs, the
simplified division by underlay and overlay cannot capture the complicated interference interactions.
We propose that the resource allocation for D2D-enabling HMN should be addressed in a unified
framework by using the graph-based scheme. By using this graph-based method, whether two links can
use non-orthogonal resource or not depends on QoS constraints on the multiple-cell network scale. For
such a HMN, we can define a resource pool which consists of a list of spectral resources. It is possible
to have different component carriers in the resource pool. For some component carriers which use
frequency-orthogonal transmission methods (such as SC-FDMA), frequency domain allocation inside
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a component carrier is also supported. In LTE-A, the minimum scheduling resource unit is one Physical
Resource Block (PRB). For 802.11 networks, only time domain scheduling inside one component is
possible. The transmission bandwidth for D2D can be fixed or flexible depending on the capabilities of
devices and on the standard specifications. The spectrum resources in the resource pool are labelled in
the frequency domain. The capacities (i.e. max Tx power, receiver sensitivity, max Tx/Rx bandwidths,
component carriers supported, etc.) of each node (Devices, Micro BS, Small BS) inside the HMN
should be considered when doing the graph-based resource scheduling on both time and frequency
domains. To make the scheduling easy to be implemented, time domain scheduling happens after
frequency domain resource allocation has been done.
Moreover, the allocation of the resource and Rx power shall also consider different communication
types (e.g., one-to-one relay, one-to-one non-relay, one-to-many relay, one-to-many non-relay) for
better resource utilization and less interference. For the one-to-many communication, the members of
a group can share common group context, e.g., a layer-2 group ID, a common group IP multicast address
and encrypt information via a group security key that are pre-configured. For the one-to-one relayrelated communication, the resource allocation is under the UE-pair basis: the pair of remote UE and
relay UE for each D2D communication. Further, some resources are used by the UE to transmit
communication in exceptional conditions (e.g., RRC connection reestablishment, too many out-of-sync
indicators in a period) or when no normal resources are allocated.
The goal of the graph-based resource allocation algorithms deployed in the RTC or C3 is to meet various
performance targets (such as received SINR, link bandwidth, reliability, etc.) for each link, with some
links having priority. Figure 5-35 depicts a simple graph-based resource allocation for D2D enabling
network by the RTC. In this example, there are two resources available, we assume that the RTC knows
the average CSIs for each link, and the Tx power of each D2D device is fixed. The target is to maximize
the average SINRs for all links, and with the assumptions mentioned above, the RTC needs to utilize
the graph information to decide which resource should be used by each link. The picture illustrates
(non-trivial) interference by dashed lines. In this example, because the D2D links ab and ef are most
separated, they can reuse the same resource.

a

Potential
Interference

D2D

RX
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TX

d

Resource 1
Resource 2

f
c
e
Figure 5-35 A simple example of graph-based resource allocation for D2D
The example presented here is rather trivial. However, in a complicated network with large resource
pool and more links, the graph-based method would become very hard since the general graphcolouring problem is NP complete.
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5.8.4.3 Relaying management in D2D network
Since most of the user traffic goes to or comes from the network side, D2D relaying is going to be an
important feature for D2D-enabling cellular network. It helps to extend cell coverage and increase endto-end throughput for users which have no good direct link to BSs. To support the relay, both D2D
discovery and one-to-one D2D communication functions are needed. The underlying idea is that there
is a large number of devices that may act as relays, such as user-deployed devices, nomadic nodes, or
mobile stations, which may act as relay stations to help to convey user traffic to or from the network.
In those two-hop cases, the access hop is based on D2D communication, whereas the relay hop is a selfbackhauling connection based on traditional cellular technologies. To implement D2D relaying, the
resource allocation and relay selection should be addressed together. If there are multiple relay
candidates, one should select the relay that can maximize the end-to-end performance and at the same
time minimize the interference spillage to other links. Using interference coordination method, graphbased channel allocation can be used to mitigate the interference.
Transmission
Potential
Interference

Micro Base station

Small Base station

User Device

Relay

Figure 5-36 HMN with D2D-relaying feature
5.8.5

Evaluation of graph-based interference coordination in D2D network

We study the performance gains achieved by using D2D relaying and graph-based interference
coordination in a Manhattan scenario for downlink transmissions. The UE and relay candidate are both
vehicles equipped with a sub-6GHz omnidirectional antenna. Vehicles are uniformly distributed along
the two-lane streets, and the BSs are placed at corners of the streets with inter site distances (ISD) as
283m. A cell-edge UE can use sub-6GHz D2D relaying depending on its channel qualities. Interference
coordination (IC) is performed based on the distributed graph coloring algorithm. We define a neighbor
link 𝐿𝑛 for a receiver 𝑈𝐸𝑥 if (1) 𝐿𝑛 transmitter causes interference power larger than 𝐼𝑡ℎ = 0.1 of the
desired signal received power for 𝑈𝐸𝑥 from relay; (2) the interference caused by the transmitting relay
for 𝑈𝐸𝑥 to 𝐿𝑛 receiver is larger than 𝐼𝑡ℎ of desired signal received power for 𝐿𝑛 . Under above
assumptions, the interference graph is asymmetric directed graph. When the links are dense in space,
usually we cannot solve all conflicts by simple coloring method, what we can do is to avoid strong
interference for poor UEs. An interference conflict happens if a neighbor uses the same link color. In
the simulation, an event array is used to record the message exchanges between BSs, relay candidates
and destination UEs. Controlling decisions for relay selection, resource allocation and IC are made
based on the event array. The event array consists of measurement reports, user/link identifications and
interference avoidance requests based on 𝐼𝑡ℎ . The network graph is constructed by RTC using the
information in this event array. Links inside a local cell are colored using random coloring (RC) in
initialization of the simulation. After that, the controlling functions are performed in an iterative way.
The RTC is responsible for the update of the D2D link colors. The update of the link color is based on
H2020 5G-PPP COHERENT Deliverable 3.1

104

D3.1 First report on Physical and MAC layer modelling and abstraction

a local proportional fairness utility function involving all the neighbor users. We compare three different
network operating methods for the network. The three methods are: (1) without D2D relaying; (2) D2D
relaying with RC; (3) D2D relaying with IC. The simulation is conducted using Matlab and we collected
the data for 100 runs. The simulation parameters are listed in Table 5-4. The results are shown in Figure
5-37. We define a variable called User Experience Consistence (UEC) as the ratio of the 5% throughput
and the mean throughput, to evaluate the cell-edge performance. As shown in Figure 5-37, with D2D
relaying and IC, the UEC value is increased almost 70% and 46% compared to (1) without D2D relaying
and (2) D2D relaying with RC. The D2D relaying and graph-based interference coordination can help
to improve cell-edge UE performance, which shows the advantage of the COHERENT network graph
application in the D2D networks.
Table 5-4 Simulation parameters for D2D network
Scenario
Boundary conditions
ISD
sub-6GHz carrier frequency
sub-6GHz bandwidth
PL model for sub-6GHz
LOS probability model
LOS/NLOS correlation distance
Number of sub-6GHz antennas
Maximum TX power
Resource Scheduling

Manhattan grid, 1200m × 1200m
Wrap-around in XY-direction
283m
5.9GHz
40MHz
WINNER II B1
27
d
𝑑 2
(min ( , 1) (1 − exp (− )) − exp (− ))
d
27
63
10 m
BS: one omnidirectional antenna
Vehicle UE: one omnidirectional antenna
BS: 24 dBm
Vehicle UE: 21 dBm
Proportional Fairness (PF)

Figure 5-37 Simulation result of graph-based interference coordination for D2D-relaying

5.9
5.9.1

D2D relaying for coverage extension
Problem description

In 2008 the FCC in the USA decided to assign 10 MHz in the 700 MHz band for future broadband
PMR. Almost at the same moment the main Public Safety (PS) actors in the USA proposed LTE as the
reference technology for the future broadband PMR system. Since then, the idea to use LTE for future
broadband PMR systems continued to grow, and today it is widely accepted. Standardization efforts in
order to progressively introduce in 3GPP LTE the features required for supporting PMR services started
with the creation of the 3GPP SA6 working group on mission critical applications. At the radio access
network (RAN) level, the work mainly started with the introduction of initial D2D capability and group
call system enablers.
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In this work we focus mainly on the coverage extension capabilities provided by devices, meaning
handheld or vehicular equipment, in general not fixed, motivated by the use case 3.CE “Coverage
extension and out-of-coverage communications” described in COHERENT D2.1 [15]. Briefly, it is
fundamental, especially for PS operators, to be able to communicate out of coverage and when possible,
to be relayed towards the command center. This situation is illustrated in Figure 5-38, see also Section
3.3.3 in [15].

EPC
MME
Single-hop
coverage
extension

S/P-GW
App Server /
Command center

Macro BS
UE-Relay

Multi-hop
coverage
extension
UE-Relay

UE-Relay

Figure 5-38 Coverage extension with UE-relay
3GPP LTE Rel 12 and Rel 13 have introduced in the standard Proximity Services (ProSe), i.e. services
enabled and supported by the capacity of devices to discover each other and to directly communicate,
without going through an eNodeB (base station). Currently, LTE Rel 13 supports direct communication
between UE in coverage, out of coverage and in partial coverage. The last case corresponds to a
communication between a UE in coverage and another UE out of coverage, or in an adjacent cell.
Building on top of this capability, LTE has introduced the so called UE-to-network relay, under network
control, which is able to extend the coverage of the network (see Section 5.9.2 and Section 5.8).
Notice that in LTE, coverage extension can be implemented also through the use of fixed relays, called
Relay Nodes in LTE starting from Rel 10 [155]. However, this specification, which has not evolved
since Rel 10, does not match exactly the needs of PS users and will not be considered here. . Note also
that Relay Nodes must be established at deployment, this lack of flexibility is matched only with a quite
reduced set of operational cases (for instance when there is a hole in the coverage but it is too costly to
add a standard eNodeB). Moving relays [156], i.e. moving Relay Nodes to be used in applications like
public transportation, is a technology which can also potentially improve coverage. It has been studied
since Rel 11, but has finally never been standardized. This technology, too, does not match exactly to
the PS user feature of the UE-relay node.
The focus here will be on UE relaying intended in a broader sense than the UE-to-network relay. Multihop relaying in out-of-coverage situation will also be studied as shown in Figure 5-38. The issue we
deal with is the one of the control of links for coverage extension, inside the control framework
proposed by the COHERENT project. Current 3GPP LTE Rel 13 specification does not foresee a
control in the interface between two UEs, as detailed in Section 5.9.2. Here we are talking about the
high-level control, which allows configuring HARQ and QoS parameters of the communication (LTE
Rel 13 already foresee some limited low-layer control). The question is if introducing a certain degree
of control can help and to which extent, to satisfy the QoS constraints related to PMR services, and how
it can be implemented in case of D2D. Also the kind of relaying or forwarding strategy can have a
strong impact on the performance. Finally, which kind of network vision (network graph) can be
realistically provided to a central coordinator in these situations of coverage extension, or out-ofcoverage communications?
H2020 5G-PPP COHERENT Deliverable 3.1

106

D3.1 First report on Physical and MAC layer modelling and abstraction

For developing our investigation, the selected general framework of D2D communications is the one
developed in 3GPP, even if a big amount of work has been done in general on D2D and in specific
situations like wireless sensor networks and ad hoc networks. For instance, reference [157] reviews
D2D communications in several areas of applications. As remarked by the authors, there is a
fundamental difference between D2D communications overseen or controlled by a central entity (e.g.
a BS in cellular networks, a cluster head in mesh networks, etc.) and D2D communications without any
centralized control. The difference is about how the control plane is managed. When a centralized
control plane exists, many difficult tasks like synchronization of nodes, resource allocation, routing,
can be substantially simplified, see also Section 5.8. On the other hand, when all the tasks are
implemented in a flat architecture, considerable control overhead circulates on the network and, for
instance, decreases available data rate. We selected the 3GPP framework because, as pointed out by
[157], too, D2D for PS applications is in big part standardized in 3GPP, which is moreover on track for
specifying future 5G systems. Of course, this fact will not prevent us to study options outside the current
3GPP implementations.
The next section presents the current situation about D2D communications in 3GPP, as a practical
starting point for seeing how coverage extension can be implemented with this approach and what kind
of metrics are available today for monitoring the links and building a network graph.
5.9.2

State-of-the-art of D2D communications in 3GPP

The current simplified architecture for D2D in 3GPP is depicted in Figure 5-39. It is called Proximity
Service (ProSe) architecture, the term ProSe being used when talking about D2D communications from
the perspective of service. When addressing D2D communication at a lower layer, typically L2, the
term SideLink (SL) communication is used in order to distinguish the direction of the communication
from the traditional UpLink (UL) and DownLink (DL).
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PC4
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ProSe
App

PC3

ProSe
Function

SGi

PC2

UE

ProSe App
Server
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Figure 5-39 Simplified 3GPP architecture for ProSe (from 3GPP)
In 3GPP, UEs with D2D communications capability can discover each other, which does not necessarily
imply the exchange of a big amount of data, and, for PS applications, can send and receive data [158].
All these D2D communications happen on the PC5 interface, which has been defined as connectionless, meaning that a UE does not establish and maintain a logical connection to receiving UEs prior to
a sidelink communication [85]. This is substantially different from an UL (or DL) connection between
a UE and the eNodeB in which a logical connection is maintained between the two entities and the UE
can be in RRC_IDLE or RRC_CONNECTED state and can send data only in the latter. Only a limited
form of control plane with an RRC protocol associated to the communication on the user plane over
PC5 is available, and it is used to send fundamental parameters related to the SL communication [85].
Some form of control in the lower layers also exists, as it will be shown afterwards. Moreover, except
for the case of UE-to-network relay, the standard says nothing about the relaying in coverage or out of
coverage of the UEs involved in direct communications. In fact, in the current 3GPP vision, multi-hop
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relaying could be handled at the IP level (which boils down to routing) and one can imagine that it
could be managed at the application level.
Interface PC5 was first defined as a one-to-many interface, in order to stress the multicast and broadcast
nature of the interface, motivated by the group dimension of the communications for PS. 3GPP LTE
Rel 13 extended also PC5 to the case one-to-one.
An important building block for the ProSe architecture is the ProSe Function entity which has the
following main functionalities:

-

-

Direct Provisioning Function: it provides to the UE all the parameters necessary for the
configuration of direct discovery and direct communications.
Direct Discovery Name Management Function: it allocates and processes ProSe Application
(App) ID’s, which represent the applications that the users want to run and which have
communication and/or discovery needs, and ProSe Application Codes, which are assigned by
the network after a Discovery Request procedure. This function is responsible also for
managing permissions concerning the discovery and ProSe applications running in the UE. It
manages also the authorizations for direct discovery and the integrity of the discovery
procedure.
EPC-level Discovery Function: it is responsible of discovery procedures done at EPC level; in
particular it deals with the authorization and configuration of the UEs for this kind of procedure.

In the following, the review will be focused mainly on L2 and L1. The aim is to extract the main
parameters that can help in the modelling of the low layers of D2D communications and the
measurements that could be used for feeding a network graph, or to identify new measurements if
needed. For more details on the protocol stacks for D2D in 3GPP LTE, the reader can refer to
COHERENT D2.2 [140] as well as [85] and [205].
5.9.2.1 General view on low layers for SL communications
At low levels, 3GPP decided to use UL modulation, SC-FDMA, and subframes both in TDD and FDD
configurations for SL communications [163]. The frame and sub-frame definition is exactly the one of
UL and DL. As for UL and DL there are logical Traffic and Broadcast channels (STCH, SBCH) with
the corresponding transport and physical channels which follows the usual naming with the UL or DL
part replaced by SideLink, see Table 5-5. The STCH is mapped on the corresponding transport and
physical channels SL-SCH and PSSCH, which may experience collisions, depending on the allocation
of resources done by the eNB or UEs. The SBCCH broadcasts control information, in particular
synchronization signals for out-of-coverage UEs or for UEs being in cells different from the one of the
UE generating the synchronization signal, in order to enable direct communications between UEs in
different cells.
As for UL and DL, there is also a Transport and Physical SideLink Control Channel carrying the SL
Control Information (SCI). There is a new transport and physical channel for direct discovery: Sidelink
Discovery Channel (SL-DCH) and the Physical Sidelink Discovery Channel (PSDCH). Discovery
channels are defined only starting from transport level and PHY level because protocol at L2 is directly
connected with application layers which give the messages to be sent.

Table 5-5 Mapping of channels for Sidelink in 3GPP LTE
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Logical
channels
Transport
channels
Physical
channels
Use

SL Traffic
Channel
(STCH)
SL-Shared
Channel
(SL-SCH)
Physical SL
Shared Channel
(PSSCH)
Traffic channel
used to send data

SL Broadcast
Channel
(SBCH)
SL-Broadcast
Channel
(SL-BCH)
Physical SL
Broadcast Channel
(PSBCH)
Control channel
used for sending the
MIB-SL

Physical SL
Control Channel
(PSCCH)
Control channel at
PHY for sending
SCI for PSSCH

SL-Discovery
Channel
(SL-DCH)
Physical SL
Discovery Channel
(PSDCH)
Discovery
messages

The structure of the MAC for Sidelink in 3GPP Rel 13 is given in Fig. 4.2.1-3 in TS 36.321 [167] and
reported below for reference.
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Figure 5-40 MAC structure for SL communications (Fig. 4.2.1-3 in TS 36.321 [167]])
In the upper part of the MAC, Logical Channels are organized in Logical Channel Group (LCG)
depending on the priority of the sidelink logical channel and the mapping between LCG ID and priority
which is provided by upper layers in logicalChGroupInfoList. Each LCG (and hence each LC) is
defined per destination.
Current MAC structure for SL is relatively simple with respect to the standard LTE MAC structure for
UL and DL. This fact implies also that there are no complex scheduling algorithms inside the UE.
Evolved scheduling algorithms in the UE require evolutions of the MAC structure, or they could be
implemented at application level. Scheduling algorithms for SL are possibly implemented in the eNB
for scheduling SL communications under network control (in-coverage), but this is out of the scope of
the 3GPP standard.
As can be seen from Figure 5-40, SL MAC has traditional functionalities, like channel mapping,
multiplexing and demultiplexing of service data units (SDU), hybrid automatic repeat request (HARQ)
management, transport format and radio resource selection. However there are functionalities specific
to SL like:

-

LC prioritization (tx): the standard specifies a particular policy of prioritization. The MAC,
when filling the resources, shall serve first the destination having LC associated to the highest
priority (with traffic to send) and not served before. For that destination, LC with highest

H2020 5G-PPP COHERENT Deliverable 3.1

109

D3.1 First report on Physical and MAC layer modelling and abstraction

-

priority shall be sent and if there is room, the resources are used to send packets from LC of
decreasing priority. LC with equal priority shall be equally served.
Protocol data unit (PDU) filtering: these filters are configured by higher layers and allow
ignoring packets related to applications that the UE is not allowed to receive.

In Rel 13 at MAC level each packet contains MAC-SL header carrying:

-

A version field (4 bits) specifying the type of destination identifier (group-cast or unicast).
4 reserved bits for future use.
The identifier of the source (ProSe UE ID): this uniquely identifies the sender
The 16 most significant bits of the identifier of the destination (ProSe L2 Group ID) which can
be interpreted as unicast or group-cast. Note that the 8 remaining least significant bits of the
destination ID are sent in the SCI (control information) in the PSCCH.

These IDs are provided by the network or preconfigured in the devices (for out-of-coverage operation
for instance), thanks to network and security procedures. The 8 Least Significant Bits (LSB) of the
ProSe L2 Group ID are used in the PSCCH for filtering data packets at the reception. For PDU(s)
associated with one SCI, MAC shall consider only logical channels with the same Source Layer-2 IDDestination Layer-2 ID pair.
MAC header information is minimal: source, destination and if the communication is to be considered
unicast or multicast. Nevertheless, some bits are reserved for future use and can be used for evolutions.
Concerning PHY layer, SL communications can use either normal or extended CP. The resource block
definition is the same of the one of DL and UL PHY channels 12 subcarriers and 7 or 6 time symbols
depending respectively on the normal or extended prefix. SL communications uses exactly the same
bandwidth of UL communications in coverage, which means the same number of resource blocks.
However, in out of coverage, where there is access to network configurations, the number of resource
blocks is preconfigured to {6, 15, 25, 50, 75, 100} [166]. Even if the definition of resource block is the
same, the total theoretical rate achievable by SL communications is smaller than the UL one because
the last SC-FDMA symbol is left unused and acts as a guard band.
For SL operation only one spatial layer is allowed in 3GPP LTE Rel 13.
Table 5-6 illustrates the modulation and coding parameters allowed for SL communication in Rel 13
[163], [164].
Table 5-6 Modulations and coding parameters of SL PHY channels
Physical
channels
Modulations
Code
Rate Matching
Interleaving

Physical SL
Shared Channel
(PSSCH)
QPSK, 16QAM
Turbo code
Yes
PUSCH

Physical SL
Broadcast Channel
(PSBCH)
QPSK

Physical SL
Control Channel
(PSCCH)
QPSK

Physical SL
Discovery Channel
(PSDCH)
QPSK

Convolutional
Yes
PUSCH

Convolutional
Yes
PUSCH

Turbo code
Yes
PUSCH

For PSSCH and PSDCH, the processing chain is like the one of the PDSCH. However, for all channels,
interleaving is done as in Physical Uplink Shared CHannel (PUSCH), but without any control
information multiplexed in the subframe resources. This interleaving spreads symbols first in time in
order to send contiguous coded bits in separated OFDM-symbols, which will increase the robustness of
the communication especially if frequency hopping is applied.
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5.9.2.2 SL PHY measurements
Two main measurements are defined at PHY layer for SL communications, i.e. on the PC5 interface
[166]:
-

-

Sidelink Reference Signal Received Power (S-RSRP): it is the linear average over the power
contributions in [W] of the resource elements that carry demodulation reference signals
associated with PSBCH, within the central 6 PRBs of the applicable subframes.
Sidelink Discovery Reference Signal Received Power (SD-RSRP): the linear average over the
power contributions in [W] of the resource elements that carry demodulation reference signals
associated with PSDCH for which CRC has been validated.

The previous measurements can be configured by the network through the configuration of the SLBCH and the SL-DCH, hence the frequency of those measurement is 40 ms for S-RSRP and according
to the periodicity of the discovery messages for the SD-RSRP. Those measurements are in particular
used when the network control in-coverage SL communications. Those measurements are also available
at the UE when out of coverage. In the standard, out of coverage is defined with respect to a carrier.
When the UE does not find any cell of any operator for all the available RATs, it is said to be in Any
Cell Selection state, which is a strong version of “out of coverage”.
Nothing is explicitly written about measurements on the traffic channel, this is because currently in
3GPP fine link adaptation is not managed even for in coverage direct communication.
The network uses also standard RSRP measurements between the UE and eNB on the DL in order to
understand if the UE is at cell edge or not. UE-to-network relaying for coverage extension is in fact
activated only when the UE is at the cell edge.
Notice that sounding reference signals (SRS) in UL operation are used for sounding UL bandwidth on
different resource blocks from the ones the communications has used, thus enabling frequency-selective
scheduling. SRSs are not available for SL communications. When the UEs are in coverage, [168]
presents a possible new method for exploiting existent SRS: UEs interested in acquiring wideband
channel knowledge of a SL channel overhear the SRS sent to the eNB by the target UE source. This
method however cannot be directly applied for out-of-coverage UEs, the SRS configuration being done
by the eNB, while it can provide more information for channel quality estimation for in-coverage direct
communications.
5.9.2.3 SL synchronization and common broadcast messages
3GPP LTE Rel 13 specifies two signals for SL synchronization:

-

SL synchronization signals (SLSS): they are organized like DL synchronization signals into a
primary sidelink synchronization signal (PSSS) and a secondary sidelink synchronization
signal (SSSS). Generating parameters are however different (see [163]).
Master information block – SL (MIB-SL): additional information for synchronization and
configuration.
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Figure 5-41 SL subframe structure with resources filled with synchronization and broadcast
signals
Figure 5-41 illustrates the structure of the subframe for SL synchronization, for normal and extended
CP. Demodulation Reference Signals (DMRS) follow the definition and location defined in UL. Like
in DL, PSSS and SSSS are sent in two consecutive time slots of the same subframe, 62 subcarriers of
the 6 central RBs are used onto two contiguous SC-FDMA symbols. PSSS and SSSS encode a Sidelink
ID (SID): SID = 0, …, 167 (similar to cell ID) for in-coverage (transmit UE is in coverage or it gets the
synchronization from a UE in coverage) , SID = 168, …, 335 for out-of-coverage (with no connection
to a UE in coverage). This method allows keeping track of the situation of the UE, with respect to the
synchronization signal.
The same subframe is used also for sending PSBCH. This subframe with synchronization and broadcast
information is configured by higher layer and never used for traffic and control or discovery channels.
The MIB-SL information carries sidelink common configuration information:

-

a flag for signaling whether the sender is in coverage or not,
if the sender is in coverage, the MIB-SL carries the system frame number (SFN) and subframe
number, otherwise a subframe internal counter for UE out-of-coverage.
the SL bandwidth,
the TDD/FDD configuration.

The MIB-SL may change at any transmission i.e., unlikely the MIB from the eNodeB neither a
modification period nor a change notification mechanism is used.
Synchronization signals may be sent either under instruction of the network if the UEs are in coverage,
or by decision of the UE both for the in-coverage and out-of-coverage cases.
In case of network-instructed synchronization, the UE always sends the SLSS and MIB-SL every 40
ms either if it has no data to send or if it has data to send (MIB-SL has priority higher than data). The
UE constructs the MIB-SL content starting from information received in System Information Block
(SIB) Type 1, 2 and 18. Note that SIB Type 18 contains also the information of when sending the
synchronization signals and PSBCH. Even if in coverage, sometimes the receiving UE must
synchronize to the sending UE rather than the network, an example could be the communication in
between adjacent cells which are not completely synchronized. 3GPP has specified messaging in order
to communicate to the receiver the fact that it must synchronize to the sender.
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In case of coverage extension the UE recovers from SIB Type 18 a synchronization configuration
element which gives RSRP thresholds with respect to the eNB defining the conditions for the UE to be
at cell edge. If the UE satisfies those conditions, it can decide autonomously to send the SLSS if there
is no synchronization aided procedure going on. The UE reconstructs the signal to send by looking at
the SL-SyncConfig inside SIB Type 18, and sends it only during the resources allocated by the network
for the transmission of SL data.
In case of out-of-coverage situations there are two preconfigured subframes each 40 ms, one is used for
reception of SSLS and PSBCH and the other is used for their transmission in case the UE becomes a
source for synchronization [85]. The following procedure for sending the synchronization signals is
used: first the UE checks if it is in coverage, otherwise it searches for SLSSs. The UE performs signal
quality measurements (S-RSRP) on the reference signals of the PSBCH sent in the same subframe of
the PSSS/SSSS. If the S-RSRP is below a certain threshold it starts sending out the synchronization
signal. This is done in order to limit the number of UE sending out the synchronization signal.
Moreover, when the UE becomes a synchronization source, it changes the SFN and subframe number
(and hence the moment in which it sends the SLSS) by choosing them in a set of preconfigured values,
and trying to avoid the values sent by the other UEs. This is done in order to diminish the interference.
While searching for a UE sending the SLSS, the receiving UE scans all the SLSS IDs. If the receiving
UE finds a UE, then the sender becomes a synchronization reference UE (SyncRef UE) and the
parameters in the MIB-SL are used, i.e. time, frequency, bandwidth, and frame structure. In order to
synchronize, the S-RSRP must be over a certain threshold and the MIB-SL must be correctly decoded.
If multiple SLSS IDs are selected, the UE prioritizes them according to the situation (in-coverage w.r.t.
MIB-SL flag, in-coverage w.r.t. SLSS ID range, out-of-coverage) and inside each class according to
the S-RSRP. When a UE receives the SSLS and PSBCH from multiple senders, the SyncRef UE can
be updated according to S-RSRP changes measured on the links. The SyncRef UE change is not
instructed by the network, but decided by the UE on its own measurements.
5.9.2.4 SL discovery
SL discovery is in part described in Section 5.8.1 and Section 5.8.3. Here we focus on parameters related
to lower layers.
In 3GPP LTE Rel 13, discovery is extended to Restricted Discovery (social-type model) but always incoverage, and multicarrier operation [160]. For Public Safety (PS) users, discovery service
authorization may be saved inside the UE device or in the USIM. For non-PS users, network shall
authorize the service. Once the authorization and provision is granted, UE wanting to use D2D sends a
discovery request with an Application ID, either in monitoring or announcing mode for Model A; for
Model B it sends in discoveree or discoverer mode. The ProSe function responds with a Discovery
Response with parameters about this request and in particular the ProSe Application Code (which is a
sort of grant authorizing the UE to use the corresponding ProSe Application) plus a validity timer for
this specific code. This timer controls the capability of the UE to use the related ProSe Application. In
case this timer expires, the device needs to request a new code from the network (see [158] for more
details).
The UE transmit power is indirectly set by the message describing the announcing policy, and three
ranges are possible: short, medium, long. A maximum transmit power level is associated to each range
and it is sent in the SIB Type 19. The network indicates also if the UE is authorized to discover other
UEs out of network coverage and with which policy.
Discovery resources are configured by the network or could be pre-configured in the device. If
configured by the network, the configuration is carried in SIB Type 19 which defines the Resource Pool
(RP) and the length of the discovery period during which the resources are valid. Discovery period can
be configured with the following values: {4, 6, 7, 8, 12, 14, 16, 24, 28, 32, 64, 128, 256, 512, 1024} in
frames of 10 ms, i.e. from 40 ms to 1024 ms [166] and it is defined with respect to the System Frame
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Number (SFN) = 0 when in coverage or with respect to the Direct Frame Number4 (DFN) = 0 when out
of coverage, with a configurable offset. Resource pool is defined temporally by a bitmap saying which
subframes inside a discovery period can be used and with which repetition, and the PRB to be used for
discovery. The bitmap has different lengths (from 4 to 42 bits), and the length to be used depends on
the frame configuration. For instance, for FDD, the length of the bitmap is 40 (see Section 6.3.8 in
[168]). As shown in Figure 5-42, the configuration parameter numRepetition is the number of times
which the subframe bitmap is repeated; it is in between 1 to 5 for FDD configuration (see Section 6.3.8
in [168]). The PRB allocated to the PSDCH have always the form shown in Figure 5-42, two subbands
which can be configured as one.
The selection of resources to be used to send the Discovery Message is done according to the state of
the UE (RRC_IDLE or RRC_CONNECTED). In the idle state, the UE monitors resources pools
indicated by SIB Type 19. In the connected mode the device can request from the network an exact
allocation or the network can tell the UE to autonomously select the resource in a resource pool.
Moreover, radio resource allocation depends on the type of discovery: Type 1 is non-UE specific, while
Type 2B is UE-specific and semi-persistent. The two types of discovery impact on how the resource of
PSDCH are identified and used.
Discovery Period
SFN = 0
Bitmap

Offset

numRepetition
Subframes with SL
PUCCH

Subframes without SL
PRB-start

PRB for
SL

PRB-Num (for SL)

PRB for
SL

PRB-Num (for SL)
PRB-end

PUCCH

Figure 5-42 Resource pool definition for SL discovery. In the figure, only subframes for UL
(eligible to SL) are shown
The direct discovery message sent on PC5 contains the information necessary to identify the ProSe
Application the receivers may be interested in, as well as the Prose Application Code which contains
also the mobile network identifier (PMLN ID). The discovery message is 232 bits long and contains an
integrity check (CRC), and it is sent using QPSK (see Table 5-6) on 2 adjacent PRB per time slot.
Hence, in a single transmission, the discovery message is coded with a code rate equal to 0.439 and
0.537 respectively for normal and extended CP. In order to improve robustness, the discovery message
is associated to a HARQ process at the MAC level, whose number of retransmissions can be configured
inside the RP to 0, 1, 2, 3. At the PHY layer different incremental redundancy versions are used with
the fixed order 0, 2, 3, 1. Also, from one repetition to another, the couple of PRBs carrying the message
hops inside the RP resources according to a hopping pattern defined in Section 14.3.3 in [165]. This
4

DFN is a frame number which is established by the UE out of coverage with respect to its internal
time reference, since there is no synchronization with the network.
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parameter can be configured by RRCReconfigurationMessage, meaning that it can be set by the
network, for UEs which are in RRC_CONNECTED state. For UE out-of-coverage that cannot go into
that state, the parameter is preconfigured [167].
5.9.2.5 SL communication
In 3GPP direct communication is defined in-coverage, out-of-coverage or for coverage extension, but
only for public safety devices. Direct communications uses the STCH with the associated transport and
PHY channels, and it uses the PSCCH in order to control link parameters at MAC/PHY levels see Table
5-5. On top of that, on the user plane (see COHERENT D2.2 [140]) over the PC5 interface there is an
instance of Radio Link Control (RLC) and Packet Data Convergence Protocol (PDCP) (two L2
sublayers) for each direct communication which is defined by a couple of ProSe UE ID and L2 group
ID. RLC/PDCP are instantiated when possible but they are configured only on reception of the first
RLC PDU and their lifetime is not specified by the network (usually those instances last the duration
of the connection, but in this case there is no connection). RLC is always in Unacknowledged Mode
meaning that there is no ARQ. However HARQ at MAC/PHY exists but without feedback, as will be
detailed below.
Provisioning is a pre-requisite for communication. A certain number of parameters (PLMN for incoverage communications, authorization of out-of-coverage communication, radio parameters for outof-coverage communication, L2 group ID, IP addresses, security parameters for group
communications) must be transmitted to the UEs interested in D2D by the ProSe Function or must be
pre-configured. Frequency carriers of the system can support or not direct communication, so UEs
wanting to use direct communications must search for good carriers. For out-of-coverage, UE uses
carriers which are stored in the device or Universal Subscriber Identity Module (USIM). For coverage
extension (partial coverage), the in coverage UE (i.e. the UE-to-network relay) can use either preconfigured or network-controlled carriers. Note however that the out-of-coverage UE (the remote UE)
will always use preconfigured resource. Hence carrier coordination is necessary to enable
communications between an in-coverage UE and out-of-coverage UE and to control interference.
Selection of resources can be done autonomously, by looking at the Resource Pool (RP) in SIB Type
18, or can be scheduled by the network. There are transmission and reception Resource Pools (RP),
provided by SIB Type 18 information or preconfigured in the device. Of course, a transmission RP
must be equal to a receive RP for enabling communication inside a cell. However, multiple receive RP
can be defined for covering communications with out-of-coverage UE or for communication with UEs
in adjacent cells. Nothing is said about the coordination of these RP.
Resource allocation is associated to the PSCCH and it is done in 2 modes:

-

Mode 1, the eNodeB schedules the resources for direct communication inside the RP given by
the SIB Type 18. UEs must be in RRC_CONNECTED mode to use this method.
Mode 2, the UEs independently choose the resources inside the RP (pre-configured or given by
the network) for sending scheduling information (PSCCH) and data (PSSCH). UE can be outof-coverage or in RRC_IDLE state.

The main structure of the RP for communication is the same as for discovery. The PRB allocated for
communication inside an authorized subframe are a pair of subbands as in Figure 5-42. The structure
and signaling of the subframes dedicated for control and data transmission in time is different, even if
the principle of bitmap for indicated subframes allocated to communication is maintained. An RP is
temporally described by an SL Control (SC) period of configurable length {40, 60, 70, 80, 120, 140,
160, 240, 280, 320} subframes, hence ranging from 40 ms to 320 ms [168]. The SC period is divided
into the first part dedicated to the transmission of the control (PSCCH) and the second part for data
(PSSCH). The SC period is repeated thus providing a periodic structure, a sort of frame, for SL
communications. The repetitions of the SC period are limited and their end must fall before 10240
subframes (10.24 s) after the initial reference (SFN or DFN equal to 0), see Section 14.2.3 in [165].
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Concerning the transmission of PSCCH, it depends on the allocations mode (scheduled – mode 1, or
autonomous – mode 2):

-

-

In mode 1, the RB dedicated to the transmission of the SCI is signalled by the eNB through a
new format 5 Downlink Control Information (DCI) scrambled with a Sidelink Radio Network
Temporary Identifier (SL-RNTI) of the concerned D2D link with the traditional DL procedure
(see [170] for more details). This resource must be inside the SC periods on the resources
allocated to direct communication.
In mode 2, the UE autonomously uses the resources of the RP dedicated to the control part.
For both modes, these resources are described with the offset and bitmap method used for
discovery, see Section 5.9.2.4. For instance, for FDD, the bitmap is 40 bit long.

The transmission of the data over PSSCH follows the control part of the SC period. The allocation
depends on the allocation mode:

-

-

Mode 1: the resources of the data part starts immediately after the last subframe dedicated to
control (PSCCH) having the bitmap at 1. In fact, all the subframes in the data part of the SC
period are allocable. The scheduled subframes are signalled through a Time Resource Pattern
of Transmission (T-RPT) which is a bitmap, whose length is of 6, 7, or 8 bits, depending on
the FDD/TDD configuration, e.g. for FDD it is 8 bits long. The T-RPT is signaled into the SCI
Format 0 (see [165] for their definition) but this information is coming directly from the
network through the DCI Format 5. These bitmaps, which are short, are repeated inside the SC
period until its end (truncation possible at the boundary of the SC period). They are shown in
light red in Figure 5-43, Allocation Mode 1 (see [165] for more details).
Mode 2: in this case the data part starts after a configurable offset (in subframes) from the start
of the SC period. The subframes of the resource pool are defined and configured through a
second bitmap which has the same structure of the one of the control part (e.g. 40 bits for FDD)
which is repeated and possibly truncated at the end of the SC period (see Figure 5-43,
Allocation Mode 2). The scheduled subframes are selected on top of this pattern, thanks to the
T-RPT (defined slightly differently with respect to mode 1 procedure, see [165] for more
details).
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Allocation Mode 1
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Control part
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Data part
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Figure 5-43 Resource pool definition for SL communication, temporal aspect. In the figure, only
subframes for UL (eligible to SL) are shown
The difference in the definitions of the RPs for allocation mode 1 and 2 can be explained as follows. In
mode 1 the network has full control, hence, even if all UL subframes are in the resource pool for SL
communications, the subframes which are not explicitly scheduled by the eNodeB are guaranteed
without interference from SL communications. This is no longer true in allocation mode 2, where
autonomous resource selection is done by the UEs. Hence, the standard specifies a method through the
bitmap for data in order to limit the subframes in the RP. In this way, even without knowing the
scheduling decisions of the UEs, it can guarantee the absence of SL interference on the UL subframes
out of the RP.
Let us go in more details on the transmission procedure:

-

In mode 1, the UE is aware that the eNB supports SL communication when it sends SIB Type
18 signal. Then, when it has something to send, the UE sends an information message to eNB,
containing frequency of interest for SL and a list of destinations. In this way it asks eNB for
resources for transmission. The eNB sends a RRCConnectionReconfiguration message to the
UE with MCS and the RPs, the SL-RNTI and also the Buffer Status Reports (BSR)
configuration of the UE. In this way the UE is configured by the eNB to send BSRs about the
amount of SL data available for transmission. RRC controls BSR reporting for the SL by
configuring the two timers periodic-BSR-TimerSL (default infinity, possible values {5, 10, 16,
20, 32, 40, 64, 80, 128, 160, 320, 640, 1280, 2560, infinity} subframes) and retx-BSR-TimerSL
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-

(default sf2560, possible values {320, 640, 1280, 2560, 5120, 10240} subframes) [167]. Of
course BSR is deactivated when autonomous resource allocation is active (mode 2). When the
UE has data to send it will send a BSR (or a scheduling requests if it has no resources already
scheduled in the UL). Finally, in response to the BSR the eNB sends the allocations for the SL
through a newly defined DCI format 5 and it signals the SL link through the SL-RNTI. Note
that the MCS is not present in the DCI as for normal DL operation, but it is set directly as a
configuration by the eNB RRC inside the RRCConnectionReconfiguration message. The SL
Control period must start at least 4 subframes after the reception of the grant (see Section 5.14.1
in [167]). This may be helpful to calculate latency of control. A DCI Format 5 is valid until the
expiry of the SC Period which it refers to. By using the DCI Format 5 and other configuration
information, the sender UE can build the SCI and send it for data allocation.
Mode 2 works out of coverage or in-coverage while the UE is in RRC_IDLE state (no control
from the RRC layer). In this case the SCI is directly filled by the UE either using information
coming from SIB Type 18, or, when out of coverage, from preconfigured resources. When there
are multiple RPs that can be used, it is possible to preconfigure a list of priority of RPs, the UE
shall select the ones associated to the Logical Channels with the highest priority, having traffic
to send (see Section 5.14.1 in [167]). If two RPs have the same priority, it is up to the UE to
decide which one to use. Then, specific resources for sending SCI and data must be selected
randomly according to a uniform distribution over all the possibilities. Concerning the content
of the SCI for the allocation of the data part, the sender UE can put any choice but at the current
level of specification there is no measurement or report for understanding the quality of the
channel, so the allocation is done at random and uniformly over the available choices.

In the control part of the RP, the SCI is sent over the PSCCH and it is repeated twice, over two
subframes of the specified resource pool and using only 2 RB, so one PRB per slot in each of the two
subframes. While in mode 1 the eNodeB can control the position of the SCI inside the RP such that
collisions can be avoided between multiple SL senders using the same RP, in mode 2 each UE selects
randomly and uniformly the position of the SCI. A frequency hop is used for the second subframe, see
the detailed procedure in TS 36.213 [165]. The structure of SCI Format 0 is as follows:

-

MCS: 5 bits, determined by RRC or by pre-configuration.
Time resource pattern (T-RPT) 7 bits.
Timing advance indication: 11 bits: in mode 2 it is always set to 0, while in mode 1 the network
can specify a non-zero timing advance.
- Group destination ID: 8 bits: 8 LSBs of the ProSe L2 Group ID: this field specifies the
destination (it substitutes in part the RNTI of the DCI message). This information must be
combined with the destination identity of the MAC header to locate the exact identity of the
receiver or of the group.
- Resource block assignment and hopping flag: 5-13 bits.
- Frequency hopping flag: 1 bit.
The last two fields determine the resource block assignment for the PSSCH and if there is or not
frequency hopping and which kind of frequency hopping.
In both modes, PSSCH is scheduled by using resource allocation Type 0. In resource allocation of Type
0, a bitmap indicates the resource block groups (RBGs) which are allocated to the scheduled UE, where
an RBG is a set of consecutive PRBs. The RBG size is a function of the system bandwidth [170].
PSSCH transmission supports (like PUSCH) no frequency-hopping or two types of frequency hopping:
inter-subframe frequency hopping (for improving diversity for HARQ) and inter+intra-subframe
frequency hopping (for improving diversity even inside one code block in addition to diversity for
HARQ).
For both modes, transmission of the data over the PSSCH works as follows. The received SCI, together
with the definition of the RP allows identifying the RB allocated for the first packet. Then, HARQ is
always activated with a total of 4 transmissions for each packet. The retransmissions are always sent in
consecutive subframes of the RP, but the RBs are defined in a deterministic way according to the
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frequency hopping scheme and their position can be calculated by the receiver. The sequence of
transmissions is fixed as well as the sequence of incremental redundancy versions, which is 0, 2, 3, 1.
Once the first packet is sent, if the UE has more traffic it forms another MAC SDU and sends for
transmission during the next set of four consecutive subframes in the SC period. Packets with the same
pair of source and destination L2-indentities can be sent inside the same SC period. However, it is
possible to receive from multiple sources and it is also possible that the same UE receives multiple
transmissions if it belongs to different groups.
The maximum number of transmitting SL processes associated with a HARQ entity is currently 8 see
TR 36.331 [168], the UE must declare if it supports it or not. Rel 13 states that the RB dedicated to SL
transmission in a subframe cannot exceed 50 total RBs, see Section 14 in [165]. Moreover, SL
transmission must happen only in contiguous RBs and there cannot be concurrent SL receptions with
different CP in the same subframe. In case of interference in time with UL transmission allocations, the
priority is given to the UL. A UE using a subframe in a carrier for direct communication cannot use the
same subframe for normal cellular traffic.
Multiple transmissions within overlapping SC periods to different ProSe Destinations are allowed
subject to single-cluster SC-FDM constraint.
Maximum powers for the PSCCH and PSSCH can be tuned separately but never go over the maximum
power of the UE class. They are cell-specific and configured by RRC messaging or preconfigured in
the devices.
5.9.2.6 SL UE-to-network relay
Some work was done in Rel 13 on the introduction of UE-to-Network Relays, i.e. a relay in between
another UE (called remote UE) and the network, in order to provide network coverage extension [161].
Currently in the standard an L3 solution is foreseen, meaning that the relaying is done at IP level, the
relay acts as a router. In general it seems that relaying could be managed at application level since there
is no direct control for SL channels.
A UE-to-network relay must be by definition in the RRC_CONNECTED state, which means that UErelay must be in coverage and able to receive configurations from RRC (see Section 5.10.10 in [168]).
This UE can then be used for coverage extension, which is an important use case for public safety
scenarios. The UE-to-network relay can transmit to UEs which are in-coverage (both states) or out-ofcoverage, using SIB Type 18 configuration or using predefined values (see Section 5.10.4 in [168]). In
any case, the resources for relaying are controlled by the network.
On the other hand, a UE can be a remote UE (i.e. a UE wanting to communicate with a UE relay) in
coverage (both RRC states) or out-of-coverage. If it is in coverage and in RRC_IDLE state, then the
UE can be a remote UE only if it is at the cell edge (see Section 5.10.11 in [168]).
A remote UE in RRC_IDLE state can transmit to a UE-relay only if it has selected a UE relay and it
must also receive a RSRP metric from its primary cell which is below a certain threshold specified in
SIB Type 19 (see Section 5.10.4 in [168]), i.e. it is at cell edge. In the other cases, the corresponding
resource pools must be opportunely configured.
The UE-to-network relay can send a PS discovery message either in RRC_CONNECTED state with
the right configuration or in RRC_IDLE state according to SIB Type 19 parameters. Notice that certain
power thresholds conditions must be satisfied (see Section 5.10.10.3 in [168]). They are used to identify
if the UE-to-network relay is at the cell edge (the RSRP must be below a certain high value minus a
hysteresis value and above the minimum value plus hysteresis). Hence, also for discovery, the UE relay
can be substantially used to send a discovery announcement in order to search UEs which are out of
coverage or at cell edge. On the other hand, a remote UE can also send a PS discovery message either
in coverage or out of coverage, but in RRC_IDLE mode it must satisfy the usual power conditions
equivalent to be at the cell edge. For a remote UE in out of coverage, the announcement message works
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with a random choice of the discovery configuration from the preconfigured ones and following the
timing reference of a SynchRef UE if it exists or its own timing.
From the receiver perspective, it is possible to reselect the UE-to-network relay. This can be done outof-coverage and in-coverage (both RRC states). Initial UE-relay selection is based on a received
Sidelink Discovery Reference Signal Received Power (SD-RSRP). In case of reselection of UE-Relay,
the reselection can be triggered by higher layers, or because SD-RSRP of the currently selected sidelink
relay UE is below q-RxLevMin and in that case the UE selects the UE-relay which is in the list
reselectionInfoIC (in coverage) or reselectionInfoOoC (out of coverage) and whose power is above the
minimum level by an hysteresis value [168]. The standard also says that reselection can be influenced
also by metrics at higher layers which are UE implementation dependent.
Finally notice that the definition of cell edge we have used in this section is based on thresholds which
have configurable values. The network can hence control, at least to a certain extent, the geographical
location in which D2D is allowed.
5.9.3

Proposed solution

The state of the art work on D2D systems very often covers only particular aspects or functionality of
the system or of the architecture (see also the review in Section 5.8). The 3GPP proposal of D2D
described in Section 5.9.2 has the advantage of describing a complete system which could possibly
evolve in the next generation (5G). Hence it is our baseline for improvements.
In this section we are particularly interested in the relaying aspect for coverage extension and out of
coverage communications. From Section 5.9.2 we have the following observations:

-

-

Lack of control from the network of out-of-coverage UE at any distance (in hops) from the UEto-network relay or from the eNodeB
Only UE-to-network relay is defined for the moment, at L3 level. Inter-UE relaying is possible
at L3 but out of the scope of the 3GPP definition.
For out-of-coverage communications, everything, ranging from security and identification, to
resource pool definition and parametrization of lower layer, is managed through preconfigured
values. When an out-of-coverage UE interacts with a fixed network, it is up to the person doing
the pre-configuration to handle the definition of the resource pools so that a communication is
possible.
Nothing is said about how to manage resource pools when interacting at cell edge between
different cells in order to limit interference and satisfy requirements for public safety services.
Selection of resources at L2 for out of coverage users is done randomly with uniform
distribution on the set of possible choices, which may introduce high level of interference
depending on the available resources.
PHY layer coding and procedures are very robust (multiple repetitions with HARQ), which is
in line with the previous vision of an autonomous system generating unmastered interference
and collisions.

The solution we want to investigate for the COHERENT D3.2 is to introduce a form of control for
coverage extension and relaying, in the framework of the control architecture defined in COHERENT
D2.2 [140]. The aim is to see to what extent introducing more control than what is currently defined
will improve the support of PS requirements, which may be stringent. For instance, for traditional voice
application like group calls, which are of paramount importance for PS users, the latency in multi-hop
coverage extension scenarios may be too high. Different possibilities are open, ranging from the
introduction of minimal additional control of the existing configurable parameters, up to full control.
Indeed, optimal relaying strategies depend also on the degree of control and on the available
measurements and metrics. In the proposed solution it will then be important to evaluate the feasibility
of gathering sufficient useful information on the state of the D2D links and nodes for building the
network graph. The impact on system performance of the measurements and signalling procedures
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related to the construction and sharing of the network graph should be evaluated as a function of the
different control strategies.

5.10 Mobility management in HetNets
In a broad sense, mobility management in wireless networks encompasses handovers, location
management and roaming. We consider the first type of mobility, with the focus on LTE(-A) HetNets,
and give our insights into the required functionality and possibilities for abstractions of operating
parameters that are included into COHERENT control framework.
Mobility procedures depend on the UE’s RRC state: “Idle” or “Connected”. Recently, also “Connected
Inactive” state has been proposed. It enables fast and lightweight transition to the Connected state, by
keeping the UE context alive in the network during UE’s inactivity periods. That is, from the core
network’s perspective the UE stays in the connected state. The need for the new intermediate state stems
from the control plane signalling and latency reduction requirements in the support for cellular IoT. The
related suspend and resume procedures are being defined in [152].
In higher frequency bands, cell search and mobility support become challenging because the coverage
narrows down from cells to beams. Then the network has to actively track the UE in its movement by
using beam steering techniques. Here, the control plane at the lower-frequency layers may assist in the
beam detection and direction synchronization.
With the focused support for the verticals, like various forms of MTC, mobility support will need to be
separately optimized for (semi-)static devices on one hand and for various applications in fast moving
vehicles, on the other hand. This means that a UE may perform measurements on reference signals only
on demand, and that the signals may be transmitted along with data and only when needed.
A further research issue for 5G is seamless integration of mobility management across heterogeneous
radio technologies. In this case, access network discovery and selection function (ANDSF) was
supposed to facilitate access network selection between LTE and WiFi, but this feature was not
attractive for the operators. Instead, UE makes an autonomous decision on WiFi usage. The tighter
inter-RAT integration, e.g. LTE and WiFi link aggregation (LWA) entails new requirements for
mobility management, the fulfilment of which may benefit from the centralised network view provided
by C3. Load-aware access network selection among multi-radio heterogeneous networks, and
especially in cellular and WiFi interworking, has been examined in [153].
5.10.1 Problem description
Mobility in the connected mode typically refers to UE’s handovers between eNBs. Briefly, the
procedure involves the phases of cell detection by UE, measurements on the detected cells according
to eNB’s configuration, and reporting of filtered measurements to eNB at certain conditions (e.g. at A3
or A5 events). Finally, the serving eNB negotiates on the handover with the target eNB. Here, the
configuration of the measurements has performance implications in terms of handover failures,
unnecessary handovers (e.g. ping-pongs), throughput, signalling overhead, power consumption, and
interference, among others. Therefore, it is important to carefully plan the mobility parameters like
signal strength thresholds, time-to-trigger (TTT) hysteresis, measurement filtering coefficients,
reporting interval and the maximum number of reported cells [135]. The measurement parameterization
needs also to take into account contextual information related to cells sizes, UE mobility, traffic types,
and energy constraints, for example [136].
Along with the HetNet developments, including carrier aggregation and CoMP, that distribute the data
plane among multiple small cells, handover has become a means for maintaining a robust control
channel between UE and a macro cell. Indeed, UE’s movements among densely deployed small
Secondary Cells are not signalled as handovers but they appear as additions, removals, and changes of
cells. Further evolution towards 5G with ultra-dense mmWave beam cells may allow nearly borderless
mobility (without a need for paging), which makes use of uplink beaconing [137]. Dense mobile
network deployment with multi-connectivity makes it difficult to decide on handover parameters like
H2020 5G-PPP COHERENT Deliverable 3.1

121

D3.1 First report on Physical and MAC layer modelling and abstraction

the cell offset values. A centralized approach with network view could help to control those parameters
dynamically. The problem that is aimed to be solved here fulfil the COHERENT requirement #54 stated
in D2.1[15].
5.10.2 Solution approach
The centralized COHERENT C3 controller for mobility management applies the abstracted
measurement results such as RSRP/RSRQ from the network graph as the input to the mobility
management application. The optimal mobility management parameters can be determined and set by
the mobility management application; after all, the handover will be triggered by the mobility
management inside the COHERENT controller and enacted to the network. Figure 5-44 depicts the
interaction between the mobility management application and the COHERENT control framework
based on the X2 handover in LTE. The same methodology is applicable to the S1 handover.
Specifically, the mobility management parameters are described as follows:
-

-

Time to trigger (TTT): Time-to-trigger parameter
Hysteresis: the hysteresis parameter for this event.
OFN: the frequency specific offset of the frequency of the neighbour cell
OCN: the cell specific offset of the neighbour cell, and set to zero if not configured for the
neighbour cell.
OFS: the frequency specific offset of the serving frequency.
OCS: the cell specific offset of the serving cell, and is set to zero if not configured for the
serving cell.
OFF: the offset parameter for this event. In LTE, several different events (A1~A6) [90] can be
used to trigger the intra-LTE handover process with different configuration on each individual
offsets (e.g., a3_offset).
Threshold: The threshold parameters used for different events. For some events, there are two
thresholds used for the different cells.
L3 Filtering coefficient RSRP/RSRQ: Parameter for exponential moving average (EMA) filter
for smoothing any abrupt measurements variations.
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Figure 5-44 Mobility management application interaction with SDN controller
The mobility management application communicates with the mobility management entity located in
the SDN controller side via a northbound API. The mobility management entity enables the abstraction
entity to acquire the intended RAN raw data information, e.g., RSRP, RSRQ, SINR, CQI, PRBs from
the underlying network via a southbound API and perform abstraction methodology, e.g., BLER or
capacity estimation. To that end, using the abstracted information other performance parameters such
as average delay, cell load, data rate, KPIs for UL or DL and other QoS related parameters can be
computed and stored in the network graph supported by the proposed framework. Then, this information
is sent to the application that can run a background algorithm based on a combination of load, traffic,
power and other handover criteria for optimizing the aforementioned mobility management parameters.
The output values of the parameters of the application are sent back to the mobility management entity
in order to be applied to the RAN.
Mobility across diverse radio interface technologies requires technology-agnostic abstractions of the
mobility control functionality. One effort towards that direction is IEEE 802.21 Media Independent
Handover (MIH) [207]. An SDN-based framework for centralised RAN control, including
programming abstractions for mobility management in WiFi access networks, has been proposed in
[139].
The high-level research objective is the integration of LTE’s mobility control functionality into the
COHERENT control framework. This may entail:
-

Abstractions of LTE’s mobility-related parameters and measured entities that are to be included
in the COHERENT graphs.

-

Centralisation of the currently decentralised handover decision algorithms and related
signalling
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Identification of the basic biasing features in current LTE SON (e.g., mobility load balancing and
mobility robustness optimization) and search for optimal biasing factors with the aid of the network
graph approach.

5.11 Mobility study for high speed platforms
5.11.1 Problem description
As a result of low latency needs and reliable communications with low CAPEX (installation costs) and
low OPEX (operation & exploitation costs), both high speed train operators and civil flight operators
are looking toward the use of 4G & 5G technologies as opposed to the more-expensive and higherlatency option which is currently represented by satellite communications. This would allow for
example higher throughput and lower latencies to the users located in the airplanes at a much lower
cost, as shown in the comparison table in Figure 5-45, for the comparison between DA2GC (Broadband
Direct Air to Ground Communications) systems and SATCOM (Satellite Communications).

Figure 5-45 Comparison between broadband direct air to ground communications satellite
communications
However, a new design with innovative improvements of the current technology (i.e. LTE-Advanced
and LTE-Advanced Pro up to Release-14) or new technology robust to new service requirements (i.e.
Release-15, Release-16 with 5G) is required. This new network design is needed in order to be able to
provide necessary communication capabilities for products for High Speed Platforms such as Airplanes
and High-Speed-Trains.
For trains and airplanes the propagation is different from classical ground-to-ground propagation due
to reflections and very particular channel models, high Doppler shift and high Doppler spreads,
interference, service interruptions and handover issues which make LTE system unusable in the above
mentioned conditions. As a result of these previous mentioned issues, 3GPP decided to initiate work
for 5G systems in order to cope with High-Speed broadband access & Vehicle-to-Vehicle
communications Use Cases (and more generally, Vehicle-to-X communications or V2X – for one-toone or one-to-many) in the standardization group called SA1 (for details see 3GPP SA1 SMARTER
TR 22.891 [171]). More precisely and as also cited in COHERENT deliverable D2.2 [140], SA1
SMARTER TR 22.891 and SA1 TR 22.863 [172] refer to improvements related to high user mobility
related to “enhanced Mobile Broadband” (eMBB) & “enhanced Vehicle-to-X communication” (eV2X):

-

SMARTER UC10 Mobile Broadband Services with Seamless Wide-Area Coverage (duplicate
within eMBB & eV2X);
SMARTER UC29 Higher User Mobility (for eMBB);
SMARTER UC66 Broadband Direct Air to Ground Communications (i.e. DA2GC, for eMBB).
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5.11.2 Proposed system
With respect to DA2GC use case, Thales has already made an estimation of the number of eNBs needed
to cover the entire Europe and reached the conclusion that around 470 eNBs may be sufficient with
respect to the current traffic, as represented in Figure 5-46.

Figure 5-46 Estimation of needed eNodeB for European coverage for DA2GC
The estimation was based on the current traffic model for business and non-business needs:
Table 5-7 Traffic model for business and non-business needs for DA2GC

If we consider a passenger average capacity per airplane of 180-200 passengers and an internet user
estimation per airplane of 25%, and considering e.g. business user case estimated needs of 51 kb/s
downlink (DL) data rate and of 13 kb/s uplink (UL) data rate, we will find that the more stringent
requirement for a business user and airplane may be respected, but the more stringent requirement for
a non-business user and airplane is more difficult. However, for normal non-business user access,
premium user strategy might be applied, which will decrease the total required traffic in DL and increase
the service quality per (premium) user. These results can be resumed in Table 5-8.
Table 5-8 Throughput requirements for DA2GC

Of course, other additional services might exist, e.g. for operating the airplane – but this would require
very low data rate with very high priority. Anyway, it is clearly shown that current minimum required
throughput needs are not satisfied by satellite communications technology. However, LTE might be the
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answer, and therefore further deployment 5G versions offering backward compatibility but also new
services and waveforms. This is theoretically possible as shown in Table 5-9, Table 5-10, and Table
5-11 for FDD mode with 1 RF chain, 2 RF chains and 4 RF chains, but LTE has not been designed for
very high speed platforms (e.g. above 500 km/h at 2 GHz) and has to be evaluated and modified
accordingly.
Table 5-9 Capacity [Mbps] for FDD, 1 RF chain

Table 5-10 Capacity [Mbps] for FDD, 2 RF chain

Table 5-11 Capacity [Mbps] for FDD, 4 RF chain

In order to obtain LTE’s maximum achievable capacity (here expressed in Mbps)
in FDD mode for different RF chains, we have used MCS and TBS indexes taken from Table 7.1.7.11 from TS 26.213 [173]. Moreover, it has been considered that approximately 25% of overhead is used
for control & signalling, which leads to a very good approximation of useful expected throughput.
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Table 5-12 resumes the QoS requirements/service. The first connection establishment time does not
need to be very low for normal Internet access but the delay variation has to be decreased, especially if
we want to include voice communication and other real-time communications requiring low
interruption times, low latencies, and more robustness.
Table 5-12 QoS requirements per service for DA2GC

Other additional services might exist (see Table 5-12), e.g. for CCTV applications, for control purposes,
or for location purposes – but this would require very low data rate with very high priority, so
throughput is not a problem for this type of service. However, the prioritization and the differentiation
of data flow should be reconsidered.
5.11.3 Proposed solution
The SA group (and more precisely SA1) therefore started to define NEW requirements for NEW
services resulting from the above mentioned use cases. These requirements will be transformed in
technical and system specifications for future releases (starting from Release-14) in different
standardization groups such as RAN (Radio Access Network, and more specifically RAN1 to RAN5),
CT (Core Network and Terminals) and SA2. Here are a few requirements as found in SMARTER TR
22.891 [171]:
-

-

Services: voice and video call, internet access and mobile multimedia services, during flights
(see [174]).
Pre-conditions: A service access network infrastructure, e.g. eNB and WiFi AP (both already
certified for on-board implementation) is provided in an airplane to offer passengers in-flight
mobile voice and broadband data communication services. During a flight, the speed of an
aircraft ranges between 500 km/h and up to [900 km/h] at different altitudes between 4000
meters and 10000 meters.
Service flows and post-conditions: During the flight, web surfing, phone calls, video
conference meetings full HD streaming live video, full HD streaming movie and video calls
have to be available.

Due to bandwidth limitation and very low waveform robustness of DA2GC system, streaming live
video and other services may deteriorate and my encounter reduced quality such as lower resolution,
high latency or service reduction to voice-only and even non-real-time transmissions.
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5.11.3.1 Solution description
We believe that COHERENT architecture is very suitable to these new cases and would allow for a
more flexible RAN to be used. This will improve the overall system performance without significant
system modifications.
The entire LTE communication system has therefore to be properly evaluated with respect to new usage
constraints:
1) usage for high-speed platforms
2) usage for air-to-ground propagation scenarios.
New handover algorithms and system robustness to offsets and high mobility have to be properly
evaluated. Through network graphs information and new COHERENT controller, the system will
permanently adapt providing robust services for a very high mobility. Some of the encountered possible
issues are described in Figure 5-47 and Figure 5-48. For example, a UE mounted on an airplane is
connected to eNB A, but it receives the signal from eNB A with an initial offset (see step 1), which is
able to compensate at PHY level during the cell search process. The serving cell (which is eNB A in
this case) may configure UE on airplane with the cell list to be measured (e.g. eNB B), with the proper
triggers, reporting configuration and measurement ID (as seen in step 2). However, as represented in
step 3, the UE “sees” the pilots from eNB B with another frequency offset, offset that it is not able to
compensate. For this reason, at step 4 UE measures eNB B and underestimates received power from
eNB. This will result to incorrect and unreliable measurement values, which will be anyway probably
reported to eNB A too late during the step 5. At step 6, eNB A performs handover, but a huge
interruption time is expected. This interruption should be normally avoided with the help of new
architecture thanks to COHERENT controller and/or waveform robustification.

Figure 5-47 LTE measurement issues related to high Speed (part I)
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Figure 5-48 LTE measurement issues related to high Speed (part II)
5.11.3.2 Network graphs and abstraction aspects
Final results, methods and/or evaluations will be provided in COHERENT deliverable D3.2. For
example, an evaluation of PSS and SSS and/or CRS signals will be considered. Abstraction metrics will
further be investigated in D3.2, together with potential different implementation schemes with network
side impact and/or User Equipment impact. Periodicity of measurements, dedicated system
configuration, and other system parameters will be discussed, with potential impact at different layers.

H2020 5G-PPP COHERENT Deliverable 3.1

129

D3.1 First report on Physical and MAC layer modelling and abstraction

6. Conclusions
The key innovations of COHERENT lie in the proper abstraction of physical and MAC layer in 5G
heterogeneous network and the development of a unified and programmable control framework. In
essence, our main objective is to investigate logically centralized and physically distributed approaches
for producing computationally light-weight models of the network state which can be represented in a
compact form as part of the network graph.

6.1

Summary of main outcome

In this deliverable, an overview is first given in Section 2 on network graphs, control paradigms,
abstraction principles, and current standardization activities. Some key challenges are provided to
which the developed network graph concept should respond. Next, in Section 3, the COHERENT
system model is outlined and the target abstraction framework is introduced. The work of WP2 is
closely taken into account to the extent allowed by planning of the work which scheduled the parallel
work on architecture in WP2 and on PHY/MAC layer modelling and abstractions in WP3. In this
deliverable, key performance indicators of D2.1 [15], network architecture developed in D2.2 [140],
and high level requirements referred to the abstractions for the PHY and MAC layers of COHERENT
architecture were taken into consideration. Section 4 presents the main relevant metrics and
measurements already available in the state of the art of the systems targeted by COHERENT (namely
WiFi and 3GPP LTE) that can potentially be used to generate the COHERENT network graph. Some
new ideas that are also relevant to WP4-WP7 in the form of utilizing network graphs are introduced.
Moreover, in Section 5, selected interesting control applications are presented, and evaluated how the
network graph concept can be applied. Important remarks and conclusions are made on the applicability
of the network graphs in different use cases, along with indications of how the proposed network graph
concept can be used to address the defined problems. Some of the key highlights and observations are
as follows.
6.1.1

Network graphs

Concerning the network graph concept, at this stage of the work, the following conclusions can be
drawn. The network graph is considered as an abstracted data structure, with nodes describing network
elements, their attributes and sets of such, and edges describing their interactions, labelled by tensors
of measures such as connectivity state, inter-node resource constraints, and interference coupling. The
measures in question are differentiated in several dimensions. On one hand, there are distinctions
between LTE and WiFi measures (generally among different radio access technology measurements),
and between PHY and MAC layer measures (generally among measurements coming from any protocol
stack layer or sub-layer). On the other hand, there are distinctions between different time scales, where
local information is updated in the network nodes dynamically, whereas global information is
aggregated on a semi-static time scale, and accessed by an entity of the COHERENT control
framework.
A network graph is any aggregation of the idealized data structure that contains all network elements,
and all possible metrics between any pair of network elements. The most important general aggregation
principles are the following:
1) Clustering, where network elements with similar qualitative or quantitative properties are
considered as a single node in the graph, and metrics are replaced by annealed metrics over the
whole cluster. An example is a cellular network graph, where interactions are not considered
between primary network elements but between cells.
2) Edge selection, where a certain metric is stored only between edges where this or some related
metric exceeds a certain threshold value. An example is how spectrum assignment is performed
by coloring a conflict graph, in which the only edges considered are between cells where the
co-channel interference is non-negligible with respect to the targeted application.
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3) Statistical revision, where metrics are replaced by their average over the dimension(s) of
interest (e.g. time, frequency, space, number of users, etc.), or by estimates of their probability
distributions.
4) Functional revision, where collections of parameters are replaced by functions of these, such
as CQI, Shannon capacity, or user experience.
The network graph concept is already present in the literature and implicitly or explicitly used in many
works for modelling the metrics of interest in the scope of those works in a concise but effective way.
However, the COHERENT project inserts the concept of network graph inside the COHERENT
architecture and, by means of the previous aggregation principles, tries to offer a general framework
and systematic approach to the implementation of the network graph concept at the different functional
entities on the said architecture. Each of the previous aggregation principles can be performed whenever
information is passed between two levels in the hierarchical COHERENT architecture.
Network nodes and C3 entities may build local graphs, depending on the use of their information,
according to the SLA and QoS requirements. In most cases, measurements and processing can be done
locally at the nodes as a trade-off between network observability and scalability. The channel state
parameters are allowed to take values of individual measurements as well as parameter estimates for
probability distributions. In discussions between WP2 and WP3, we see that the COHERENT controller
framework consists of a hierarchical structure, where the C3 layer provides a logically centralized
network view, based on information provided by COHERENT controllers administrating network
equipment within certain regions and RATs. For scalability and time-critical applications, real-time
control actions are carried out by local control functions (e.g. scheduling) at relevant nodes. The
hierarchical C3 framework enables flexible creation and aggregation of network graphs as needed for
different levels of control.
A COHERENT C3 gathers and operates on network graph information based on: i) abstractions of lowlayers procedures, protocols, techniques, etc.; ii) detailed local low-layer network graphs of the RAN
links, at PHY and MAC layers. In C3, the network graph should be, as far as possible, technology
agnostic in order to be exposed at the northbound interface for generic control and management
applications, while network graphs in the RTC or at lower layers are RAT dependent. The south-bound
interface is between a COHERENT controller and the nodes of the RAN of different RATs. It is used
to communicate parameters coming from the RAT that will be used by a COHERENT controller inside
low-layer abstractions of the RAN (implemented in a COHERENT controller), so that a COHERENT
controller can build local low-layer network graphs. The south-bound interface is technology
dependent.
6.1.2

Control applications

Section 5 presents a number of control applications in which the COHERENT control framework,
including network graphs as seen in this project, is used in different forms. The following paragraphs
summarize the main contributions in Section 5.
In Section 5.1, the LTE downlink PHY transmission model is described and link-level performance is
evaluated. Specifically, cell-specific reference signals and SNR abstractions are emphasised. A
sophisticated control model to handle the overall channel estimation process is described as well. A test
bench for the studied PHY link-level model is generated and the resulting link throughput is evaluated.
Section 5.2 provides the motivation to use a probabilistic and distributed aggregation model to build a
CQM. This model enhances the network abstraction by capturing the underlying distributions of time
varying links. Bayesian estimation over the joint distribution of RSSI and PDR in time windows is used
to effectively capture fading as well as interference effects and can be used as link deterioration triggers
based on prior information. Our current work involves the evaluation of the metrics and models
proposed for the CQM in the context of different control and management functions that they enable.

H2020 5G-PPP COHERENT Deliverable 3.1

131

D3.1 First report on Physical and MAC layer modelling and abstraction

In Sections 5.3 and 5.4, distributed antenna system and CoMP technologies are, respectively, studied.
Specifically, a distributed antenna system (DAS) architecture, which consists of multiple remote radio
heads (RRHs) connected to a centralized base station via optical fiber network, is considered for
modelling and evaluation of the system at PHY level based on the 3GPP LTE processing blocks. DAS
promises to deliver viable solutions using its distributed RRHs, thereby supporting rapid frequency reuse, minimizing interference due to very low power RRHs and increased coverage. PHY layer
processing blocks for incorporating the DAS functionality to 3GPP LTE have been analysed and
implemented on a digital signal processor (DSP) based software defined radio (SDR) platform. A DAS
technique has been tested using a SDR platform and LTE analyser to measure the performance of DAS
focussed on error vector magnitude observations. Usability of network graphs has been highlighted.
Complete analysis on abstractions, metrics and methodology of using network graphs for DAS will be
done in D3.2. The CoMP technology is shortly outlined with future plans to be studied in D3.2.
In Section 5.5, dynamic inter-node interference modelling study is presented. Specifically, the power
spectral densities of different transmission technologies are provided. Furthermore, adjacent channel
interference ratio is evaluated between GSM carrier and LTE carrier. The existing standards have static
requirements on the required adjacent carrier leakage ratio. However, as the number of systems
operating in adjacent bands increases, it is foreseen that a more dynamic approach to interference
modelling and protection is required.
Section 5.6 presents the background and progress of a distributed load balancing mechanism for RAN
in which the cell range expansion parameter is dynamically adjusted based on a locally derived target
value, in essence a neighbourhood average. The progress achieved within COHERENT is the definition
and prototype implementation of a new target metric, balancing the risk of overload rather than the
relative radio resource load directly. This reduces the QoS impact of the earlier mechanism, and takes
the variability of the load metric into account. Preliminary quantitative analysis of simulator results
w.r.t. system efficiency is also described. Furthermore, load balancing is studied in energy-limited
HetNets. Specifically, an abstraction method of energy status of small base stations harnessed with
specific energy charging capability from the surrounding environment is proposed. We compare the
centralized control approach with the corresponding distributed approach to illustrate the potential
benefit that could arise from that of centralized control in this scenario.
Section 5.7 provides a short introduction to cognitive radio and presents the idea that certain cognitive
radio capabilities may bring a benefit to 5G networks. The functionality of these networks is centered
in the lower layers of the architecture, therefore it is of interest to examine such networks since their
management and configuration is very relevant to the ideas and concepts of COHERENT project. These
networks can be very efficient in terms of satisfying the requirements imposed by 5G PPP. In particular
sensing and all the tools developed for monitoring the electromagnetic environment should be
considered as an input for giving information to feed the COHERENT network graphs.
Section 5.8 considers the D2D network management problems (e.g. D2D discovery, cell association,
D2D relay management, resource allocation, and interference coordination) in HetNets. In dense
HetNets, cell dimension diminishes and cell boundaries get blurred at the same time. The traditional
assumption that D2D resource allocation and interference management can be done as if one single cell
has all D2D communications under its control is less valid. Moreover, the management of the D2D
network in HetNets shall also take the legacy uplink or downlink decision and measurements into
account in order to have better resource utilization and interference coordination. We propose to utilize
D2D network graph under the COHERENT control framework to address these D2D network
management problems. After presenting a state of the art in the open literature and inside 3GPP, as far
as high layers and discovery functionality is concerned (which complements with the review in Section
5.9), the COHERENT control model for D2D is introduced. Then the first detailed proposal of the
abstraction approach for D2D management is defined, including how measurements could be used to
populate a network graph for D2D at the level of the local real time controller and of the C3 control
instance. This work can be further refined in the second deliverable if necessary and can also be used
as an input for the work described in Section 5.9 which is also based on D2D. Then, graph-based
interference coordination for D2D relaying is studied further by simulation on a Manhattan grid
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scenario. D2D relaying with graph-based interference coordination improves cell-edge performance
considerably, which shows the advantage of the COHERENT network graph application in the D2D
networks.
Section 5.9 presents the state of the art of D2D inside 3GPP especially at low layers, which is
complementary to the work presented in Section 5.8. The state of the art was focused on current 3GPP
implementation of D2D because it provides practical values of the measurement reports which may be
important information for characterizing how the low-layers may be modeled based on this information
and for identifying missing but useful measurements. Moreover, 3GPP is the place where 5G will most
probably be defined, and D2D as proposed by 3GPP will be part of it. While the state of the art review
of 3GPP was done for both in-coverage, out-of-coverage D2D communications as well as coverage
extension based on D2D, future work will focus on whether it is necessary or not to introduce more
control (handled inside the COHERENT control framework) especially for supporting PMR services
for the coverage extension use case and in the out-of-coverage case. The interesting point will be to
understand how much control should be introduced and how much will the overhead be in terms of
latency.
Section 5.10 deals with the problem of active state mobility management in 3GPP HetNets. Dense
mobile network deployment with multi-connectivity makes it difficult to decide on handover
parameters. In this context, a centralized control approach with network view can help to control those
parameters dynamically. Based on the abstracted RAN information, the required parameters can be
stored in the network graph of C3 architecture and the higher-layer application utilizes these parameters
for managing the user mobility and sends the modified parameters based on its algorithm for various
purposes, e.g., load, traffic, power, etc. This work, to be finalized in the second part of the project, aims
at the integration of LTE’s mobility control functionality into the COHERENT control framework. This
may include abstraction of LTE’s mobility-related parameters and measured entities; centralisation of
the currently decentralised handover decision algorithms; and identification of the basic biasing features
in current LTE SON features and the search for optimal biasing factors.
Section 5.11 deals with mobility issues for high speed platforms like high speed trains and airplanes.
Note that operators of such transportation systems are looking toward the use of 4G and 5G technologies
as opposed to the more-expensive and higher-latency option represented by satellite communications.
Moreover, direct communication from ground to the airplane has been identified by SA SMARTER as
one of the use cases for 5G (see Section 5.11 for other relevant SMARTER use cases). In this deliverable
we presented the use cases, gave an estimation of the number of eNodeB needed to cover the Europe,
compared the satellite and terrestrial 4G and 5G communication systems at high level, and evaluated
the most important KPIs. Future work will deal with abstraction metrics and with implementation
schemes in order to solve the mobility issues described in this document inside the COHERENT control
framework.

6.2

Future work needed in D3.2

The purpose of this deliverable D3.1 (First report on physical and MAC layer modelling and
abstraction) is to present the initial results on modelling and abstraction of HMNs from the studies
undertaken thus far. The complete results from all considered use-cases will be presented in a followup deliverable D3.2 (Final report on physical and MAC layer modelling and abstraction).
In this stage, the following topics, which need further attention in D3.2, have been recognized (see also
Annex):
-

Coordinated multipoint techniques
Network graphs for high level control
LTE X2 protocol enhancement
Traffic steering and load balancing
Common COHERENT interface for D2D
D2D discovery, clustering, load balancing, and relay selection
D2D relay standardization
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-

Cognitive radios
Fast handover and discovery algorithms
Cooperative moving relays, coverage extension, and link-to-system mapping
Interface to high level programmable framework for coverage extension and mobility
management
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Annex: Objectives mapping of WP3
This annex represents the mapping of objectives of WP3 in each three technical tasks (T3.1, T3.2, and
T3.3) as described in description of work (DoW) of COHERENT project. The tables below represent
objectives and the topics studied in the respective tasks and where they have been addressed in D3.1.
The “comments” column indicates the current plans of WP3 partners of the research work (on those
objectives or topics that were not in the focus in D3.1) that will be addressed in the next deliverable
D3.2.
Table B-1 DoW objectives to Sections in D3.1 mapping, Task T3.1 view
Objectives from DoW

D3.1 sections

To construct network graph for high level control
To define variety of abstracted network graphs
To define edges in the network graphs - state of the link,
channel quality (CQI), SINR etc.
To define an enhancement to LTE X2 protocol for
transportation of abstractions to a central coordinator
To identify and abstract key parameters at physical and
MAC layer, to be used by high-level programmable
control framework
Interaction with other WPs like data base management,
critical and non-critical aspects etc.
Aggressive spatial reuse / Dense small cell deployment
Advanced interference mitigation

3.2
3.2, 5
3.2, 4.1, 4.2, 4.3,
5.2

Coordination techniques

5.4 (SOA only)

Cell edge QoS

5.3

Will be addressed in
D3.2
4.1, 4.2, 4.3
Partially
addressed
5.3
5.5

Will be addressed in
D3.2

Will be addressed in
D3.2
Will be addressed in
D3.2

Inter-cell radio resource allocation and ICIC
Traffic steering and load balancing
Energy consumption, energy-limited HetNets
Connectivity and quality of service

Comments

5.6
5.6
4.2

Table B-2 DoW objectives to Sections in D3.1 mapping, Task T3.2 view
Objectives from DoW
Model and abstract D2D links to be integrated in
abstracted network graphs for resource allocation and
interference coordination between D2D links and BSs.
Determine high-level descriptions of results of dynamic
device clustering algorithms.
Define a common interface and parameters to integrate
the control of D2D communications into high-level
programmable framework.
Develop new methods and algorithms, which utilize
abstracted network graphs, to improve the performance of
D2D communications and coexistence with BSs in
different D2D cases.
Devise a local control scheme for D2D cooperation
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Sections D3.1

Comments

2.4, 4.2, 5.8
Will be addressed in
D3.2
5.8

Additional aspects to
appear in D3.2

5.8, 5.9

Additional aspects to
appear in D3.2
Will be addressed in
D3.2
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Table B-3 DoW objectives to Sections in D3.1 mapping, Task T3.3 view
Objectives from DoW
To identify parameters to be included in abstracted
network graph for coverage extension and mobility
management support
Investigate the cooperative relaying techniques for
network coverage extension and the corresponding linkto-system mapping.
Develop fast neighbouring discovery mechanisms and
fast handover algorithms based on abstracted network
graph approach;
Develop mobility prediction algorithms and associated
resource allocation scheme to enhance the small cell
handover in LTE networks;

D3.1 sections

Comments

4, 5.8, 5.9, 5.10

Further
developments in
D3.2

SoA for link-tosystem mapping
in Section 2.2.3

Will be addressed in
D3.2
Will be addressed in
D3.2
Will be addressed in
D3.2

Develop the moving cell concept and integrate it with
the proposed programmable control framework;

5.11

Moving relays

5.10

Coverage extension (D2D relay)

5.8, 5.9

Link-to-system mapping
Mobility management/ Handover

5.10

Traffic steering and load balancing

5.6
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Further
developments in
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Further
developments in
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