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Abstract: 5G-PHOS aims to architect and evaluate Fifth Generation (5G) broadband
networks for dense, ultra-dense and hotspot area use cases capitalizing on existing
wireless and optical technologies, migrating from Common Public Radio Interface (CPRI)based towards integrated Fiber-Wireless (FiWi) fronthaul/backhaul supporting Millimeter
Wave (mmWave) massive Multiple-Input Multiple-Output (mMIMO) communications. This
document elaborates on the 5G-PHOS use cases (Dense, Ultra Dense and Hotspot areas)
and the end-user and system requirements taking into account realistic usage/traffic
scenarios (based on the concurrent use of 5G-related services) “running” in real
geographical areas of the city of Paris. It also delves into the technological solutions that
will eventually comprise the 5G-PHOS solution, identifies network architectures to support
the 5G-PHOS use cases, as well as the initial set of Key Performance Indicators (KPIs)
against which the 5G-PHOS technologies will be evaluated.
Keywords: Fifth Generation (5G) Use Cases, User Requirements, System Requirements,
5G, Fiber-Wireless, Optical Technologies, Massive Multiple-Input Multiple-Output
(mMIMO), Millimeter Wave (mmWave), Software Defined Networking (SDN), Integrated
Photonic Technologies.
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Disclaimer: The information, documentation and figures available in this deliverable are
written by the 5G-PHOS Consortium partners under EC co-financing (project H2020-ICT761989) and do not necessarily reflect the view of the European Commission. The
information in this document is provided “as is”, and no guarantee or warranty is given
that the information is fit for any particular purpose. The reader uses the information at
his/her sole risk and liability.

Copyright © 2017-2018 the 5G-PHOS Consortium. All rights reserved. This document may not be
copied, reproduced or modified in whole or in part for any purpose without written permission from
the 5G-PHOS Consortium. In addition to such written permission to copy, reproduce or modify this
document in whole or part, an acknowledgement of the authors of the document and all applicable
portions of the copyright notice must be clearly referenced.
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Executive Summary
The 5G-PHOS project aims at architecting and evaluating in lab-scale and field-trial
experiments 5G broadband networks for dense, ultra-dense and hotspot area use cases
capitalizing on existing wireless and optical technologies, while migrating from CPRI-based
towards integrated Fiber-Wireless (FiWi) fronthaul/backhaul supporting mmWave massive
MIMO communications.
This deliverable is the first report on 5G-PHOS Use Cases, System Requirements, KPIs and
Network Architecture. To enlighten the innovations and technological advancements of the
5G-PHOS solution, D2.1 also provides detailed information on the technologies that the
5G-PHOS considers and builds upon, in relation to the state-of-the-art and their positioning
in the 5G-PHOS concept and vision.
The focus of this deliverable, however, is put on the three (3) use cases that the 5G-PHOS
solution addresses which are based on real world scenarios, that is, for a real geographical
area, with known characteristics (population density, stadium capacity, coverage area,
services concurrently offered, etc.). This is quite an innovative approach since it has not
been met in other works so far, aiming at addressing the global/generic and perhaps
conflicting at some extent, term definitions (for areas, services and usage scenarios, etc.)
and traffic estimations and predictions that can be met in the literature (documents and/or
whitepapers from ITU, ETSI, 3GPP, NGMN, telecom infrastructure vendors, telecom
operators, 5G-PPP Phase 1 research projects, consultant companies, etc.) towards a more
comprehensive and tangible set of conclusions regarding the forthcoming 5G ecosystem.
More specifically, the area under study is a typical European wide urban area in the city of
Paris, comprising a range of environments (dense, ultra-dense, hotspot), exhibiting
different characteristics in terms of subscribers’ densities and service usage, both under
normal conditions and on specific events which is exactly within the scope of the 5G-PHOS
concept. The above area is considered ideal for the 5G-PHOS usage scenarios to be
investigated for another important reason: having a French mobile operator on board, it is
very possible that this theoretical analysis can be further expanded and/or validated at
subsequent stages of the project, based on real network information.
In addition, D2.1 provides an overview of the standardization status regarding the 5G
services, verticals and stakeholders along with the service requirements based on 5G
standardization to conclude with the identification of the main 5G-PHOS actors/
stakeholders along with their interests and roles in the 5G-PHOS value chain. It also
provides a list of user and system requirements derived from the use cases analysis and
the elaboration on various related scenarios, so as to lead to the design of the overall
system architecture. The identification of the Key Performance Indicators (KPIs) against
which 5G-PHOS solution will be evaluated lies also in the scope of this deliverable; as an
initial step towards the experimental and validation phases of the outcomes of the project.
High-level architectural information as well as the generic network architectures to support
the 5G-PHOS use cases are also presented; more details (including confidential
information) are provided in D2.2 due to the public nature of D2.1.
The information provided and the analysis performed in this deliverable is expected to
comprise a guideline framework for the rest of the Work Packages of the project providing
input to them and getting feedback from them so as to be further updated (where
necessary) and expanded in the final version (due M18), mainly including information
about the lab and field trials that will be conducted for the validation of the 5G-PHOS
components and solution as a whole, which is the ultimate objective of the project.
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1. Introduction
1.1 Purpose of this document
The present document comprises the outcome of the activities performed in Task 2.1, one
of the first Tasks of the 5G-PHOS project, towards the provision of a fundamental guide
for defining the project framework and the associated 5G-PHOS technical specifications for
the next steps of the project. This deliverable focuses on the main use cases that the 5GPHOS solution addresses as well as on the user and system requirements derived from the
use cases analysis and the elaboration on various related scenarios, so as to lead to the
design of the overall system architecture. The identification of the Key Performance
Indicators (KPIs) against which 5G-PHOS will be evaluated lies also in the scope of this
deliverable as an initial step towards the experimental and validation phases of the
outcomes of the project.
More specifically, in D2.1 three (3) use cases are described and analyzed in detail,
considering the 5G services expected to be supported concurrently and the respective
service requirements (based on 5G standardization) and network requirements. In
addition, a high level overall 5G-PHOS network architecture is identified 1 as well as the
network layout for each one of the three use cases, along with the key technological
solutions that are addressed by 5G-PHOS.
Since this is one of the first deliverables of the 5G-PHOS project, it also provides an
overview of the 5G-PHOS project including its scope and objectives and highlighting the
innovations and technological advancements to be developed comprising the 5G-PHOS
solution as a whole. To this end, the deliverable delves into the technological solutions that
are considered in 5G-PHΟS, aiming at clarifying how the project will build on the existing
technologies and go beyond them.
It is noted that the updated/final version of the 5G-PHOS Network Architectures including
use cases and KPIs (D2.4) has been planned to be delivered on M18.

1.2 Document structure
The structure of this deliverable is as follows:
•

Chapter 2 provides an overview of the 5G-PHOS project scope, objectives and main
innovations in relation to the 5G Infrastructure Public Private Partnership (5G-PPP)
vision. In addition, the key technologies to be considered and the advancements to
be performed in the context of the project are briefly described. In this chapter,
also, an overview of the approach methodology to be followed towards achieving
its targets is outlined.

•

Chapter 3 provides an overview of the market and standardization status regarding
the 5G services, verticals and stakeholders along with the service requirements as
captured and defined by the Standards Developing Organizations (SDOs). The main
5G-PHOS actors/stakeholders are also identified along with their roles in the 5GPHOS value chain and their interests.

•

Chapter 4 elaborates on the 5G-PHOS use cases and identifies the end-user and
system requirements based on specific usage/traffic scenarios. More specifically,
three (3) main use cases (namely, Dense, Ultra Dense and Hotspot areas) are

1

Due to the public nature of D2.1, some architectural details are omitted and will be presented
instead in D2.2.
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described for various realistic scenarios (communication services mix and demand)
taking into account the specific characteristics of real geographical areas in the city
of Paris.
•

In Chapter 5, the 5G-PHOS network architectures to support the above 3 use cases
are presented.

•

Chapter 6 provides a preliminary analysis of the 5G-PPP KPIs addressed by 5GPHOS as well as a mapping between the 5G-PHOS and the 5G-PPP KPIs.

•

Finally, in Chapter 7, summary and conclusions are derived.

1.3 Audience
This deliverable is addressed mainly to:
•

The European Commission to: (1) elaborate on the 5G-PHOS technological
advancements and project innovations and (2) describe the 5G-PHOS use cases and
their impact on the 5G-PHOS architecture (5G services, user and system
requirements).

•

The Project Consortium to achieve common understanding with regards to: (1) the
5G-PHOS targeted use cases, (2) the technologies to be utilized and extended, (3)
the high level architecture to be considered, and (4) an initial set of KPIs to evaluate
the project outcomes.

This document can be also useful to the general public for obtaining a better understanding
of the framework and scope of the 5G-PHOS project.

5G-PHOS – D2.1
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2. 5G-PHOS Project: Key Aspects
2.1 5G-PHOS Vision and Objectives in relation to 5GPPP Vision
The 5G-PPP vision towards the next generation of communication networks and services
that will provide ubiquitous super-fast connectivity and seamless service delivery in all
circumstances requires a very high capacity mobile infrastructure, with ubiquitous
capabilities for both last-mile fixed and mobile access. The envisioned network shall be
based on general purpose, (field) programmable high-performance hardware that will
dynamically offer a range of resources for transport, routing, storage and execution while
the network entities will be computing elements gathering programmable resources,
interfaces and functions based on virtualization technologies.
The 5G KPIs are highly ambitious and generally sum up to the following:
•

Providing 1000 times higher wireless area capacity and more varied service
capabilities compared to Fourth Generation (4G).

•

Saving up to 90% of energy per service provided. The main focus will be in
mobile communication networks where the dominating energy consumption comes
from the Radio Access Network (RAN).

•

Facilitating very dense deployments of wireless communication links to connect
over 7 trillion wireless devices serving over 7 billion people.

The very strict capacity and latency requirements imposed by 5G’s KPIs stated above are
essentially enforcing the introduction of the millimeter wave (mmWave) spectrum
in the access part of the network. Placing, however, mmWave access cells in very close
proximity to the end-user is expected to severely impact deployment costs, since it
demands the antennas’ densification by several orders of magnitude and consequently
translates to three major fronthaul (FH) problems:
1. The Next Generation Fronthaul Interface (NGFI) deployments cannot rely
exclusively on fiber connections reaching every mmWave Service Access Point
(SAP) in urban areas, since this would require expensive brown-field fiber
deployment.
2. The mmWave access antennas must become very simple in terms of
functionality, hardware and energy efficiency to maintain feasible investment and
operational costs.
3. Fronthauling multi-Gbps mmWave data links makes digitized Common Public
Radio Interface (CPRI)-based communications infeasible; yielding intolerable
FH requirements as mmWave mMIMO (massive Multiple-Input Multiple-Output) is
entering the field.
Incentivized to optimally address the above issues, 5G-PHOS proposes an analog
optical/wireless fronthaul/backhaul (FH/BH) solution while meeting the ambitious
5G requirements. The 5G-PHOS solution is based on a low Physical Layer (PHY) split
(split-PHY), placing most of the hardware on the centralized unit, while at the same time
employing Digital Signal Processing (DSP) assisted Analog-Radio-over-Fiber (A-RoF)
transmission that allows for high-order advanced modulation formats that can support
ultra-high bandwidth data transfer. Native Ethernet-packet transport over the proposed
FH/BH can be supported by a medium transparent resource allocation scheme that offers
holistic cross-medium administration of the optical/wireless/time resources while
employing a polling-based flexible packetized scheme for synchronization, ultra-fast
contention resolution and compatibility with commodity equipment.
5G-PHOS – D2.1
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In order to achieve the above, 5G-PHOS exploits integrated optical technologies
towards enhancing Fiber-Wireless (FiWi) convergence to realize cost-effective and
energy-efficient 5G network solutions for high-density use cases. 5G-PHOS draws from
existing scientific results in the area of photonics in order to architect 5G networks for
dense, ultra-dense and hotspot areas incorporating Photonic Integrated Circuits (PICs)
in optical mmWave signal generation, DSP-assisted optical transmission, Reconfigurable
Optical Add/Drop Multiplexing (ROADM) and optical beamforming network (OBFN)
functionalities. To this end, 5G-PHOS will release a seamless, interoperable, Radio Access
Technology (RAT)-agnostic and Software Defined Networking (SDN)-programmable FiWi
5G network that will support 64x64 MIMO antennas in the V-band and offer up to:
1. 25 Gb/s wireless peak data rate in high-density city areas (DN use case)
on top of the emerging 25 Gb/s and 4x25 Gb/s Passive Optical Network (PON)
infrastructures, delivering a packetized integrated FiWi fronthaul network.
2. 400 Gb/s wireless peak data rate in ultra-dense networks (UDN use case),
adopting optical Spatial-Division-Multiplexing (SDM) solutions.
3. 100 Gb/s wireless peak data rate in very concentrated hotspot areas
(Hotspot use case), such as stadiums or airports, showcasing the benefits of
Wavelength Division Multiplexing (WDM) technology and packetized fronthauling in
private Centralized-Radio Access Network (C-RAN) solutions.

2.2 5G-PHOS Main Innovations
The innovation potential of 5G-PHOS across all domains where the project will actively
contribute has multiple facets, mainly focusing on optical and fronthaul technologies and
the 5G network architecture. The main 5G-PHOS innovation pillars are the following:
1. Advancing 5G system, functional, logical and physical architectures. One of
the most valuable innovations introduced by 5G-PHOS will be the design and
evaluation of a RAT-agnostic PON-overlaid integrated FiWi fronthaul. The proposed
architecture
promotes
the
network
sharing paradigm by combining
wavelength/frequency/time/space domains and supporting Over The Top (OTT) and
Mobile Virtual Network Operator (MVNO) services. More specifically, 5G-PHOS will
produce a FiWi analog RoF C-RAN supporting multiple (Nx25Gb/s) interfaces
(25Gb/s PON-interfaced, 16x25 Gb/s Pro-SDM, 4x25 Gb/s Pro-WDM), while
enabling low-latency, low-energy, high-modulation DSP-assisted fronthauling
through a powerful DSP engine.
2. Providing technology enablers for 5G RAN Platforms (HW & SW) by
manufacturing:
o

novel PICs such as ROADM and optical beamforming functionalities for 5G
RANs, and

o

advanced antenna systems employing 64x64 MIMO arrangements at
mmWave frequencies.

3. Advancing 5G integrated FH/BH transport network systems by defining and
implementing intelligent and co-operative integrated FiWi packetized fronthaul via
Medium-Transparent Dynamic Bandwidth Allocation (MT-DBA) supporting
cooperative radio-optical beamforming.

2.3 5G-PHOS High Level Architecture
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5G-PHOS proposes a converged FiWi, Α-RoF-based architecture which can be adapted, with
small variations, to each of the 3 use cases described in the previous Section and has been
designed to be compatible with existing PON networks to allow for quick deployment and
market adoption. The exact network architecture and typical topologies for each use case
are described in Chapter 5. Hence, only a brief summary is contained here.
For concreteness and to provide a starting point, Fig. 1 presents the 5G-PHOS architecture
for the DN use case and clearly illustrates the coexistence capabilities of 5G-PHOS (using
a separate wavelength/direction) with current PON topologies. At a high level, the 5GPHOS architecture contains one or more Flexbox units (hereafter referred to as Flexbox
1,2,3 to explicitly indicate the use case) interconnected to a number of mMIMO RRHs
operating in the mmWave V-band, with additional components (e.g. splitters, ROADMs)
employed depending on each of the 3 use cases.

Fig. 1. 5G-PHOS architecture for the DN use case.
In each use case, the Flexbox unit (to be designed and manufactured by the 5G-PHOS
consortium) acts as a centralized network control and processing unit, which is responsible
for generating the RF signals and performing the necessary DSP processing (along with
channel mapping, coding and MIMO pre-processing) in an FPGA unit. Examining the zoomin architecture of the Flexbox in Fig. 1, we conclude that Flexbox also contains all necessary
optical transceivers for generating optical carriers and converting signals between the
electrical and optical domains (EML, photodiodes) as well as the entire 5G protocol stack
in layers 1-4. The Flexbox gathers all PHY-layer intelligence by preparing the RF signals in
the intended form for eventual wireless transmission and transparently transports them
through A-RoF while the RRHs contain only the absolutely necessary hardware, i.e.
O/E+E/O converters, amplifiers and the OBFNs for feeding the actual MIMO antennas. As
such, the Flexbox serves as a C-RAN centralized unit. Crucial 5G-PHOS capabilities (see
Section 2.4), resource allocation MT-DBA protocol responsible for optical/wireless/time
resource allocation and the CoMP algorithms for cooperative mmWave beamforming are
also implemented at Flexbox.
5G-PHOS will support advanced 5G applications involving network slicing, MVNO
provisioning and multi-tenancy by introducing an SDN controller with a holistic network
view (possibly beyond a single Flexbox; i.e. when multiple Flexbox units are used to serve
a given area), which performs traffic and mobility management, as well as support
aforementioned applications based on an abstract network view provided to it by the
Flexbox units. The latter will be implemented through a Network Planning and Operation
(NPO) tool, which can be considered as the highest layer networked application running in
the 5G-PHOS architecture. The SDN controller (not shown in Fig. 1 but logically located
“behind” the Flexbox, i.e. towards the backhaul of the network) interacts with the Flexbox
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units through an SDN agent/mediator located in them and running on a Mellanox BlueField
network processing chip.
It should be mentioned that although the 5G-PHOS architecture of Fig. 1 gathers all layer
1-4 functionality within a single physical entity (Flexbox), other higher layer splits within
the Flexbox are also feasible, essentially splitting the Flexbox unit into 2 subcomponents
which may exchange information through Digital RoF. The reader is referred to Deliverable
D2.2 for a detailed description of the possible architectural splits and a comparative
analysis of them.
The UDN and Hotspot use cases share the basic 5G-PHOS architecture described above,
with some small variations to achieve the corresponding use case requirements. Fig. 2
shows the UDN 5G-PHOS architecture, where the Flexbox and RRH units are functionally
similar to the DN use case (apart for a difference in the number of MIMO PCBs in the RRHs,
which is necessary in order to achieve the target rate of 400 Gb/s). To meet the rate
requirements, the Flexbox unit does not use a single wavelength per direction to transport
its generated signals but uses either 16 different wavelengths or 16 distinct fibers per
direction. Architecturally, each of the 16 wavelengths/fibers matches exactly the
architecture of Fig. 1.

Fig. 2. 5G-PHOS architecture for the UDN use case.
The 5G-PHOS architecture for the Hotspot use case (illustrating a stadium setting) is shown
in Fig. 3. It is a WDM-based architecture (over 4 different wavelengths, although this can
in principle scale per the operator’s requirements) over a split bus topology (to reduce
latency), where ROADMs are used in each RRH to allow only specific wavelengths (to be
selected by the Flexbox) to reach each RRH, thus providing an additional traffic control
mechanism over different network areas, compared to current distributed antenna
systems. The ROADMs can either be independent devices or they can be incorporated to
the RRHs, which have similar structure as in the UDN use case. Hence, only a single fiber
is required from the Flexbox to the bus splitter and the architecture allows for seamless
connection of private networks (e.g. venue-owned) to Flexbox.
The Flexbox in the Hotspot case has the same architecture as in the DN, UDN cases,
accounting for the different number of operating wavelengths. The mapping of dropped
wavelengths to specific ROADM/RRH combinations will be an additional procedure
performed by Flexbox (compared to the DN/UDN use cases) as part of its resource
allocation procedures.
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Fig. 3. 5G-PHOS architecture for the Hotspot use case.

2.4 5G-PHOS Technological Advancements
To architect 5G networks for the Dense, Ultra-Dense and Hotspot areas use cases, 5GPHOS will draw on existing scientific and research results to combine and enhance a diverse
set of technologies, including:
•

mMIMO mmWave antennas.

•

PICs optical transceivers.

•

OBFNs and Ring-Resonator-based ROADM.

•

DSP-assisted optical transmission.

•

Medium-Transparent resource allocation protocols.

•

SDN and NPO (Network Planning and Operation) tool.

In the next paragraphs, we present the 5G-PHOS technological outcomes, while for
structural reasons, and in order not to deviate from the main focus of the deliverable, an
in-depth analysis (including: the state of the art, beyond state of the art characteristics
and functionalities, relevance to the 5G-PHOS concept as well as a list of parameters for
technology evaluation) is provided in Annex B: 5G-PHOS Technologies - Beyond SoTA.

2.4.1

Massive MIMO mmWave Antennas

5G-PHOS employs RRHs with up to 64x64 antenna elements in the mmWave V-band,
predominantly for Line-of-Sight (LOS)-type communications. Both analog beamforming,
via phased array techniques, and Multi-User MIMO (MU-MIMO) will be supported. Each
mMIMO antenna will have a modular structure, in which 32 radiating elements will be
combined into an Antenna Tile PCB (where the RF phase of each element can be controlled
in 90 degree increments) and 8 Antenna Tiles will be combined into a MIMO PCB (a MIMO
PCB will be designed to support 25 Gb/s over the air transmission), with each Antenna Tile
connecting to a branch of the OBFN, enabling optical beamforming (by appropriately
setting the optical path length of delay lines in OBFN) in addition to the RF beamforming
performed within an Antenna Tile. The small mmWave wavelength allows the antennas to
have a small footprint while the large number of antenna elements leads to narrow beams,
promoting cellular reach and reducing interference levels.

2.4.2

PICs Optical Transceivers
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5G-PHOS will employ Indium Phosphide (InP) Electro-absorption Modulated Laser (EML)based photonic integration technologies to develop 25 Gb/s and 100 Gb/s transceivers
capable of carrying multi-format wireless signals. 5G-PHOS will transmit the modulated
optical signal in the Intermediate Frequency (IF) of 5GHz for three main reasons: 1) Using
IF transmission, the chromatic dispersion that degrades the high-frequency signals is
avoided and 2) the need to employ high-cost 60GHz optics and electronics is alleviated.
The output power of the EML will be pushed towards 10 dBm, by integrating a
Semiconductor Optical Amplifier (SOA) and optimizing the vertical structure of the EML. A
high extinction ratio and a low driving voltage are also required to reduce driver
consumption and allow high order modulation format. On the receiver side, a 10 GHz
photodiode and up-conversion will be employed to convert the radio signal to the V-band.
Furthermore, high responsivity is needed to increase the optical budget and high power
capability/high linearity is a key parameter for analog optical signals. Based on the above,
the following optical components will be manufactured to establish the optical links
between the Flexbox and the RRHs: i) the 10 GHz bandwidth SOA/EAM + Distributed
Feedback (DFB) laser that together form the EML and ii) the 10GHz Photodiodes for
receiving the optical signal on both ends. 5G-PHOS will optimize the design and
manufacturing of the photodiodes to simultaneously increase the photodiode responsivity
and bandwidth.

2.4.3

OBFNs and Ring-Resonator-based ROADM

In order to provide wideband, continuous beam-steering operation in high-bandwidth and
ultra-fast mMIMO mmWave antennas, 5G-PHOS will manufacture fully integrated
Complementary Metal–Oxide–Semiconductor (CMOS)-compatible 8x1 single-wavelength
and multi-wavelength OBFN chips. Both chips will be fabricated on silicon nitride/silicon
oxide (Si3N4/SiO2) waveguide platforms employing TripleX technology to ensure low-loss
transmission and small footprint characteristics. The OBFN chips will be packaged with the
optical transceivers to reduce power losses and component size. To mitigate the beamsquint effect due to the high mmWave RF signal bandwidth (~2 GHz), optical Ring
Resonators will be used by the OBFN to provide True Time Delay lines (in the range of 0350 ps, although the OBFN chip can support higher delays), instead of discrete RF phase
shifters.
5G-PHOS will also exploit the CMOS-compatible TripleX platform towards producing RingResonator-based mini-ROADM devices capable of dynamically and adaptively switching (in
µsec scale) up to 4 wavelength channels to respective RRHs connected to the Flexbox 3
central unit via a fiber bus topology. This allows the Flexbox 3 unit to dynamically decide
the necessary capacity allocation among its RRH modules and also instruct (via the MTDBA scheme described next) each ROADM to tune to certain wavelengths over a given time
span.

2.4.4

DSP-assisted Optical Transmission

5G-PHOS will develop a new, powerful DSP engine in order to guarantee a highperformance, low-overhead, analog to digital format conversion, effectively translating the
native wireless signal to a digital format at the Flexbox, releasing this network segment
from bandwidth-exhaustive CPRI-based implementations. The DSP engine will perform the
following tasks in the PHY layer:
•

Mapping/de-mapping of optical transport data into 5G channels, generating
complex modulation formats of high spectral efficiency for wireless transmission at
the 57-64GHz band, followed by channel coding/decoding.

•

MIMO processing for pre-compensation and channel estimation, needed to cope
with multipath fading and channel nonlinearities in the wireless and fiber parts.
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•

Investigation of analog to digital conversion for various waveforms considered for
5G wireless access, multicarrier approaches, such as Filter-Bank-Multi-Carrier
(FBMC) and Universal Filtered Multi-Carrier (UFMC) schemes.

The DSP engine will be gradually implemented in a Field-Programmable Gate Array (FPGA)based approach in the Flexbox unit. Any adaptive features of the DSP algorithms will be
pursued in parallel with the work on MT-DBA schemes so as to ensure that the delivered
signal format will obey protocol structures.

2.4.5

Medium-Transparent Resource Allocation Protocols

5G-PHOS will investigate and implement packetized communication for its converged FiWi
fronthaul and small-cell access. It will rely on partners’ extensive work on Medium
Transparent MAC (MT-MAC) protocols for interfacing wireless terminals to a centralized
optical unit over a converged FiWi infrastructure, enabling a centralized polling-based
synchronization and resource allocation scheme. This approach allows for directly
negotiating wavelength, frequency and time resources between the centralized unit
(Flexbox) and the wireless terminals, having demonstrated very-high-throughput
performance with recently reported latency values that remain below 1 ms for up to 2 km
fiber links and can reach 5ms for fiber distances up to 20km. 5G-PHOS aims to expand this
approach into a MT-DBA scheme for encapsulating native or slightly modified Ethernet
packets into the MT-DBA Superframe structure, resolving the current challenges of
synchronization and packet delay variation in Ethernet-based fronthaul through the MTDBA polling characteristics.
Two MT-DBA interface and resource allocation protocol versions will be realized in order to
support the different 5G-PHOS use cases:
•

An integrated FiWi fronthaul MT-DBA scheme for DN and UDNs, supporting the
communication between lamp-post antennas over the 64x64 MIMO RRH to the
FlexBox centralized unit. All uplink and downlink data exchange takes place through
a process specifically designed to create the data transmission windows in both
optical and wireless fronthaul segments.

•

An integrated FiWi small-cell access MT-DBA for the Hotspot scenario, supporting
the direct communication of the mobile end-user over the small-cell 100Gb/s RRH
to the FlexBox 3 centralized unit. In this case, the MT-DBA algorithm will consolidate
WDM functionality so as to support wavelength selectivity among the 4 available
25Gb/s optical channels at the RRH site. This is accomplished by transmitting a
ROADM configuration packet that informs the mini-ROADM electronic controller on
the wavelength(s) that will be allocated to this RRH over a certain time-span.

2.4.6

SDN and NPO

SDN is a relatively new paradigm introduced in the world of computer networking, the main
concept of which is the separation of the network's control plane from the underlying data
plane leading to the transformation of the traditional role of switches and routers to simple
forwarding devices while transferring the control logic into a central component called
controller or network operating system [1].
Following this trend, 5G-PHOS aspires to make contributions beyond the state-of-the-art
in SDN for FiWi networks through the development of a joint optical and wireless Network
Planning and Operation tool (NPO). An SDN control plane, implemented via the
OpenDaylight SDN platform, will be deployed on each Flexbox-family product, to run in a
Mellanox network processor (containing an integrated traffic manager and a control CPU).
This network processor will interface the SDN commands, enforced by the 5G-PHOS SDN
control framework, and will coordinate and orchestrate the FiWi C-RAN resources as well
as support different network slices and virtual network operations.
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In order to facilitate the design, deployment, customization, and optimization of different
network slices and resources, 5G-PHOS will develop a NPO, running on the common
fronthaul infrastructure, while utilizing the capabilities of SDN, Network Functions
Virtualization (NFV), end-to-end orchestration, network applications, and analytics
([2],[3],[4]). The NPO will be able to set-up, manage and optimize various aspects of the
converged FiWi network infrastructure, while the SDN control layer’s role will involve
support for slicing, traffic and mobility management, etc., offering abstraction of resource
specific aspects and bridging management commands (from northbound) with southbound
primitives via the deployment of SDN and NFV functionalities.

2.5 Overall Approach and Methodology
5G-PHOS follows a vertical, holistic technology approach investing in the increased
convergence between FiWi solutions. 5G-PHOS aims at optimally adapting and exploiting
the recent advances in FiWi and optical technologies towards producing a generic 5G crosslayer technology portfolio, spanning from FiWi C-RAN centralized digital unit and MIMO
antenna hardware up to DSP-assisted analog FiWi fronthaul and SDN control plane.
5G-PHOS aims to develop and demonstrate high capacity integrated FiWi C-RAN fronthaul
and small cell access solutions for 3 different use cases (Dense, Ultra-Dense and Hotspot),
that take into account close-to-market characteristics (PON overlay, very dense RAN
deployments, etc.) to meet the need for rapid commercial take-up while the validation will
take place in relevant environments and testbeds.
To meet these ambitious goals, 5G-PHOS will progress along 5 phases (as depicted in Fig.
4 and briefly explained below) with appropriate task assignment among the partners.

Fig. 4. The 5G-PHOS methodology.
In PHASE 0, the 3 5G-PHOS use cases will be elaborated and the derived requirements
and respective KPIs (such as maximum throughput, latency etc.) will be defined in detail.
Although no actual development is involved in this phase, the phase will be running for the
entire duration of the project, monitoring technology progress and appropriately adapting
the exploitation and business plans, and will consider the Key Exploitable Results (KERs)
of 5G-PHOS (products and technologies) and their potential roadmaps as well as SWOT
(Strengths-Weaknesses-Opportunities-Threats) and risk analysis. The business model
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evolution in the 5G market will also be monitored in this phase, so as appropriate business
cases that could support rapid market penetration of the project outcomes can be defined.
During PHASE 0, 5G-PHOS will also design the network architecture and typical deployment
topologies for the 3 use cases (i.e. DN, UDN and hotspot areas) and identify system and
components specifications and interfaces. Any activities in this phase will continuously
interact with activities in the other 4 phases to adapt network/technology designs according
to the feedback received by them.
The next development phase, PHASE I (technology pool) is about the design and
simulation-based evaluation of different constituent technologies, in terms of both
hardware and supported protocols. This includes, among others, the Radio Frequency
Integrated Circuits (RFICs) and mmWave antennas, the DSP engine, PICs (i.e. OBFNs,
ROADMs) and all other optical components, the MT-DBA interfaces and protocols, the FiWi
SDN controller, resource allocation algorithms, etc. Despite the vertical nature of the
different 5G-PHOS technologies, the interrelation between them implies the need for
continuous awareness of the overall progress and as such interaction with all aspects of
development.
The next development phase, PHASE II, builds on top of the output of Phase I and
concerns the actual system prototype manufacturing and demonstration. All 5G-PHOS
system prototypes will be assembled to form the Flexbox family of products and the
mmWave 64x64 MIMO RRH modules. A step-wise plan regarding Flexbox manufacturing
and demonstration will be followed to ensure optimized prototypes as well as exploit
existing PON infrastructure. Specifically, different Flexbox product versions will be
manufactured and deployed, in the following order:
•

A 25 Gb/s single-channel, single-wavelength, PON-compatible Flexbox 1 unit to
be applied to the DN use case.

•

A 400 Gb/s 16-channel (each channel transporting 25 Gb/s in a distinct fiber),
single wavelength Flexbox 2 unit, to be applied to the UDN use case.

•

A 100 Gb/s 4-channel (each channel transporting 25 Gb/s), 4-wavelength
Flexbox 3 for Time and Wavelength Division Multiplexing (TWDM) FiWi links, to be
applied to the Hotspot use case.

The RRH modules will exhibit a hierarchical structure as follows: 32 radiating elements will
be combined into an Antenna Tile Printed Circuit Board (PCB) in an 8x4 formation, and 8
Antenna Tile PCBs will be combined to form a MIMO PCB, totaling 256 antenna elements,
capable of supporting 25 Gb/s transmission over the air. The number of MIMO PCBs to be
included in the RRH can therefore scale to meet the use case requirements (i.e. 16 MIMO
PCBs will form the UDN RRH module connected to Flexbox 2 and 4 MIMO PCBs will form
the Hotspot RRH module connected Flexbox 3, yielding 400 and 100Gb/s respectively).
Phase III comprises the lab-trial demonstrators and experimental assessment of all 5GPHOS prototypes, aiming at: a) feeding back into the other Phases in order to trigger
iteration rounds with improved design and manufacturing, b) delivering a fully
characterized set of prototypes from the lab environment to the field-trial demonstrators
in Phase IV, thus setting the first cornerstones on the commercial portfolio pathway. The
lab trials will take place at TUE facilities, at the premises of Orange Labs (France), the joint
testbed of AUTH and COSMOTE (Greece) and Ericsson’s fronthaul testbed (Italy).
The last development phase, PHASE IV, includes the field trial demonstrations to validate
the Flexbox and RRH prototypes in real environments, for each of the 3 use cases. In all
field-trials, any relevant and applicable KPIs determined in Phase 0 will be measured and
compared against 5G requirements. The output and conclusions of the field-trials will
interact with PHASE 0 to produce the relevant roadmaps and business cases for the 5GPHOS solutions. The field trials will take place at COSMOTE and NTUA premises (Athens,
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Greece) and TIM premises (Italy), while the most challenging trial is expected to be
conducted in the PAOK FC stadium (Thessaloniki, Greece).
To effectively run the 5 development phases, the respective tasks have been assigned to
3 internal Focus Groups (FGs):
•

•
•

FG1 (Architecture and Use Cases) is tasked with defining the use cases, system
requirements and overall architecture, as described in Phase 0. The output and
recommendations of FG1 directly affect the design of the 5G-PHOS technologies.
The participation of all partners in FG1 guarantees fast resolution of any technical
issues that will potentially arise.
FG2 (PHY Layer and Hardware) is tasked with the design and manufacturing of the
5G-PHOS hardware (in the Radio Frequency (RF) and optical domains), by the
partner with the relevant expertise.
FG3 (Resource allocation and SDN) is tasked with the design, analysis and
evaluation of the SDN controller and its supported software stack, using input from
FG1 and FG2, again by the partner with the relevant expertise.
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3. 5G Services, Verticals and Stakeholders
3.1 5G Services and Requirements
5G is expected to provide a user experience matching the performance requirements of a
diverse set of service categories. 5G enhancements will deliver increased aggregate, peak
network and user experienced data rates, enhanced spectrum efficiency, reduced latency
and enhanced mobility support. At the same time, 5G capabilities will enable automatic
connectivity establishment for a vast range of smart appliances, machines and other
objects without human intervention. With a view to ICT market/stakeholders’
requirements, 5G should be able to provide these capabilities without undue burden on
energy consumption, network equipment cost and deployment cost to make future IMT
sustainable and affordable.
In the literature ([5]-[11], [12]), one may find hundreds of documents and/or whitepapers
from standardization organizations (ITU, ETSI, 3GPP, NGMN), telecom infrastructure
vendors (NOKIA, ERICSSON, HUAWEI, NEC), telecom operators (DT, Telefonica, Orange),
5G-PPP Phase 1 research projects, consultant companies, etc. addressing 5G
services/applications, service families, 5G use cases, etc. Based on these joint efforts and
aiming at providing a homogeneous view of 5G services and their requirements, the SDOs,
mainly ITU and 3GPP, have categorized the 5G services to 3-4 major groups based on their
common characteristics from a technical point of view. These groups are:
•

eMBB (enhanced Mobile Broadband) (ITU & 3GPP ([7])) refers to bandwidth
intensive services/applications, including applications such as Augmented Reality
(AR)/Virtual Reality (VR), Ultra-High Definition (UHD) Video/Photo sharing in
heavily crowded hotspots, TV programs broadcasting, etc. The bandwidth
requirements of this type of services are expected to be about 100 Mbps per user,
while in some cases it can be in the order of some Gbps, reaching even 10 Gbps
(broadcast in total), e.g. in the case of streaming 4K UHD lossless video streams,
AR/VR video services etc. At this point it shall be noted that nowadays VR services
are slowly emerging. For current, standard definition implementations, the
bandwidth requirements are 2-3 Gbps for the services’ upstream, and more or less
the same for the broadcast downstream ([13], [14]); while low latency and high
reliability are also required.

•

mMTC (massive Machine-Type Communications) (ITU) - Massive Internet
of Things (mIoT) (3GPP ([5])), refers to massive IoT services extending the Long
Term Evolution (LTE) IoT (for example, Narrow Band–IoT) to support huge numbers
of devices with lower costs, enhanced coverage, and long battery life. With regards
to ITU objectives, 5G will support ten times as many devices in an area as LTE. This
category includes e/m Health, wearables, Industrial Control/Factory Automation,
sensor networks, ITS, etc.

•

URLLC (Ultra-Reliable, Low-Latency Communications) (ITU) - Critical
Communications (3GPP ([6])) refers to latency sensitive, wireless
applications/services, some of which are impossible to be supported by existing
network deployments. These services are referred also as “mission-critical”
communications or critical Machine-Type Communications (cMTC) (by 3GPP), and
include industrial automation, drone control, new medical applications, autonomous
vehicles, etc. The latency requirements for this type of services are expected to
range between <1ms-2ms for the user plane and less than 10ms for the control
plane.

•

Network Operation Services are distinguished by 3GPP ([8]) as a separate class
of services addressing the functional system requirements, including aspects such
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as: flexible functions and capabilities, multi-tenancy, energy efficiency migration
and interworking, optimizations and enhancements and security.
3GPP has already started consolidating the four Technical Reports ([5], [6], [7], [8])
defining the 5G-Services categories into a single Technical Specification (TS 22.261 [15]),
where specific system requirements are reported. In particular, the performance
requirements for high data rate and traffic density scenarios, the latency values required
to support latency-sensitive services of certain vertical industries, the speed ranges for
various mobility scenarios, etc. can be summarized as follows ([15]– Table 7.1-1, p. 31,
Table 7.2.2-1, p. 33, Table A.1-1, p. 38):
•

The maximum (DL/UL) user experienced data rate requirements may range from
15/7.5 Mbps for airplane connectivity up to 1 Gbps/500Mbps for indoor hotspot
applications, averaging on 50-100Mbps in urban, rural, mobile wireless data
connectivity cases, and on 300Mbps in dense urban cases.

•

The user/connection density may range from 100/Km2 up to 500.000/Km2 in
crowded areas, averaging on 10.000-25.000/Km2 in urban and dense urban areas
and on 250.000/Km2 in indoor hotspots.

•

The User Equipment (UE) speed may peak at 500Km/h, as in the case of high-speed
trains.

•

Latency requirements may range from less than 1ms for emergency services and
real-time control for discrete automation, to 20ms end–to-end for live streaming in
crowded areas, services for media production, augmented reality for collaborative
gaming etc. and to 30ms for time-critical sensing IoT services, up to 1s for noncritical, non-interactive data services.

Synthesizing the 5G services requirements, ITU has come up with the IMT-2020
requirements’ envelope presented in Fig. 5.

Fig. 5: Comparison of Key IMT-2020 and IMT-Advanced Requirements (source:
ITU).

3.2 5G Applications and Vertical Markets’ Support
Towards moving from the existing (even in 4G) network-specific definition and provisioning
of applications/services to the 5G envisioned application-driven, flexible, dynamic network
services instantiation, the technical activities of 5G are interelated with the activities
focusing on the analysis of stakeholders and their service requirements. The existing (5Gready), under-development, planned, or even predicted 5G services/applications are
versatile in terms of functionality, resource and performance requirements as observed
from the large number of technical and market reports by application developers, vendors,
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consultation services, standardisation organisations and various stakeholders’ forums indicatively shown in Fig. 6.

Source: Softpedia ([16])

Source: ITU ([17])

xLabs & ABI Research ([18])
Fig. 6: Indicative 5G Services/Applications.
To this end, in order to address 5G applications in a coherent manner, 5G-related activities
are converging to mapping applications to specific major verticals ([19], [20]), and more
specifically to:
•

Automotive, especially focusing on services provided in high mobility scenarios, IoT
applications/services etc., such as Automated driving, Road safety and traffic
efficiency services, Digitalization of transport and logistics, Intelligent navigation,
Information society on the road, and Nomadic nodes;

•

eHealth, especially focusing on remotely provided health services with high latency
and reliability requirements, such as Assets and interventions management in
hospitals, Robotics (remote surgery, cloud service robotics for assisted living),
Remote monitoring of health or wellness data, and Smarter medication;

•

Energy, especially focusing on IoT-based energy monitoring, management, and
network control scenarios, such as Grid access, Grid backhaul, and Grid backbone;

•

Media
and
Entertainment,
especially
focusing
on
next
generation
applications/services provisioning such as UHD media, Cooperative media
production, highly interactive services, On-site live event experience
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(Augmented/Virtual Reality video content), Immersive and integrated media etc.,
as well as,
•

Factories of the future, referring to Industry 4.0 setups and applications/services
such as Time-critical and Non time-critical process optimization inside factory,
Remote maintenance and control, Seamless intra-/inter-enterprise communication,
allowing the monitoring of assets distributed in larger areas, and Connected goods.

It becomes obvious that the two categorisations of 5G services based on (1) performance
and (2) verticals’ requirements, respectively, comprise the two sides of the same coin, and
shall be considered in any 5G system specification, development and deployment
processes.

3.3 Actors/Stakeholders and their Roles and Interests
The advent of 5G and the transformation from network-oriented to service-oriented
deployments is expected to trigger changes in the current market stakeholders and their
roles, while it may generate opportunities for the creation of additional ones. As 5G-PHOS
focuses on advancements below the network layer it addresses the needs of the
actors/stakeholders that are generally identified by 5G-related activities/projects. More
specifically, the actors/stakeholders and their roles and interests affected by 5G-PHOS can
be identified as follows:
•

5G Telecom Operator (TO): this actor owns and operates the 5G physical
telecommunications infrastructure and equipment. The equipment is usually
mapped into a pool of available resources that can be leased to virtual network
operators in the form of virtual infrastructure.

•

Site Owner: this actor is the owner of a high population capacity site including
mall, concert hall or stadium owners.

•

5G Tenants: these could be media and TV broadcasters, service providers, security
companies and first responders, stores, etc.

•

End Users (EU): These are the users of the 5G-PHOS services, which can either
be individuals or corporate end-users.

The roles of the above stakeholders and the relations between them are not uniquely
defined; instead, they depend on the business model adopted. For example:
•

Stadium owners may also be the owner of the stadium’s 5G network infrastructure,
which enables them to be also a service provider and an end-user. Such an enlarged
role implies new business opportunities and new revenue streams for the vertical
market of the stadium owners compared to that of simply providing access to the
stadium infrastructure (i.e., energy, space, cabling) for the 5G network deployment
and potentially become one of the tenants.

•

A telecom operator may be the owner of the 5G network infrastructure or one of
the tenants if the 5G infrastructure is property of the site owner.

In any case, the interests of the 5G Telecom (infrastructure) Owner/Operator are the
following:
•

Deploying and/or operating a cost-efficient 5G network solution.

•

Upgrading its own business systems inside and outside the stadium (in case of the
stadium owner).

•

Providing new 5G services to end-users.

•

Providing high Quality of Service (QoS) connectivity to multiple tenants, in a flexible
and resource-efficient way.
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The interests of the tenants/third parties are the following:
•

Having access to the 5G network infrastructure.

•

Providing innovative 5G services to end-users in a cost-efficient way.

•

Having unobstructed access to the site infrastructure/facilities (stadium, concert
hall, mall, etc.).

The interests of the end users are:
•

Enjoying high quality of experience anytime, anywhere.

•

Being offered a wide range of innovative services/apps including entertainment,
communication, safety/security and site specific services.

•

Being offered inexpensive/affordable services/apps.
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4. 5G-PHOS Use Cases
4.1 Objectives and Methodology
The aim of this section is to elaborate on the main 5G use cases (UC) for which the 5GPHOS shall provide suitable network solutions capable of efficiently supporting the telecom
demands of all potential stakeholders (subscribers/individuals, fans, tenants/verticals,
infrastructure owners, etc.) under (ultra) high traffic demands e.g., when specific crowded
events (e.g., football match, concert) are taking place in a specific and usually limited
geographical area, while meeting the strict performance QoS requirements (bitrates,
latency, reliability, etc.) of the 5G services that are concurrently utilized.
Towards this end, three (3) use cases will be investigated: (a) dense area UC (DN), (b)
ultra-dense area UC (UDN) and (c) hotspot area UC, along with representative usage
scenarios.
To address the “inconsistencies” found in the literature regarding the services’ definitions,
the areas’ definitions and the usage scenarios (i.e. activity factors, subscriber and traffic
densities, latency requirements) ([1], [12], [15], [17], [19], [20], etc.), a real
geographical area has been selected (including the three “area types” of interest), with
known characteristics (population density, stadium capacity, coverage area in m2, etc.)
allowing for a study on the basis of specific and realistic usage scenarios.
More specifically, for the identification of the 5G-PHOS use cases we have adopted the
following methodology/approach:
1. Identification and description of the 5G services/applications (or service categories)
along with their QoS characteristics to be made available in the area under study. To
this end, the service categories that have been identified/described by 3GPP and ITU
(see Chapter 3) will be taken into account.
2. Selection of a wide (dense) urban geographical area which not only exhibits high
population/subscribers and/or (IoT) devices densities, but also includes touristic
locations, hotspots (e.g., a big stadium, malls), open areas/parks where massive
gatherings (e.g., concerts, exhibitions) take place, etc.
3. Calculation of the traffic density for a range of scenarios/events (low-high daily traffic,
traffic based on specific events, etc.), taking into account the number of potential
subscribers/devices and the usage of concurrent 5G services.
4. Design the 5G-PHOS solution(s) to address the needs of this specific area, taking into
account: (a) not only the traffic demands & QoS needs for the specific scenario/event,
but also (b) the area characteristics such as, terrain, buildings height, mobility degree
(#highways, etc.), train stations or operational lines across the areas, average distance
between small cells, etc. and (c) potential restrictions (regulatory issues, fiber
unavailability, etc.).

4.2 Area and Traffic Assumptions
4.2.1

Area Definition

In the context of the 5G-PHOS UCs, a typical European wide (urban) area in the city of
Paris has been selected (see Fig. 7) comprising a range of “environments”, exhibiting
different characteristics in terms of subscriber densities and service usage, both under
normal conditions and on specific events basis. The area under study includes not only
residential and business/industrial areas, but also a highly touristic area (i.e. the Eiffel
tower), hotspot areas (such as stadiums, metro stations, shopping malls), open-areas
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(e.g., the Bois de Boulogne park), etc., “interconnected” through a high density
transportation network utilized by millions of cars daily.
The area perimeter is 17.77 Km, covering 18.21 Km2 (Fig. 8), partly including (Fig. 9) three
(3) administrative districts (arrondissements), of various population densities
(https://commons.wikimedia.org/wiki/File:Population_density_map_of_Paris_in_2012.sv
g):
•

District #07: 14,228 inhabitants / Km2

•

District #15: 23,314 inhabitants / Km2

•

District #16: 21,698 inhabitants / Km2

An increase/fluctuation in the above-mentioned numbers is expected throughout a year –
at least for District #07- due to the high touristic interest; the Eiffel tower is visited by a
total of 7 million people annually.
In the area under study, we may identify three (3) areas of 5G-PHOS interest (Fig. 8), in
terms of telecommunication traffic density, that is:
•

An open, highly touristic area such as the area in the vicinity of the Eiffel Tower
where big events (such as a concert) could also take place.

•

A hotspot area such as the Paris Saint-Germain FC stadium, aka “Parc des Princes”
(http://www.stadiumguide.com/parcdesprinces/).

•

A typical European dense urban area (such as the district #15), including both
residential and business blocks.

Since the project is dealing with the provisioning of a high-capacity, low-latency, energy–
efficient solution for dense, ultra-dense and hotspot use cases, the above area is
considered ideal for the 5G-PHOS usage scenarios to be investigated.

Fig. 7: The (Paris) Area under Study.
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Fig. 8: Area Characteristics and POIs (Eiffel Tower, Paris Saint-Germain FC
stadium, dense urban area @district #15).

Fig. 9: Paris Area under study: administrative districts #7, #15 and #16.

4.2.2

Usage and Traffic Scenarios

Since the 5G-PHOS solution(s) shall be capable of supporting extreme traffic densities in
each of the above “environments”, being also an economically viable and low-energy
solution, we will consider specific usage scenarios, i.e. specific “events” (per area),
generating low up to high/extreme traffic densities, such as:
1. Urban/Dense-Urban Area (district #15)
o

Everyday traffic during rush hours: Normal usage of 5G services at high mobility
conditions (rush hour) e.g., 08:00-09:00 am;

o

Everyday traffic during busy hour: High usage of 5G services during working hours
(e.g., 12:00 – 13:00 pm) or after working hours (e.g., 19:00-20:00 pm);
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o

Everyday traffic during night hours: Low usage of 5G services during night hours
(02:00-05:00 am).

2. Highly touristic Area (Eiffel Tower)
o

Normal (daily) traffic based on 5G services’ usage by the tourists and/or employees;

o

Extreme traffic densities during a big event e.g., a concert.

3. Hotspot Area (“Parc des Princes”)
o

Extreme traffic densities during a big event e.g., a football match.

o

Normal (daily) traffic covering stadium owner needs for business related services.

We shall stress that 5G-PHOS solution(s) shall meet not only the envisaged traffic density
requirements but also all other QoS requirements of the services (existing and future) that
are supported.

4.3 UC #1: Dense Urban Area
4.3.1

Description

The dense scenario is based on the provisioning of services in a dense urban area.
Specifically, Paris district #15 population density is approximately 21,698 inhabitants/ Km2
and an indicative area of 2,36 Km2 is used for the estimation of indicative requirements
(Fig. 10). The selected area can be characterized as both residential and business area
including a main road axis, where commuters move to and from the area, and in the 5G
context could involve smart city services.

Fig. 10: Paris Dense Urban Area under Study.
It is expected that, within the 5G-PHOS context, the following have to be supported:
•

The relatively high demands of a dense urban area generated during the busy/
working hours for homes and businesses.

•

The everyday rush hour (e.g. 08.00-09.00 am) normal usage, however taking into
account the high mobility aspects given the commuters to and from the area, mobile
access from vehicles, buses, trains, etc., traffic jam conditions etc.
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•

Smart city aspects (e.g. smart lighting, smart homes) and smart vertical services
(smart retail recommendations, promotional offers, etc.). Security/surveillance,
mIoT for management/monitoring sensors etc. needs of the area’s businesses (i.e.
for restaurants, malls, offices).

•

A reserved slice for emergency situations and critical mIoTs, for broadcast-like
services and MVNOs.

Different Usage Scenarios (USs) can be identified taking into account the different mix of
people commuting, working or staying at home and the variation of the total population of
the area. The assumptions made based on the above are presented in Table 1.
Table 1: UC1 Assumptions - Population and mobility during the day.
US1 - Rush hour

US2 - Busy hour

US3 - Night hours

10%

10%

0%

population
in
rush/busy/night
hours

56447

56447

51315

%
population
commuting
(mobility) 2

40%

5%

3%

22579

2822

1539

30%

30%

95%

16934

16934

48749

%
population

added

population
commuting
(mobility)
% population
home

at

population at home
% population
offices/
businesses

at

30%

65%

2%

population
offices/
businesses

at

16934

36691

1026

4.3.2

Indicative Service Offerings

From the previous description, it is evident that the demands can range from very high
(busy hours) to low (night hours). Furthermore, the need for specific services as well as
mobility aspects can be quite diverse at different hours of the same day. Indicatively, some
services are mentioned below:
High capacity eMBB services:
•

Uploading/streaming of UHD videos (e.g. YouTube), uploading photos by residents/
commuters in their private clouds and/or social media.

•

Smart services from verticals that require UHD streaming, virtual/augmented reality
applications based on accurate user location estimation. For example, a mall owner
could offer smart retail recommendations based on potential customer’s location
2

Commuters refer to both pedestrians, as well as users in vehicles, buses, trains, etc.
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and personal profile. An augmented reality application could then display the
personalized retails offer, e.g. displaying the shop itself, discount, distance to shop
etc.
•

Broadcast-like services, offering a number of TV channels.

mMTC services:
•

Massive IoT services may include monitoring & control sensors (such as
heating/cooling/presence sensors, fire detectors, control of security devices, etc.)
in buildings.

•

Other smart city services (e.g. smart lighting).

URLLC/ Critical Communications:
•

High Definition (HD) monitoring services, e.g. security cameras

•

Emergency communications, as well as ensuring access for security staff and first
responders in case of an incident (e.g. fire/ terrorist attack).

Other services:
•

Everyday business requirements (cloud storage/ services, video conferencing,
email, web surfing) and other less demanding services.

•

Location-based services, e.g. offering retail shop/restaurant recommendations
based on location and user profile along with relevant directions, notifying on the
number of people waiting in queues and estimated waiting time.

•

Services for massive notifications, e.g. advertisements, recommendations, offers.

4.3.3

Usage Scenarios

4.3.3.1

UC #1: Usage Scenario 1 – Everyday Rush Hours

Given the aforementioned statistics, the population in the area under investigation is close
to 51315. Assuming a normal day, the population may vary taking into account the
commuters moving to and from the area, people passing through the main roads especially
in the case of rush hour traffic jams and maybe remaining for long periods of time within
the area. In Fig. 11 the main roads of area are identified (~10.5 Km), where a large number
of commuters can be found during rush hour.

Fig. 11: Main roads of the Paris area under study.
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The main assumptions that have been made in the calculation of the area traffic demands
are the following (Table 2):
•

As this is also a business area, there are commuters to and from the area resulting
to a 10% increase of the population during the rush hours.

•

The subscribers are 90% of the population.

•

During rush hour, we assume 30% of the population is at home, 30% at
offices/work buildings and the remaining 40% is commuting, some of them in
vehicles.

•

Smart city and mIoT services cover only 25% of the area, where IoT/sensor density
is 1 per m2 and 0.25 devices per subscriber.

•

The “indoor hotspot” scenario concerns subscribers at businesses/offices, while the
various 3G/4G services and broadcast-like services refer to all subscribers.

In Table 3, we calculate:
1. The total traffic generated by the concurrent usage of services.
2. The latency requirements that need to be met (min, max) on a per service basis.
3. The minimum traffic that needs to be supported by the 5G infrastructure based on
the services’ “criticality”.
Table 2: UC1 General Assumptions – Everyday Rush Hour Scenario.
UC1 – Scenario 1 - General Assumptions
Area
Characteristics

Total area: ~2.36Km2
% of area for Smart City: 25%
Perimeter: ~5600m
Population: 56447
% people at home: 30%
#subscribers at home: 15241

Subscriber’s/
population/
device
statistics

% people at offices: 30%
#subscribers at offices/businesses: 15241
% people commuting: 40%
#subscribers commuting: 20321
→ subscriber density (#/m2): 0.0215
→ People density (#/m2): 0.0239
IoT devices: 603948
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Table 3: UC1 Traffic Calculations – Everyday Rush Hour Scenario.

UC1 - Scenario 1 - Summary

5G-PHOS – D2.1

Total
maximum
Capacity

395.8 Gbps (absolute minimum 21 Gbps)

Average
Capacity

385 Gbps

Latency

1-100 ms depending on service

Traffic
Density

0.1625 Mbps/m2

Connection
Density

~0.0318 connections/m2
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4.3.3.2

UC #1: Usage Scenario 2 – Everyday Busy Hours

For the area under investigation, during busy hours we expect a negligible number of
commuters and vehicle traffic. The following assumptions are made for this usage scenario.
Specifically:
•

The number of users in the area is increased by 10% compared to the number of
residents, taking into account the people who commute to and from the area and
the local business employees.

•

The subscribers are 90% of the population.

•

30% of the population is at home and 65% at offices/work. The remaining 5%
corresponds to pedestrians and people in vehicles.

•

As mentioned in the previous usage scenario, only a 25% of the area offers smart
city and mIoT services, where IoT/sensor density is 1 per m2.

In Table 4, the general assumptions of this use case scenario are presented, and in Table
5 the traffic calculations derived from these assumptions.
Table 4: UC1 General Assumptions – Everyday Busy Hour Scenario.
UC1 - Scenario 2 - General Assumptions
Area
Characteristics

Total area: ~2.36Km2
% of area for Smart City: 25%
Perimeter: ~5600m
Population: 56447
% people at home: 30%
#subscribers at home: 15241

Subscriber’s/
population/
device
statistics

% people at offices: 65%
#subscribers at offices/businesses: 33022
% people commuting: 5%
#subscribers commuting: 2540
→ subscriber density (#/m2): 0.0215
→ People density (#/m2): 0.0239
#IoT devices: 603948
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Table 5: UC1 Traffic Calculations – Everyday Busy Hour Scenario.

UC1 - Scenario 2 - Summary

5G-PHOS – D2.1

Total
maximum
Capacity

1450 Gbps (absolute minimum 21Gbps)

Average
Capacity

1430 Gbps

Latency

1-100 ms depending on service
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4.3.3.3

Traffic
Density

~0.06 Mbps/m2

Connection
Density

~0.0036 connections/m2

UC #1: Usage Scenario 3 – Everyday Night Hours

During night hours, very low usage and vehicle traffic is expected. Furthermore:
•

Businesses are expected to not contribute significantly in traffic demands, as most
of them are closed at that time.

•

Again, it is assumed that 90% of the population are mobile subscribers.

•

The area population is comprised mostly by the actual residents of the area, and an
extremely low activity factor is assumed.

•

During night hours, we assume almost all residents are at their homes.

•

Again, only a 25% of the area offers smart city and mIoT services, where IoT/sensor
density is 1 per m2, however the traffic demands for these services remain the same
during all hours.

In Table 6, area, population and device characteristics are presented, while in Table 7 a
mapping of concurrent services is illustrated.
Table 6: UC1 General Assumptions – Everyday Night Hour Scenario.
UC1 - Scenario 3 - General Assumptions
Area
Characteristics

Total area: ~2.36Km2
% of area for Smart City: 25%
Perimeter: ~5600m
Population: 51315
% people at home: 95%
#subscribers at home: 48749

Subscriber’s/
population/
device
statistics

% people at offices: 2%
#subscribers at offices/businesses: 1026
% people commuting: 3%
#subscribers commuting: 1539
→ subscriber density (#/m2): 0.0195
→ People density (#/m2): 0.0217
#IoT devices: 602793
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Table 7: UC1 Traffic Calculations – Everyday Night Hour Scenario.

UC1 - Scenario 3 - Summary

5G-PHOS – D2.1

Total
maximum
Capacity

117,4 Gbps (absolute minimum 21Gbps)

Average
Capacity

105,9 Gbps

Latency

1-100 ms depending on service

Traffic
Density

~0.045 Mbps/m2
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Connection
Density

4.3.4

~0.03 connections/m2

Restrictions and Challenges

It is well-known that Internet data consumption is exploding, driven by the increased use
of connected devices (smartphones, tablets, IoT etc.), improved user interface design,
more demanding services (e.g., video streaming) and the desire for anytime/anywhere
high speed and ubiquitous connectivity. Having said that, it is important to mention that
more than 70% of this data consumption occurs indoors in homes, offices, malls, train
stations, and other public places [21]. End users are using multiple devices with dissimilar
capabilities to access a combination of best effort services, while their Quality of Experience
(QoE) expectations for the provided services is increasing. Under this prism, connectivity
is increasingly evaluated by end-users in terms of the level of efficiency and performance
of their apps, regardless of the location (in a festival or in a metro station) or time, thus
introducing a number of challenges for the operators. These challenges are briefly
discussed below:
•

System Capacity and Data Rate: Beyond 2020, mobile networks need to support a
thousand-fold increase in traffic, relative to 2010 levels, and a ten to hundred-fold
increase in data rates even at high mobility and in crowded areas, if current trends
continue ([21],[22],[23]). This requires more capacity in the backbone, backhaul,
fronthaul & radio access network.

•

M2M (Machine to Machine) Traffic Management: Traffic from M2M should be
managed from the network infrastructure in an effort to avoid any overload and
congestion due to the excess volume of data.

•

End-to-end latency: End-to-end latency is critical for the provision of new real-time
applications and services. In order to realize these applications, network
infrastructure must be able to support a target of 5 times reduced E2E latency (15 milliseconds) with high reliability ([24]).

•

Security and Privacy: Operators/Stakeholders need to ensure the protection of
personal data and define the uncertainties related to security threats which are
increasing both in numbers and sophistication.

4.4 UC #2: Highly Touristic Area
4.4.1

Description

This use case refers to satisfying relatively high demand in 5G services at a highly touristic
area, such as the area around the Eiffel tower. The area under study includes the tower
itself and the “Champs de Mars” area (Fig. 12), an open landscaped park with extensive
lawns offering a great view of the tower. Specifically, it is known as the hotspot for national
events but also a place where tourists as well as Parisians gather daily to watch the tower
lights or to simply enjoy a walk or picnic.

5G-PHOS – D2.1

40/124

Deliverable D2.1

Fig. 12: The Eiffel tower and Champ de Mars area.
For this reason, the 5G-PHOS approach must support:
•

The relatively high traffic demand generated by the extremely large number of Eiffel
Tower tourists, i.e. tens of thousands at a daily basis during the hours the tower is
open to visitors.

•

The everyday traffic of tourists in the surrounding area, taking pictures,
uploading/streaming videos of the area, along with the traffic generated by the
residents and employees in the area.

•

The demands of the legal entity exploiting the Eiffel tower (security/surveillance,
mIoT for management/security/ticketing etc.) and of its businesses’ (i.e.
restaurants, souvenir shops).

•

The extremely high demands placed on the infrastructure in case of events taking
place (open-air concerts, national events, etc.) at the aforementioned area.

4.4.2

Indicative Service Offerings

As mentioned previously, the demands can be extremely high even on a daily basis.
According to the official website 3, the tower is visited by close to 7 million people annually.
This number can be greatly increased by adding visitors and Parisians in the surrounding
area or in the case of a big event. Indicative services requested/offered in the area could
be:

3

https://www.toureiffel.paris/en , last accessed: Feb 7, 2018.
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High capacity eMBB services:
•

Visitors uploading/streaming of UHD videos, uploading photos; given the touristic
nature of the area, a high activity factor is expected as tourists may upload on their
private clouds and/or social media.

•

UHD streaming, augmented reality applications (e.g. tour guide Apps) based on
accurate user location estimation (possibly provided by the authority exploiting the
area and tower itself).

•

Broadcast services, virtual reality services (HD/UHD quality) in the case of big
events, where organizers/media companies may offer media content using cameras
at specific locations, etc.

mMTC services:
Massive IoT services may include: (a) ticket tracking, (b) monitoring & control
sensors (such as heating/cooling/presence sensors, fire detectors, control of
security devices, etc.)

•

URLLC/Critical Communications:
•

HD monitoring services, e.g. security cameras.

•

Emergency communications, as well as ensuring access for security staff and first
responders in case of an incident (e.g. fire/ terrorist attack).

Other services:
•

Everyday business requirements (cloud storage/services, video conferencing,
email, web surfing) and other less demanding services.

•

Location-based services, e.g. offering retail shop/restaurant recommendations
based on location and user profile along with relevant directions, notifying on the
number of people waiting in queues and estimated waiting time. Services for
massive notifications, e.g. advertisements, recommendations/offers in the
surrounding area for visitors.

4.4.3

Usage Scenarios

4.4.3.1

UC #2: Usage Scenario 1 – Normal (daily)

The area under investigation has a perimeter of approximately 2.7km and covers close to
335,000m2 (Fig. 13). In addition to this, the tower is visited by close to 7 million people
annually, which could in turn be translated to approximately 25000 people ascending the
tower every day, resulting to long queues, according to the relevant Wikipedia entry 4. This
number can be greatly increased by adding visitors and Parisians on the surrounding area.
For the calculation of the traffic needs in the area we assume also the following:
•

A two-hour stay per visitor in the area.

•

The tower is open to the public for approximately 15 hours (depending on season)
on a daily basis.

•

An additional number of 25% of visitors (tourists or local) resides in the surrounding
area.

4

https://en.wikipedia.org/wiki/Eiffel_Tower, last accessed: Feb 7, 2018.
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•

Only an extra 5% (compared to the average number of people) of users work
indoors or visit local businesses, as this is mostly a park area.

•

Negligible traffic from persons in vehicles for the same reason.

•

Area employees are about 300 (in the tower, including its restaurants/souvenir
shops etc. according to website in total, ~150 on average).

•

A 20% increase of these numbers compared to the average value for peak hours
and only 1/10 of the average value during night hours.

•

Some massive IoT services for tickets, sensors management & tracking, as well as
push notification services and HD surveillance cameras for the authority exploiting
this site.

Fig. 13: The highly touristic area of Eiffel Tower and Champs de Mars area.
Based on the previous information, approximately 4317 individuals are found in the area
on an average basis. As this is a highly touristic area, we assume increased activity factors
for specific use case scenarios described by 3GPP [15]. Less than 167 users for the indoor
access services in local businesses are estimated (Total average # people ~4483).
Various concurrent services are provided depending on the population profile above, while
a slice is reserved for emergency purposes taking into account a minimum number of 50
surveillance cameras and the need for critical communications for first responders and
security personnel. Another slice is set aside for the stakeholder exploiting the site in order
to support massive IoT sensors (ticket tracking, fire detectors, monitoring sensors, remote
control of devices, etc., in this case estimated at about 6000). The area and population
characteristics, as well as the estimated traffic/latency demands are presented in Table 8
and Table 9, respectively.
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Table 8: UC2 General Assumptions – Normal (Daily) Scenario.
UC1 - Scenario 3 - General Assumptions
Area
Characteristics

Total area: ~335000m2

Subscriber’s/
population/
device
statistics

# People in area on average: 4483 users

Perimeter: ~2.7km
→ People Density* (#/m2): 0.013
Tower visitors=3333, surrounding area visitors=833,
(outdoor)=150, local workers & visitors (indoor)=167

local

workers

# Subscribers on average: 4035
→ Subscriber Density* (#/m2): 0.012
# People in area on peak traffic: 5380
→ People Density* (#/m2): 0.16
Tower visitors=4000, surrounding area visitors=1000, local workers
(outdoor)= 180, local workers & visitors (indoor)=200
IoT devices: 6000
HD surveillance cameras: 50
*Assuming 1 device per individual.
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Table 9: UC2 Traffic Calculations – Normal (Daily) Scenario.

UC2 - Scenario 1 - Summary

5G-PHOS – D2.1

Total
maximum
Capacity

234.2 Gbps (absolute minimum 22 Gbps)

Average
Capacity

223.2 Gbps

Latency

1-100 ms depending on service
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4.4.3.2

Traffic
Density

~0.667 Mbps/m2

Connection
Density

~0.01 connections/m2

UC #2: Usage Scenario 2 – Big Event

This usage scenario considers the case of a big event (e.g. open-air concert, national
celebration, etc.) taking place in the area under investigation. Disregarding some areas
which are closed to the public and the areas where buildings are situated, the area where
people gather is close to 228000m2 (Fig. 14). In addition to this, since the area is a
landscaped park with trees, monuments, etc., we assume that about half of this area can
be accessible by the public. As is the case of the concerts, higher density of people is
expected in this “useful” event area. In this scenario, it is assumed that there are 2.7
individuals per m2. Furthermore, in this usage scenario, we assume:
•

One smartphone per individual.

•

One personal IoT device per 5 individuals (e.g. smart watch, other sensors for
location based services)

•

mIoT services for management and control (~1 sensor per 5 m2), as described in
the previous scenario covering a much larger area.

•

mIoT services for tickets (devices equal to number of spectators)

•

Push notifications and HD surveillance cameras for the site-exploiting authority.

•

The number of organizer and security personnel (400) is negligible compared to the
number of spectators.

Lastly, we expect broadcast services where organizers/ media companies may offer media
content using cameras, which (assuming 3 tenants) is calculated close to 6-10 Gbps per
tenant, as well as a slice for the organizers and for emergency (described in the previous
usage scenario).
Based on the previous information, close to 300 thousand individuals can be found in the
area for the event. These assumptions are presented in Table 10 while the corresponding
traffic calculations in Table 11.
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Fig. 14: The Big Event area of Eiffel Tower and Champs de Mars.
Table 10: UC2 General Assumptions – Big Event Scenario.
UC1 - Scenario 3 - General Assumptions
Area
Characteristics

Subscriber’s/
population/
device
statistics

5G-PHOS – D2.1

Total area: ~227927m2
Perimeter: ~2.43km
Event area: ~113964m2
People in area: ~307703
→ People density (#/m2): 2.7 (divided by the event area)
→ Subscriber density (#/m)2: 1.22 (divided by total area)
IoT devices for control & management: 169423
HD surveillance cameras: 50
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Table 11: UC2 Traffic Calculations – Big Event Scenario.

UC2 - Scenario 2 - Summary
Total
maximum
Capacity

2697.4 Gbps (absolute minimum 22 Gbps)

Average
Capacity

2686.4 Gbps

Latency

1-100 ms depending on service

Traffic
Density

~11.79 Mbps/m2
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Connection
Density

4.4.4

~0.8 connections/m2

Restrictions and Challenges

Various challenges and restrictions are introduced in supporting this use case, mainly
related to the vast numbers of connected devices under the same domain/cell/network. In
this part we explore the different challenges/restrictions with respect to the relevant UCs:
•

The vast number of connected devices, as well as the need to support diverse
devices and service requirements in a scalable and efficient manner. The deployed
coverage should cover the relatively wide areas, thus providing enhanced quality of
experience to the individuals.

•

System capacity and data rate: High data rates and enhanced mobility is mandatory
for individuals in crowded areas. This requires more and more capacity not only in
the operators’ network, but also in the backbone, meaning backhaul and fronthaul
as well.

•

End-to-end latency: E2E latency is critical for supporting applications and services
in real time. Networks must be able to support a targeted range of milliseconds E2E
with high reliability.

•

Quality of Experience (QoE): A challenge for the operators is to support applications
and services with an optimal and consistent level of QoE anywhere and anytime.

•

Operational impact: As the network become denser, more stations will need to be
managed.

•

Energy Consumption: Energy consumption is always a challenge, especially for the
UDNs since an increased number of station/cells will be utilized, thus leading to both
environmental damage and huge amounts of money for operational costs.

•

Collaboration among different stakeholders should be guaranteed during all phases
of the provided solution.

•

CAPEX and OPEX for various phases of the solution such as deployment,
maintenance, management and operation for the anytime-anywhere connectivity
should be affordable.

4.5 UC #3: Hotspot Area
4.5.1

Description

The hotspot area UC focuses on the provisioning of 5G telecom services at the Paris SaintGermain FC stadium (http://www.stadiumguide.com/parcdesprinces/) (Perimeter: 1.59
Km, area surface: 165712m2), situated on top of the Parisian ring road Périphérique
(@district #16), ~4 Km SW of the Eiffel Tower and < 1km south of the Bois de Boulogne
and the Roland Garros tennis complex (see Fig. 15). The objective is for the 5G-PHOS
solution to support, in an efficient way:
•

The high (traffic) demands generated from the use of a significant number of 5G
applications/services with diverse characteristics/requirements from a huge number
of end-users (both fans and tenants) for specific time-windows i.e., during a football
match or a concert.
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•

The demands of the (owner) business-related support
security/surveillance, energy management, MTC services, etc.)

•

The daily (lower) traffic demand generated by stadium employees.

systems

(e.g.

Fig. 15: Paris Saint-Germain FC stadium (Hotspot) Area & Surroundings.

4.5.2

Indicative Service Offerings

During a major event, eMBB, mMTC, URLLC/Critical Communications and/or other
interactive services shall be offered to the stakeholders. Indicatively:
eMBB services:
•

Uploading of UHD videos/photos by the fans to their private cloud or to social media
(Facebook, YouTube, Instagram, Twitter, etc.).

•

Replaying (UHD streaming) of previous scenes, esp. during the breaks or after an
incident in doubt, by the fans.

•

Live TV broadcast services (IPTV) to fans at home (of HD/UHD quality or even ΑR)
e.g. by cameras installed at specific locations by the media companies which could
be also “managed” remotely.

•

Business related services inside and outside the stadium, e.g. real-time UHD video
streams from remote surveillance cameras (CCTV)

mMTC services:
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•

Massive push notifications to fans for contests, bidding, advertisement issues (e.g.,
bid online, stadium shop advertisements, online contests for winning an item with
the logo of the team).

•

Massive IoT services for energy management (incl. lighting, sound, heating/cooling,
etc.), control services (incl. control of security devices, presence sensors), asset
tracking (tickets, goods, etc.), etc.

URLLC/Critical Communications:
•

Red Button and emergency calls.

•

New medical and first responder services e.g., remote provisioning of first aid in
case of health issues of fans.

•

Industrial control, HD (even VR) monitoring services and/or evacuation
guidance/instructions/VR at the fans’ smartphones (offered by the stadium owner)
in case of a severe, widely extended incident such as fire, terrorist attack, etc.

The support of such applications in crowded places involves the automatic
(re)configuration of the network to provide priority access to certain types of endusers/tenants/applications (e.g. Security and Operational Staff) in case of emergency
incidents.
Other services:
Location-based services, esp. a couple of hours before and after the event, e.g.
“Where is your friend”, “Where R U”, directions to Gate#N/shop/Information desk,
“Find a parking Space”.

•

4.5.3

Usage Scenarios

4.5.3.1

UC #3: Usage Scenario 1 – Major Event (Football
Match)

This usage scenario focuses on the provisioning of 3G/4G and 5G services during a football
match. The stadium has a perimeter of ~654 m, it covers a total area of ~32740 m2 (see
Fig. 16), while having a capacity of 48527 seats/fans 5. The area under study, where the
services are offered, is the spectator area, which covers a total of ~18467 m2 (i.e., 3274014273 m2 as shown in Fig. 16).

5

http://www.stadiumguide.com/parcdesprinces/
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Fig. 16: Paris Saint-Germain FC stadium (Hotspot) Area.

Based on the above figures, the fans density is ~2.6 fans/m2 (= 48527 seats / 18467
m2). Assuming a 90% percentage of subscribers among the fans, the total number of
subscribers is 43674, leading to subscriber density = ~2.38 subscribed fans/m2
(namely, 43674 subscribers / 18467 m2).
Additional assumptions, summarized in Table 12, include:
•

~400 subscribers (including teams’ staff, security staff, stadium staff, first
responders, etc.) will also be serviced during the match; increasing the subscriber
density to 2.38 subs/m2.

•

50-100 users, mainly employees (stadium staff) move around the stadium area and
in the rooms underneath the seats; however, their traffic needs are excluded from
the calculations.

In Table 13, we calculate:
1. The total traffic generated by the concurrent usage of services, relevant to the
specific event, by the fans/subscribers, taking into account both tenants’ and
owner’s needs as well.
2. The latency requirements that need to be met (min, max) on a per service basis.
3. The minimum traffic that needs to be supported by the 5G infrastructure based on
the services’ “criticality”.
Table 12: UC3 General Assumptions – Major Event Scenario.
UC3 - Scenario 1 - General Assumptions
Area
Characteristics

Total area: ~32740m2
Perimeter: ~654m
Event area: ~18467m2
#Fans in area: ~48527
#Other people (security staff, first responders, coaches, etc.): 400

Subscriber’s/
population/
device
statistics

% Subscribers: 90%
#Total subscribers: 44034
→ People density (#/m2): 2.65 (at event area)
→ Subscriber density (#/m)2: 2,38 (at event area)
IoT devices for control & management: ~60000
→ Connection density (#/m)2: 1,2

5G-PHOS – D2.1

52/124

Deliverable D2.1

Table 13: UC3 Traffic Calculations – Major Event Scenario.

UC3 - Scenario 1 - Summary
Aggregate
Max.
Capacity

~250 Gbps (for an area ~0,018 Km2)

Absolute
Min.
Capacity

20 Gbps reserved for emergency services due to their high
criticality

Latency

1-100 ms

Traffic
Density

~12 Mbps/m2

Population
Density

2.65 people/m2 and 2.38 subscribers/m2

Connection
Density

max 1.2 connections/m2

Note: For a stadium of 100000 seats capacity (assuming the same services/usage mix),
the total traffic demand could reach even 500Gbps.
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4.5.3.2

UC #3: Usage Scenario 2 – Everyday Owner Needs

This usage scenario focuses on the provisioning of 3G/4G/5G services during a normal day
in the stadium premises, considering the needs of the permanent staff (mainly indoors),
security staff (indoors and outdoors), workers, employees at a few (football club) stores,
a few hundreds of fans watching a team training as well as visitors (athletes and their
escorts). The area under study, where the services are offered, is 165712 m2 as shown in
Fig. 15 and the number of people considered for this scenario is 100-300.
Indicative services are the following: broadband
connectivity), IP voice calls, broadcast like services.

access

(intranet

and

internet

Additional assumptions as well as the corresponding traffic calculations are summarized in
Table 14 and Table 15. In particular, additional assumptions include the need for
supporting:
•

Business related services (surveillance/security, energy monitoring and control
(lights, sound, heating/cooling, etc.), IoT services, etc.)

•

A potential emergency case (e.g. health incident, fire, etc.).
Table 14: UC3 General Assumptions – Everyday Owner Needs.
UC3 - Scenario 1 - General Assumptions
Area
Characteristics

Total area: ~165712m2

Subscriber’s/
population/
device
statistics

#Total subscribers: 300
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Perimeter: ~654m
→ Subscriber density (#/m)2: 0,0018
IoT devices for control & management: ~60000
→ Connection density (#/m)2: 0,02
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Table 15: UC3 Traffic Calculations – Everyday Owner Needs.

UC3 - Scenario 2 - Summary

4.5.4

Aggregate
Max.
Capacity

~25 Gbps (for an area ~0,16 Km2)

Absolute
Min.
Capacity

13 Gbps reserved for emergency services due to their
high criticality

Latency

1-100 ms

Traffic
Density

~0.1 Mbps/m2

Population
Density

0.0018 subscribers/m2

Connection
Density

max 0.02 connections/m2

Restrictions and Challenges
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It becomes apparent that this use case demonstrates unique characteristics and
specificities, such as:
•

High variation of traffic/services demands due to seasonality, ranging from loose
requirements on a daily basis to extreme hotspot-like requirements during the
events (ultra-high traffic and users’ density) both in open area environment and/or
indoors, including the stadium surroundings (parking, entrance, nearby public
transportation stations, etc.).

•

Constructions limitations posed by the premises’ infrastructure influencing network
topology and performance, e.g., existing cabling, difficulties in modifications and
mainly a lot of metallic constructions significantly impacting on the signal radiation
and interference (esp. when referring to a “closed” stadium). Therefore, the
increase of network capacity shall be considered in terms of utilizing new frequency
bands and larger bandwidth.

•

Deployment-related restrictions posed by the owner of the stadium which need to
be taken under consideration e.g., difficulties in location access, cost, need for
infrastructure sharing. From the stadium owner’s side, it is of utmost importance to
reduce the network equipment (access network nodes/RRH, cabling, cabinets for
BBUs, etc.) of different telecom providers to a single shared infrastructure, that can
be easily scalable in terms of capacity and support various types of services
efficiently, which leads to the need for multi-tenancy support over a programmable
stadium-owned network infrastructure.

•

Last but not least, as in any deployment, signal radiation issues (e.g. see total
output power per frequency, etc.) shall conform with the international standards,
considering also the short distances between the access network nodes and the
users.

At this point, it shall be stressed that multi-tenancy brings new business opportunities and
new revenue streams for the stadium/infrastructure owners by enabling them not only to
satisfy their own internal-to-the-business needs, but also to offer innovative businessrelated services and at the same time to enable a wide range of third parties to
support/provide their own services. To this end, network slicing is the solution
proposed/adopted in most (pre) 5G projects-deployments. For instance, a dedicated
network slice can be instantiated for the support of real-time UHD video from surveillance
cameras, another one for e.g., location based services, while other network slices can be
allocated to TV broadcasters and/or telecom operator(s) to enforce their own networking
rules (e.g. resources allocation, QoS/QoE policies for various types of services).

4.5.5

5G-PHOS End
Summary

User

Performance

Requirements

From the afore-mentioned use cases and scenarios analysis, the general performance
characteristics and capabilities of the underlying telecommunication system can be
summarised as follows:
•

Max. Total Capacity of the Network Deployed over the specific area:
~2697.4 Gbps (absolute minimum 21 Gbps)

•

Min. Latency: 1ms

•

Max. Traffic Density (Mbps/m2): ~12 Mbps/m2

•

Max. Connection Density (#/m2): ~max 1.2 connections/m2

•

Max. Mobility: 100 Km/h
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•

Max. User Experienced Data Rate: 75 Mbps

The relation between the consolidated end-user performance targets deriving from 5GPHOS use cases and the IMT-2020 end-user related performance targets, is presented in
Table 16.
Table 16: 5G-PHOS vs. IMT-2020 End User Performance Targets.
End User
Performance
Targets

5G-PHOS UC
Targets

IMT-2020 Targets

1 ms

1 ms

~12 Mbps/m2

10 Mbps/m2

~1.2
connections/m2

1 connections/m2

Max. Mobility

100 Km/h

500 Km/h

Max.
User
Experienced
Data Rate

75 Mbps

100 Mbps

Min. Latency
Max.
Traffic
Density
Max.
Connection
Density

4.6 Consolidated User and System Requirements
The support of stakeholder/service/application requirements deriving from the previously
described use cases poses specific technical requirements to the underlying network. This
section aims at summarizing the user/application requirements and at mapping them to
specific technical requirements that need to be considered and satisfied by the 5G-PHOS
developments. To this end, the requirements have been classified into two groups:
•

User requirements: addressing the use case requirements, mainly related to 5GPHOS system performance.

•

System Requirements: defining the system capabilities required in order to fulfil the
use case requirements, mainly related to the network’s technical capabilities/
functionalities, as well as to operational (non-functional) aspects such as network
security/privacy, equipment modularity, architecture/system extensibility/
maintainability, interoperability with multiple technologies/applications, etc.

4.6.1

Taxonomy

For the purpose of having a homogeneous reading of 5G-PHOS requirements, each
requirement has been specified by the contents of the following fixed format table:
Table 17: Requirements Definition in Tabular Format.
<Req ID>

<Req. Title>

Priority

Essential/Optional

Description

The ‘Description’ field contains the specification of the requirement
(description of the purpose and goals to be fulfilled), written in a
concise, yet clear way.
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Use Case
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KPIs/Parameters
to be measured

The ‘KPIs/Parameters to be measured’ field contains:
- for measurable requirements, the definition of the parameters
to measure the satisfaction of this requirement.
- for immeasurable requirements, the qualitative criteria to
indicate the satisfaction of this requirement.

Component(s)

The ‘Component(s)’ field defines the 5G-PHOS component(s) to
which the requirement is applicable; for user requirements, this
field may not always apply.

<Req ID>: This field provides a unique code to exclusively identify each individual
requirement and ease tracking of its fulfilment in the next steps of the project. This field
has the following generic format: USER/SYS-TYPE-RQT#. In this format, the following subfields are identified:
 U/S indicates whether this is a user, system or technology requirement.
 TYPE indicates the type of the requirement and may take the following values:


FUNC – functional requirement.



PERF – non-functional performance requirement.



NFUNC – non-functional requirement, i.e. related to security/privacy, modularity,
extensibility, maintainability, interoperability requirement.



OTH – other requirement.

 RQ# is an incremental number uniquely identifying the requirement.
Priority: This element specifies the criticality of the requirement.
Use Case: This element provides a link between the requirements and the 5G-PHOS use
cases.
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4.6.2

End User Requirements
Table 18: U-PERF-RQ1: High Capacity and Capacity Density.

U-PERF-RQ1

High Capacity and Capacity Density

Priority

Essential

Use
Case/
Stakeholder

All, esp. UC3

Description

A high capacity access network is required in order to provide a
maximum of >200Gbps over a 18467 m2 hotspot area; that is,
support traffic density of 12Mbps/m2, with 100Gbps per wireless
access node.

KPIs/Parameters
to be measured

KPIs to be measured:
- Total capacity of wireless access nodes.
- User Data rates per distance, achieved by a single access node.
- Aggregate capacity/throughput offered at the demo stadium
area.

Component(s)

All
Table 19: U-PERF-RQ2: Low Latency.

U-PERF-RQ2

Low Latency

Priority

Essential

Use
Case/
Stakeholder

All

Description

Low latency <1-2ms services (e.g. for emergency services/first
responders, etc.) shall be supported.

KPIs/Parameters
to be measured

KPIs to be measured:

Component(s)

All

- Latency of specific sessions.

Table 20: U-PERF-RQ3: High Connection Density.
U-PERF-RQ3
Priority

High Connection Density
Essential

Use
Case/
Stakeholder

All

Description

High connection density shall be supported. The targeted density
may range from a few up to thousands of devices per km2
(max.1.2 connections/m2).

KPIs/Parameters
to be measured

KPIs to be measured:

Component(s)

All
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Table 21: U-PERF-RQ4: Mobility.
U-PERF-RQ4
Priority

Mobility
Essential

Use
Case/
Stakeholder

UC1, UC2

Description

Mobility needs to be supported for speeds ranging from static and
pedestrian to approximate 100Km/h.

KPIs/Parameters
to be measured

KPIs to be measured:

Component(s)

All

-Performance (Latency/Throughput) under various user speeds.

Table 22: U-PERF-RQ5: Support of various QoS classes and isolation of traffic.
U-PERF-RQ5
Priority

Support of various QoS classes and isolation of traffic
Essential

Use
Case/
Stakeholder

All

Description

Different services with different End-to-end QoS characteristics
must be provisioned, configured and supported. The traffic from
various QoS classes must be isolated.

KPIs/Parameters
to be measured

KPIs to be measured:
- Actual User Data rates per link.
- QoS characteristics of links (Capacity/Latency/etc.).
- Physical Resources: CPU, Memory, etc.

Component(s)

All
Table 23: U-PERF-RQ6: High Availability.

U-PERF-RQ6
Priority

High Availability
Essential

Use
Case/
Stakeholder

All

Description

The 5G-PHOS network shall present high availability (99.99999%)

KPIs/Parameters
to be measured

The availability KPI can be evaluated at deployment phases but
can be considered at system design phases.

Component(s)

All

4.6.3

System Requirements

System requirements define the system capabilities necessary to fulfill the user
requirements (as listed in the previous section) mainly considering the three identified use
cases. Each user requirement generates one or more system requirements; in other words,
multiple system requirements address the global end-to-end KPIs and may reflect different
system architectures and implementations. In the 5G-PHOS case, the system requirements
5G-PHOS – D2.1
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refer mainly to the optical and wireless access domains and may specify a number of
technological choices.
Table 24: S-PERF-RQ1: High Capacity Radio System.
S-PERF-RQ1

High Capacity Radio System

Priority

Essential

Description

KPIs/Parameters
to be measured
Component(s)

Use
Case/
Stakeholder

All

A high performance wireless access system is required to provide
high capacity service level to all service classes provided in the use
cases. Massive MIMO techniques shall be incorporated to achieve
the required data rates.
Performance is measured on an end-to-end connection between
the User and the Core network in terms of Throughput (Mbps, total
throughput per sector, and per user) and Latency (ms) with proper
data analyzer instrumentation.
All (including all versions of Flexbox, RRH and Layer 2/3
operations) mmWave components.

Table 25: S-FUNC-RQ2: Antenna and Antenna Module Requirements.
S-FUNC-RQ2

Antenna and Antenna Module Requirements

Priority

Essential

Description

KPIs/Parameters
to be measured

Component(s)

Use
Case/
Stakeholder

All

The antennas to support mMIMO shall be composed of modules to
enable flexibility in the physical construction and enable various
antennas to be constructed using the same modules, so that the
antenna properties can be derived based on the number of
modules used.
Each module shall balance the efficiency obtained by packing a
large number of antennas on the same substrate to the inefficiency
resulting from losses when having to use long routings at the
mmWave frequency being used.
Individual antenna elements will target as high gain as possible,
subject to having a radiation pattern that is capable of providing
connectivity in a sector no less than 90o to 120o, such that the
array composed of these elements may efficiently serve as a sector
antenna. Antenna element gain is estimated to be ~6dBi.
MIMO Antennas, OBFN.

Table 26: S-PERF-RQ3: High Capacity Optical System.
S-PERF-RQ3
Priority
Description
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High Capacity Optical System
Essential

Use
Case/
Stakeholder

UC1, UC2

A 25 Gb/s high capacity optical system is required to transmit
waveform information for radio-communication services over an
optical fiber network, where the optical fiber network may consist
of single or multiple optical fibers. The waveform information
means an optical signal carrying the essential physical information
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for radio-communication services, such as the format of the radio
wave and payload.
KPIs/Parameters
to be measured

Optical transceivers in FlexBox and RRH Units must perform the
following functions at least:
•
•
•

Electrical-to optical (E/O) and Optical-to-electrical (O/E)
conversion of the waveform information.
Optical interface to transmit/receive signal into/from an
optical fiber.
The waveform must be preserved under ideal or close to
ideal conditions and must not be affected or affect
proximate radio signals (ITU-T G.sup.39).

KPIs to be measured:
•

•
•
Component(s)

Capacity; measured on an end-to-end connection between
the local office (where the Flexbox is located) and the
remote site with proper data analyzer instrumentation.
Bit Error Rate (target set to below 10-12).
Error Vector Magnitude of constellation diagrams (ITU-T
G.sup 55).

Flexbox, Flexbox-Pro-SDM, optical link, RRHs (they possess lasers
(EMLs) for uplink communication).

Table 27: S-PERF-RQ4: WDM Ultra-High Capacity Optical System.
S-PERF-RQ4

Ultra-High Capacity Optical System

Priority

Essential

Description

A 100 Gb/s WDM ultra high capacity optical system is required to
transmit waveform information for radio-communication services
over an optical fiber network. The waveform information means an
optical signal carrying the essential physical information for radiocommunication services, such as the format of the radio wave and
payload.

KPIs/Parameters
to be measured

Optical transceivers in FlexBox and RRH Units must perform the
following functions at least:
•
•
•
•

Use Case

UC3

Electrical-to optical (E/O) and Optical-to-electrical (O/E)
conversion of the waveform information.
Optical interface to transmit/receive signal into/from an
optical fiber.
The waveform must be preserved under ideal or close to
ideal conditions and must not be affected or affect
proximate radio signals (ITU-T G.sup.39).
ROADMs are employed for wavelength selectivity.

KPIs to be measured:
•

•
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Capacity; measured on an end to end connection between
the local office (where the Flexbox is located) and the
remote site with proper data analyzer instrumentation.
Bit Error Rate (target set to below 10-12).
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•

Error Vector Magnitude of constellation diagrams (ITU-T
G.sup 55).

Flexbox-Pro-WDM, Optical link, RRHs.

Component(s)

Table 28: S-PERF-RQ5: Low Latency Access/Transport Network Components.
S-PERF-RQ5

Low Latency Access Network

Priority

Essential

Description

Low latency access/transport network components are required to
satisfy the low latency user requirement.
The latency is measured on an end-to-end connection between a
user terminal and the network termination with proper data
analyzer instrumentation
The overall Latency should be below the value specified by the
application and can be estimated as sum of:
• Flexbox processing latency.
• Optical Network propagation latency.
• RRH latency (incl. ROADM latency).
• Optical Beamforming latency.
• RF propagation.

KPIs/Parameters
to be measured

Use Case

All

Flexbox (all versions), mmWave 64x64 MIMO, OBFNs, optical link,
RF link.

Component(s)

Table 29: S-FUNC-RQ6: Traffic Monitoring/Analytics.
S-FUNC-RQ6

Traffic Monitoring/Analytics

Priority

Essential

Use
Case/
Stakeholder

All, Service Provider

Description

Traffic monitoring on a per user/location/access network node/etc.
level is needed towards enabling network resources allocation
mechanisms through data analytics intelligence.

KPIs/Parameters
to be measured

KPI to be measured:

Component(s)

Flexbox (all versions), mmWave 64x64 MIMO, SDN Controller.

Capability of obtaining traffic monitoring information regarding:
Devices (active/standby), user Data rates, service consumption,
devices density, traffic density per location/access network
node/etc.

Table 30: S-FUNC-RQ7: Wavelength allocation.
S-FUNC-RQ7

Wavelength allocation

Priority

Essential

Description

The system must be able to operate using optical wavelengths
within the 1524-1544 nm range in order to fit the requirements of
Next Generation Passive Optical Network (NGPON) optical systems
(ITU-T G.989).
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KPIs/Parameters
to be measured

KPIs to be measured: Power budget (both for uplink and
downlink), optical transmitter output level and wavelength,
spectral characteristics, optical receiver sensitivity.

Component(s)

Flexbox, Optical link, RRHs (incl. ROADM).

Table 31: S-FUNC-RQ8: Auxiliary Management and Control Channel, AMCC.
S-FUNC-RQ8

Auxiliary Management and Control Channel, AMCC

Priority

Essential

Description

KPIs/Parameters
to be measured

Use
Case/
Stakeholder

All

Information by an Auxiliary Management and Control Channel
about wavelength assignment, RRH unit configuration and OAM
Data must be transported by the system in a dedicated channel.
This AMCC is added in both downstream and upstream directions.
KPIs are related to AMCC efficiency and configuration parameters.
FlexBox (all versions), RRHs, MT-DBA.

Component(s)

Table 32: S-FUNC-RQ9: Multi-tenancy Support.
S-FUNC-RQ9
Priority

Multi-tenancy Support
Essential

Use
Case/
Stakeholder

All

Description

It shall be possible to serve multiple tenants over a single wirelessfixed network infrastructure, while having traffic of each tenant
isolated from the others. The QoS requirements of the connectivity
services of each tenant shall be rigidly defined and shall be met by
the implementation.

KPIs/Parameters
to be measured

KPIs to be measured will be the QoS parameters reflecting the QoS
requirements of each tenant, such as bandwidth, latency, jitter,
time to allocate resources etc.

Component(s)

Flexbox (all versions), mmWave
MT-DBA.

mMIMO, OBFN, mini-ROADM,

Table 33: S-FUNC-RQ10: Network Slicing.
S-FUNC-RQ10
Priority

Network Slicing (All versions)
Essential

Use
Case/
Stakeholder

All

Description

Different services with different end-to-end QoS must be
configured and supported over the optical and radio sections. This
requirement affects mostly the radio section. Slice management
and orchestration shall be applied at different levels (i.e. across
slices and within the slice) and at different times.

KPIs/Parameters
to be measured

KPIs to be measured:
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- Actual user data rates per link.
- QoS characteristics of links (capacity/latency/etc.).
- Physical Resources: CPU, memory, etc.
Component(s)

FlexBox (all versions), RRHs, mmWave
Beamforming, RF link, MT-DBA, NPO tool.

mMIMO,

optical

Table 34: S-NFUNC-RQ11: Interoperability with legacy access networks.
S-NFUNC-RQ11
Priority
Description
KPIs/Parameters
to be measured

Component(s)

Interoperability with legacy access networks
Essential

Use
Case/
Stakeholder

All

Operation over legacy optical distribution networks and
coexistence with other systems.
KPIs are related to:
• Fibers/Wavelengths separation (crosstalk, interference,
inventory, operation and management procedures, etc.)
• System link budget and performance in a multi-vendor and
multi-system scenario according to ITU-T specifications
(G.984, G.987, G.989, G.9807).
Flexbox (all versions), ROADMs, optical link, RF link.

Table 35: S-NFUNC-RQ12: Interoperability with Optical Distribution Network
Standards.
S-NFUNF-RQ12

Interoperability
Standards

with

Optical

Distribution

Priority

Essential

Description

The system must be able to operate over an Optical Distribution
Network like the one described in [ITU-T Rec. G.983.1 and G989.2]
according to the appropriate class of application.

KPIs/Parameters
to be measured

KPIs to be measured: Power budget, optical transmitter output
level, optical receiver sensitivity

Component(s)

Flexbox, optical link.

Use Case

Network

All

Table 36: S-NFUNC-RQ13: Security.
S-NFUNC-RQ13
Priority
Description
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Security
Essential

Use
Case/
Stakeholder

All

Administrative/maintenance/configuration/etc. procedures shall
only be performed by appropriately authorized users in the various
network components, in order to preserve system integrity and
security. All system operations must be subject to specific access
restriction policies. For this purpose, a variety of rigidly defined
authorization levels for various network components and various
users/roles shall exist.
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KPIs/Parameters
to be measured

Implementation of various rigidly defined authorization levels for
different network units and for different users/roles.

Component(s)

All
Table 37: S-NFUNC-RQ14: Resiliency.

S-NFUNC-RQ14
Priority

Resiliency
Essential

Use
Case/
Stakeholder

All

Description

Local single fault on ROADMs must be distinguished from
aggregate WDM faults. A fault that affects only a dropped
wavelength is to be considered as a small cell fault.

KPIs/Parameters
to be measured

Existence and effective operation of fault detection mechanism,
fault recovery notification.

Component(s)

FlexBox Pro, ROADMs, RRH
Table 38: S-NFUNC-RQ15: Scalability.

S-NFUNC-RQ15
Priority
Description

KPIs/Parameters
to be measured
Component(s)

Scalability
Essential

Use
Case/
Stakeholder

All

Adding new 5G-PHOS components (FlexBox units, RRHs, etc.) to
a network deployment shall not disturb and/or affect the operation
of existing ones. System scalability capabilities and roadmap shall
be defined.
The evolution path from FlexBox to FlexBox-Pro and from single
wavelength to WDM must be designed including reuse of
transceivers and optics.
Definition of scalability capabilities and roadmap.
All
Table 39: S-NFUNC-RQ16: Maintainability.

S-NFUNC-RQ16
Priority

Maintainability
Essential

Use
Case/
Stakeholder

All, TO, Site Owner

Description

The 5G-PHOS components shall be maintainable throughout their
lifecycle, from initial development, and during commercial
operation, as all commercial systems. Changes (e.g. upgrades,
reconfigurations, troubleshooting) to individual components shall
be performed with minimal risk of regression, so that they won’t
negatively affect the running connections.

KPIs/Parameters
to be measured

Verification at design phases.
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Component(s)

All

Table 40: S-OTH-RQ17: Installation requirements.
S-OTH-RQ17
Priority
Description

Installation Requirements
Essential

Use
Case/
Stakeholder

All

Part of the equipment can be located in a Central Office or an
equivalent facility, partially thermally controlled, with wide
powering facilities where potentially several optical fiber cables are
terminated (compliant to ETSI ETS 300 019 part 1-3, class 3.2).
On the other hand, part of the equipment can be hosted at a
remote site, for example in a street cabinet or multi-dwelling unit
with limited heat dissipation and/or air conditioning and reduced
size (compliant to ETSI ETS 300 019 part 1-4, class 4.1, 4.1E).

KPIs/Parameters
to be measured

Power dissipation, heat dissipation, form factor, electrical/optical/
RF Cabling infrastructure.

Component(s)

FlexBox (all versions), RRHs, optical beamforming, ROADMs.
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5. 5G-PHOS Generic Network Architectures
The 5G-PHOS technological solution will comprise 3 different FlexBox units, and massive
MIMO antenna RRHs towards architecting, designing and evaluating three high-density
mmWave 5G network solutions addressing the previously analyzed three distinct use case
categories. In all cases, the proposed network architecture consists of one or more FlexBox
units interconnected to a number of RRHs that are responsible for interfacing the optical
medium with the wireless end users. All the proposed approaches are designed to reduce
the amount of fiber and CO equipment compared with point-to-point architectures forming
in this way a hybrid form of fiber-optic/mmWave access networks.
Prior to any network deployment, radio-coverage analysis based on mmWave 3GPP models
(see Annex A: mmWave Radio-Coverage Analysis), is a first step towards the estimation
of the number of antenna elements required to cover the studied area of each use case
scenario. Other parameters that should be taken into account are the traffic demands, the
QoS, the area characteristics, and existing infrastructure (e.g., PON), which will be included
at a later step.

5.1 Dense Area UC General Network Architecture
The general 5G-PHOS network architecture addressing the dense area UC considers the
deployment of an optical network infrastructure complemented with mmWave RRH units,
while being compatible with existing Gigabit-capable Passive Optical Network (GPON)
infrastructure, an indicative possible deployment being that of Fig. 17.

Fig. 17: Dense area UC General Network Architecture.
In particular, Fig. 17 illustrates the 5G-PHOS proposed architecture targeting densely
populated environments to maximize the exploitation of already deployed infrastructure in
urban areas. The proposed architecture is fully compatible with both the TEI’s and TIM’s
testbeds and as can be seen both GPON and 5G-PHOS equipment can be utilized in the
same network.
The 5G-PHOS network seamlessly interfaces the RRH1 units with a single-λ in the 15351540nm range centralized 25 Gb/s FlexBox type 1 unit offering 25 Gb/s peak data rate per
direction. At the same time, a Time Division Multiplexing (TDM)-based access scheme
ensures the collision-less optical medium access among the different RRH1 units. Thanks
to its hybrid nature, the proposed architecture allows the concurrent signal transmission
for both the GPON and 5G-PHOS infrastructures. As can be seen at the left side of Fig. 17,
5G-PHOS – D2.1
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a GCF-1 module is used to multiplex the signals originating from the OLT and FlexBox1
units prior to entering the feeder duct, while a similar Gigabit-capable Passive Optical
Network Coexistence Filter (GCF)-1 unit is used to demultiplex the same signals just after
the feeder duct and before they are entering the two splitter modules, which in turn
terminate to the Optical Network Terminal (ONT) and RRH1 units respectively. The same
GCF-1 units are also responsible for handling the uplink communication that initiates at
the RRH1 units and terminates at the FlexBox1 unit. Although this network scenario is
using a single-λ 25 Gb/s FlexBox1 unit, it is fully compatible with the 5G-PHOS FlexBox 3
WDM solution, so that wireless peak data rate can increase to Nx25 Gb/s by adding more
wavelengths into the network.
Regarding the mmWave radio units deployment, this will be derived as an outcome from
radio coverage analysis in the area using the path loss models discussed in Annex A:
mmWave Radio-Coverage Analysis. In this use case, the Urban Macro (Uma) deployment
scenario would be applicable as the rooftop antennas are expected to be mounted at, e.g.,
25-35m from ground level, while considering the rest of the model parameters, these could
be defined as follows: 𝑑𝑑1 = 18, 𝑑𝑑2 = 63 and 𝐶𝐶(𝑑𝑑, ℎ𝑈𝑈 ) = 0. Moreover, the path loss exponent is
n=2 and n=3, for LOS and Non-Line-of-Sight (NLOS), respectively. Finally, the shadow
fading is 𝑋𝑋 𝜎𝜎 = 4.1 and 𝑋𝑋 𝜎𝜎 = 6.8 for LOS and NLOS, respectively.

5.2 Ultra-Dense Area UC General Network Architecture

The general 5G-PHOS network architecture addressing the ultra-dense area UC considers
the deployment of a single-λ optical network infrastructures, complemented with mmWave
RRH2 units, using a centralized FlexBox type 2 unit. Indicatively, this architecture is
presented in Fig. 18.

Fig. 18: Ultra-Dense area UC General Network Architecture.
Fig. 18 illustrates the 5G-PHOS proposed architecture targeting ultra-densely populated
environments, like city squares and sightseeing sites, to maximize the exploitation of
already deployed infrastructure in urban areas. The 5G-PHOS network seamlessly
interfaces the RRH2 units with a single-λ (in the 1535-1540nm range) centralized FlexBox2
unit offering 400 Gb/s peak data rate per direction, i.e. 16x higher data rate compared to
the dense case scenario presented in Section 5.1. At the same time, a TDM-based access
scheme ensures the collision-less optical medium access among the different RRH2 units.
As can be seen in Fig. 18, 16 parallel fiber connections along with 16 respective splitter
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modules are used to transmit the signals originating from the FlexBox2 unit to the RRH2
units, respectively. The same splitter units are also responsible for handling the uplink
communication that initiates at the RRH2 units and terminates at the FlexBox2 unit.
Although this network scenario is using a 16x single-λ FlexBox1 unit, it is fully compatible
with the 5G-PHOS FlexBox3 WDM solution, so that wireless peak data rate can increase to
Nx400 Gb/s by adding more wavelengths into the network.
Regarding the mmWave radio units deployment, this will be derived as an outcome from
radio coverage analysis in the area using the path loss models discussed in Annex A:
mmWave Radio-Coverage Analysis, similar to the previous case. The UMa deployment
scenario is applicable also in this use case as the rooftop antennas are expected to be
mounted at, e.g., 25-35m from ground level. Hence, 𝑑𝑑1 = 18, 𝑑𝑑2 = 63 and 𝐶𝐶(𝑑𝑑, ℎ𝑈𝑈 ) = 0.
Moreover, similar to the dense area case, the path loss exponent is n=2 and n=3, for LOS
and NLOS, respectively. Finally, the shadow fading (SF) is 𝑋𝑋 𝜎𝜎 = 4.1 and 𝑋𝑋 𝜎𝜎 = 6.8 for LOS
and NLOS, respectively.

5.3 Hotspot UC General Network Architecture
The general 5G-PHOS network architecture addressing the hotspot UC considers the
deployment of a multi-λ (4-λ) optical network infrastructures complemented with mmWave
RRH3 units, using a FlexBox3 WDM unit. This architecture is presented in Fig. 19.

Fig. 19: Hotspot UC General Network Architecture (4-λ).
Fig. 19 illustrates the 5G-PHOS proposed architecture targeting hotspot area
environments, such as football stadiums or concert halls. The proposed network seamlessly
interfaces the RRH3 units with the FlexBox3 WDM unit offering 100 Gb/s peak data rate
per RRH per direction. The FlexBox3A unit supports 4 wavelengths (in the 1533-1542nm
range) while a TWDM ROADM-based access scheme ensures the collision-less optical
medium access among the different RRH3 units. As can be seen in Fig. 19, a commercial
splitter module is used to cut the latency in half compared to a typical bus approach. The
ROADM units are responsible for handling both the uplink and downlink communications
while they can dynamically assign the 4 available wavelengths to 1 or up to 4 RRH3s (by
splitting the 100Gb/s total available bandwidth to the assigned RRH3s). Although the
network architecture of Fig. 19 offers a maximum bandwidth of 4x25 Gb/s, it can be easily
and almost seamlessly extended to support Nx100Gb/s capacities by adding additional 4channel groups in the WDM FlexBox3 unit.
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Regarding the coverage analysis, in this use case, the Urban Micro (UMi) open space
deployment scenario can be applied as the antennas are expected to be mounted at, e.g.,
3-20m from ground level. In the considered path loss model, 𝑑𝑑1 = 18, 𝑑𝑑2 = 36 and 𝐶𝐶(𝑑𝑑, ℎ𝑈𝑈 )
is calculated as
𝐶𝐶(𝑑𝑑, ℎ𝑈𝑈 ) = �

�

ℎ𝑈𝑈 −13 1.5
10

�

𝑔𝑔(𝑑𝑑) = �(1.25𝑒𝑒

0, ℎ𝑈𝑈 < 13

𝑔𝑔(𝑑𝑑), 13 ≤ ℎ𝑈𝑈 ≤ 23 𝑚𝑚
𝑑𝑑

−6 )𝑑𝑑 2 �−150�
𝑒𝑒
,

𝑑𝑑 > 18𝑚𝑚
0, 𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

,

(1)
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Moreover, in this case, the path loss exponent is n=1.85 and n=2.89, for LOS and NLOS,
respectively. Finally, the shadow fading is 𝑋𝑋 𝜎𝜎 = 4.2 and 𝑋𝑋 𝜎𝜎 = 7.1 for LOS and NLOS,
respectively (see Annex A: mmWave Radio-Coverage Analysis).
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6. 5G-PHOS KPIs – A Preliminary Analysis
6.1 5G-PPP KPIs and 5G-PHOS Targets
The 5G-Infrastructure-PPP aims at setting the framework for the delivery of solutions,
architectures, technologies and standards for the ubiquitous 5G communication
infrastructures of the next decade. To this end, it integrates SDOs work on 5G networks
towards defining the goals to be achieved by technologies so as to be considered as 5G
ones; in other words, it defines the KPIs to be delivered by 5G technologies and
deployments. To this end, 5G-PPP has defined three categories of KPIs, namely: Business,
Societal and Performance. More specifically [25]:
There are 4 performance KPIs:
1. (P1) Providing 1000 times higher wireless area capacity and more varied service
capabilities compared to 2010.
2. (P2) Reducing the average service creation time cycle from 90 h to 90 min.
3. (P3) Facilitating very dense deployments of wireless communication links to
connect over 7 trillion wireless devices serving over 7 billion people.
4. (P4) Creating a secure, reliable and dependable internet with a "zero perceived"
downtime for services provision.
5 KPIs related to societal aspects:
1. (S1) Enabling advanced user-controlled privacy.
2. (S2) Reduction of energy consumption per service up to 90% (as compared to
2010).
3. (S3) European availability of a competitive industrial offer for 5G systems and
technologies.
4. (S4) Stimulation of new economically-viable services of high societal value like
UHDTV and M2M applications.
5. (S5) Establishment and availability of 5G skills development curricula (in
partnership with the EIT).
and, 3 KPIs related to business aspects:
1. (B1) Leverage effect of EU research and innovation funding in terms of private
investment in R&D for 5G systems in the order of 5 to 10 times increase.
2. (B2) Target SME participation under this initiative commensurate with an
allocation of 20% of the total public funding.
3. (B3) Reach a global market share for 5G equipment & services delivered by
European headquartered ICT companies at, or above, the reported 2011 level of
43% global market share in communication infrastructure.
Elaborating further on the 5G performance KPIs, 5G-PPP aims at the following indicative
new network characteristics to be achieved at an operational level:
•

1000 times higher mobile data volume per geographical area.

•

10 to 100 times more connected devices.

•

10 to 100 times higher typical user data rate.

•

10 times lower energy consumption.

•

End-to-end latency of <1ms.

•

Ubiquitous 5G access, including low density areas.
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This new high-performance network should be operated via a scalable management
framework enabling fast deployment of novel applications, including sensor based
applications.
5G-PHOS aims at delivering technological solutions targeting the 5G-PPP KPIs shown in
Table 41.
Table 41: 5G-PPP KPIs Addressed by 5G-PHOS.
5G-PPP KPIs Addressed by 5GPHOS
Performance KPIs

P1
P3

Societal KPIs

S2
S3
S4

Business KPIs

B2
B3

6.2 Mapping of 5G-PHOS KPIs to 5G-PPP KPIs
5G-PHOS addresses mainly two 5G-PPP performance KPIs related to enabling “wireless
area capacity and more varied service capabilities” and to “facilitating very dense
deployments of wireless communication links” by targeting the delivery of:
•

optical transport network technology achieving 25Gbps over a single fiber, which
is scalable up to 100Gbps over a single fiber and up to 400Gbps with multiple
fibers.

•

radio access network technologies capable of supporting capacity densities peaking
at 1.7 Tb/s/km2 at the lower traffic scenarios up to 28 Tb/s/km2 at hotspot
scenarios.

•

devices which are not limited in terms of number of connections; thus can support
connection densities >1 device/m2,

•

while being flexible and versatile in terms of supporting various services, and
reconfigurable to up-scale in terms of capacity.

5G-PHOS addresses mainly three 5G-PPP KPIs related to societal aspects, enabling:
•

“reduction of energy consumption per service up to 90%” by delivering energy
efficiency ranging from 12 to 55 nJ/bit.

•

“European availability of a competitive industrial offer for 5G systems and
technologies” by minimizing the cost of deployment (to be addressed in detail in
the context of the relevant exploitation activities of the project), and

•

“stimulation of new economically-viable services of high societal value like U-HDTV
and M2M applications”, by supporting the relevant capacity and latency service
requirements.
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The main 5G-PHOS performance targets related to the 5G-PPP KPIs are summarized in
Table 42.
Table 42: Main 5G-PHOS Performance Targets.
Main 5G-PHOS Targets

UC1:
Dense Area

Capacity: 25Gbps
Capacity density: 1.7 Tb/s/km2
Energy efficiency: 55 nJ/bit
Latency: <5 ms
Flexibility/versatility/re-configurability supported (on a
product basis)

UC2:
Ultra Dense Area

Capacity: 400Gbps
Capacity density: 28 Tb/s/km2
Energy efficiency: 12 nJ/bit
Latency: <5 ms
Flexibility/versatility/re-configurability
product basis)
Capacity: 100Gbps
Capacity density: 28 Tb/s/km2
Energy efficiency: 17 nJ/bit
Latency: <1 ms
Flexibility/versatility/re-configurability
product basis)

UC3:
Hotspot

supported

(on

a

supported

(on

a

Last but not least, 5G-PHOS addresses mainly two 5G-PPP KPIs related to business aspects,
namely:
•

the EU targeted SMEs participation through the inclusion of a number of SMEs in
the project consortium, and

•

the goal of reaching global market share for 5G equipment and services delivered
by European headquartered ICT companies.

The relation between the 5G-PHOS main KPIs and the 5G-PPP KPIs is presented in Table
43.
Table 43: Relation between 5G-PHOS and 5G-PPP KPIs.
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7. Summary and Conclusions
The 5G vision is based on the delivery of next generation services with very strict capacity
and latency requirements imposed by 5G-PPP KPIs. These service requirements are
essentially enforcing the introduction of the mmWave spectrum in the access network,
advanced optical technologies at the transport network, and necessitate highly dense
deployments in terms of wireless access nodes. To meet these requirements, 5G-PHOS
proposes an interoperable, RAT-agnostic and SDN-programmable analog FiWi FH/BH 5G
network capitalizing on existing technologies in the area of photonics and wireless domains.
This document elaborates on three use cases for which 5G-PHOS shall provide suitable
network solutions capable of efficiently supporting the telecom demands of all potential
stakeholders (subscribers/individuals, fans, tenants/verticals, infrastructure owners, etc.)
under (ultra) high traffic demands e.g., when specific crowded events (such as, football
matches, concerts) are taking place in a specific and usually limited geographical area,
while meeting the strict performance QoS requirements (bitrates, latency, reliability, etc.)
of the 5G services that are concurrently utilized. It also delves into the technological
solutions that will eventually comprise the 5G-PHOS solution, identifies network
architectures to support the 5G-PHOS use cases, as well as the initial set of KPIs against
which the 5G-PHOS technologies will be evaluated.
More specifically:
•

•

•

•

•

•

The 5G-PHOS scope, objectives, innovations and methodological approach are
provided, along with the technological advancements that the project builds on,
including State-of-The-Art (SoTA) and beyond SoTA characteristics and
functionalities, their relevance to the 5G-PHOS concept and a list of parameters for
technology evaluation.
An overview of the standardization status regarding the 5G services and their
respective requirements, as well as the forthcoming 5G market ecosystem (in terms
of verticals and stakeholders along with their needs), has been provided. In this
ecosystem, the main actors/stakeholders in the 5G-PHOS value chain that have
been identified are the 5G Telecom Operator owning and operating the 5G physical
telecommunications infrastructure and equipment, the Site Owner (the entity
holding the exploitation rights of a mall, concert hall, stadium, etc.), 5G Tenants
(e.g. media and TV broadcasters, service providers, security companies and first
responders, stores), and the end-users (individuals or corporate ones).
Three use cases have been identified and described on the basis of a real area
paradigm (i.e. an area of Paris), along with representative usage scenarios. The
analysis performed considers the stakeholders (subscribers/individuals, fans,
tenants/verticals, infrastructure owners, etc.), the traffic demand in different usage
scenarios (e.g., every day traffic, specific crowded events, i.e. football matches,
concerts, taking place in a specific geographical area) and the respective 5G
services QoS requirements.
End-user and system/technical requirements (related to the overall network
performance, the network capabilities/functionalities, as well as the operational,
non-functional, aspects of the underlying optical/wireless network) to be satisfied
by the 5G-PHOS solution have been extracted.
Three generic 5G-PHOS architectures have been identified, fulfilling the use cases
requirements. These network architectures consist of one or more FlexBox units (in
the optical network part) interconnected to a number of RRHs, thus delivering (3)
high-density mmWave 5G network solutions.
A preliminary analysis of the 5G-PHOS KPIs (to be used for the evaluation of the
5G-PHOS solutions) has been performed.
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The information contained in this deliverable will be utilized by all other work packages and
especially from those dealing with the development and the evaluation of the 5G-PHOS
solution(s).
D2.4, which is a continuation of this deliverable (due M18), will provide updated
information (if needed) on the topics having been dealt with in D2.1, while focusing on the
final lab-scale and field-trial experiments (description, layout, test cases, etc.) and KPIs
(list, definition, parameters, target values).
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Annex A: mmWave Radio-Coverage Analysis
For each of the use cases under study, a coverage analysis is considered a first useful step
towards estimating the number of access network elements needed. To that end, the
mmWave path loss models proposed by 3GPP in [26] will be utilized. For the open air
rooftop antennas deployments the UMa scenario is applicable, whereas for indoor
deployments the UMi Open Space can be employed [27]. In particular, in both cases the
probability of LOS can be calculated as [27]
𝑝𝑝𝐿𝐿𝐿𝐿𝐿𝐿 (𝑑𝑑) = (min �
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whereas the probability of NLOS is given by
𝑝𝑝𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (𝑑𝑑) = 1 − 𝑝𝑝𝐿𝐿𝐿𝐿𝐿𝐿 (𝑑𝑑).

)(1 + 𝐶𝐶(𝑑𝑑, ℎ𝑈𝑈 )),

(3)

(4)

The parameter 𝑑𝑑 stands for the RX-TX distance and is measured in meters. Then, ℎ𝑈𝑈 is the
height of the UE antenna. The rest of the parameters are case-dependent and will be
analyzed later on. Thus, the average path loss can be calculated as
𝐿𝐿𝑎𝑎𝑎𝑎𝑎𝑎 (𝑑𝑑) = 𝑝𝑝𝐿𝐿𝐿𝐿𝐿𝐿 (𝑑𝑑)𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 (𝑑𝑑)+ 𝑝𝑝𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (𝑑𝑑)𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (𝑑𝑑),

(5)

where the path loss in each case (LOS/NLOS) can be given by the following general formula
𝐿𝐿(𝑑𝑑) = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝑓𝑓, 1𝑚𝑚) + 10𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛10 (𝑑𝑑/1𝑚𝑚)𝑋𝑋𝜎𝜎 ,
(6)

where 𝑓𝑓 is the frequency in Hz, 𝑛𝑛 is the path loss exponent in each case (LOS/NLOS), 𝑑𝑑 is
the distance in meters, 𝑋𝑋 𝜎𝜎 is the shadow fading term in dB in each case (LOS/NLOS), and
the free space path loss (FSPL) at 1 m, and frequency 𝑓𝑓 is given as
where 𝑐𝑐 is the speed of light.

4𝜋𝜋

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝑓𝑓, 1𝑚𝑚) = 20𝑙𝑙𝑙𝑙𝑙𝑙10 � �,
𝜆𝜆

(7)

In order to estimate the mmWave coverage, we need to calculate the minimum Signal-toInterference-plus-Noise Ratio (SINR) required so that the receiver successfully decodes
the mmWave signal. To that end, we calculate
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝑁𝑁𝑁𝑁 − (10𝑙𝑙𝑙𝑙𝑔𝑔10 (𝑘𝑘𝐵𝐵 𝐵𝐵𝐵𝐵 𝑇𝑇)),

(8)

where 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 is measured in dBm and is defined by the hardware limitations,
𝑁𝑁𝑁𝑁 stands for the noise figure of the receiver in dB and 𝑘𝑘𝐵𝐵 is the Boltzmann constant, 𝐵𝐵𝐵𝐵 is
the channel bandwidth in Hertz and 𝑇𝑇 is the temperature in Kelvin.

Please note that this value for 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 can be considered as a lower bound for the actual
minimum SINR required to decode the mmWave signal and can provide us with insights
for our analysis.

Another important parameter is the maximum transmitted power of each transceiver. This
value can be given by
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 + 𝑇𝑇𝑥𝑥𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − 𝐺𝐺𝑇𝑇𝑋𝑋 ,

(9)

where 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 is the maximum equivalent isotropically radiated power (EIRP), which for 60
GHz is equal to [28]
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𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝑑𝑑𝐵𝐵𝑚𝑚) = 85(𝑑𝑑𝑑𝑑𝑑𝑑) − 2 ∙ 𝑥𝑥(𝑑𝑑𝑑𝑑) ,

(10)

with 𝑥𝑥 representing the number of dB that the antenna gain of the transmitter (𝐺𝐺𝑇𝑇𝑋𝑋 ) is
lower than 51 dBi, i.e, 𝑥𝑥 =51-𝐺𝐺𝑇𝑇𝑋𝑋 . Finally, 𝑇𝑇𝑥𝑥𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 is the transmission loss of the transmitter.

In order to calculate the maximum coverage of an antenna, i.e., the maximum distance
that a UE can be located so that the UE is able to decode the mmWave signal, we solve
the following link budget equation in terms of 𝑑𝑑.
𝐿𝐿𝑎𝑎𝑎𝑎𝑎𝑎 (𝑑𝑑) = 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝐺𝐺𝑇𝑇𝑋𝑋 + 𝐺𝐺𝑅𝑅𝑋𝑋 − 𝑇𝑇𝑥𝑥𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − 𝑅𝑅𝑥𝑥𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − 𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ,

(11)

where 𝐺𝐺𝑇𝑇𝑋𝑋 , 𝐺𝐺𝑅𝑅𝑋𝑋 are the antenna gains of the transmitter and receiver, respectively, and
𝑇𝑇𝑥𝑥𝑙𝑙𝑜𝑜𝑜𝑜𝑜𝑜 , 𝑅𝑅𝑥𝑥𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 are the losses of the transmitter and receiver, respectively. Finally, 𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
represents the link margin.
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Annex B: 5G-PHOS Technologies - Beyond SoTA
I.

mmWave mMIMO

Massive MIMO arrays are capable of utilizing their numerous antenna elements in order to
shape the array’s overall radiation pattern, to transmit/receive multiple data streams in
parallel, or perform a combination of both. Specifically, at mmWave frequencies such MIMO
arrays can become small in size and therefore cheap and practical to use. In the following
sections some existing MIMO techniques will be described, focusing on the antenna and
related radio technologies and considering their suitability for mMIMO.
For the purpose of comparing the strengths and weaknesses of various methods, we shall
look at the following parameters:
•

Steering range: the angular range across which the beam can be steered.

•

Steering resolution: the resolution by which the beam can be steered.

•

Beam directivity: the directivity (or equivalent gain) achievable per beam and
related side lobes level.

•

Beam coherence bandwidth: the spectrum
simultaneously steered to the same direction.

•

Efficiency and ease of construction: the complexity and efficiency of the technology,
and specifically, considering operation at mmWave frequency and massive array.

bandwidth

which

could

be

Existing Technologies: Capabilities and Challenges
Phased Array
Phased array is a well-known and widely used beam-steering method. The method is based
on the usage of an array of radiating elements which are fed by the signal to be radiated.
However, each radiating element receives the signal at a specific power and phase, such
that the combined radiation from the array forms a coherent wave-front at the desired
direction of propagation. The technique is very flexible in the sense that it would allow to
shape a single beam or multiple beams, at either a single or on multiple channels. The
control of individual radiating element amplitude and phase can be done either at a baseband frequency, or at intermediate frequency (IF) or radio frequency (RF). The choice of
control frequency has a significant effect on the complexity and performance of the array.
Some specific examples of the basic technique as well as the application in mmWave
frequencies can be found in [29], [19]. Specific notes regarding the suitability for mMIMO
operation at mmWave frequencies are:
•

Steering range: in a regular array the steering range is defined by the radiation
power envelope of the radiating element. Typical simple radiating elements (slots,
patches, dipoles) can reach steering ranges from about 40° to 120°. Steering range
in excess of the radiating elements radiating power envelope would require
arranging the elements on a non-planar surface.

•

Steering resolution: hard to quantify. It depends on the number of radiating
elements, the accuracy of their phase control and their arrangement.

•

Beam directivity: when equal power radiating elements are used, the directivity
would be the element directivity plus 10⋅log10(N) where N is the number of radiating
elements. Side lobes may exist and strongly depend on the number of radiating
elements as well as the distance, the phase accuracy and power distribution among
the radiating elements.
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•

Beam coherence bandwidth: this is one of the major challenges concerning big
arrays as it depends on the way the phase differences are implemented. If phase
differences are implemented by pure time delay, then the bandwidth is limited by
the bandwidth of the radiating elements. Typically, the physical construction of large
arrays introduces unwanted time delays due to signal routing constraints.

•

Efficiency and ease of construction: efficiency is a major concern in large arrays and
especially at mmWave frequencies. Radiation directly from an active mmWave chip
is hard to implement due to the size of the chip as compared to the size of the
array. Radiating elements may be packaged together, but this is still quite limited
for implementing large arrays. Loss and phase errors in the feeding network are
very hard to overcome with traditional construction methods.

Beam Switching
The beam-switching method ([30]) is based on using a passive focusing device to convert
the position of a radiating element to a direction of propagation. This is achieved by placing
the array of radiating elements on the focal plane of the focusing element (dielectric lens,
parabolic reflector, etc.). The radiated pattern is determined primarily by the passive
focusing element and the radiating elements are mostly required to illuminate the passive
element with a reasonable power taper and spillover in order to control the output beam
side lobes. Phase control of the radiating elements is not required, as only the position
controls the direction of propagation. Multiple beams are easily supported by using several
radiating elements simultaneously.
•

Steering range: the steering range is affected by the amount of radiating elements,
their positions and their individual beam widths. In a typical design, N radiating
elements with beamwidth B degrees each would give a total steering angle of N⋅B.
Steering may be desired in more than one dimension (i.e. both azimuth and
elevation) in which case both the azimuth and elevation beamwidths of the
elements should be considered, and their respective numbers in the azimuth and
elevation dimension would determine the overall scanning range.

•

Steering resolution: it depends on the radiating element arrangement on the focal
plane. Typically, the resolution would be close to the beamwidth of the individual
radiating element.

•

Beam directivity: it can be very high even with a low number of elements and is
determined by the size of the passive focusing element. The side lobe level can be
excellent with careful control of the illumination taper and spillover.

•

Beam coherence bandwidth: as phase control in not required, coherence bandwidth
is unlimited.

•

Efficiency and ease of construction: similar to phased arrays, radiation directly from
an active mmWave chip is hard to implement due to the size of the chip as compared
to the size of the array. Feeding network losses remain a concern, however, phase
control and phase errors are not relevant. The passive radiating element adds some
cost to this method as compared to the phased array method.

Travelling Wave Array
Travelling arrays use radiating elements placed along a waveguide. The propagation delay
along the waveguide is used to realize the phase differences between the elements and
the power taper is controlled by the individual coupling of each element to the waveguide.
A typical construction at mmWave frequencies would consist of a waveguide where the
radiating elements are slots in the waveguide causing power leakage ([31]). While typically
travelling wave antenna antennas rely just on the propagation phase between the elements
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(a method which is frequency-dependent), some implementations also control the phase
by using controllable loading of the radiating elements, thus achieving control on the
scanning direction which is not frequency-dependent ([32]).
•

Steering range: similar to a phased array, in a regular array the steering range is
defined by the radiation power envelope of the radiating element.

•

Steering resolution: excellent steering resolution may be achieved by varying the
radiated frequency, as phase can thus be finely controlled. Phase variations due to
the coupling of radiating elements to the waveguide should be well controlled in
order to achieve such excellent steering resolution.

•

Beam directivity: similar to a phased array, it is the directivity of the radiating
element plus 10⋅log10(N) where N is the number of radiating elements. The side
lobe level can be very good as good phase controlled and accurate power taper are
possible.

•

Beam coherence bandwidth: the coherence bandwidth is typically narrow as the
delay elements are not controlled and provide an accurate phase delay only in the
center frequency of the device.

•

Efficiency and ease of construction: efficiency can be very high if waveguide losses
are low. However, some power may be lost to the waveguide termination.
Construction can be compact and easy, especially in mmWave frequencies as long
as a single scanning dimension is sufficient, since there are no explicit power and
phase control elements. The main drawback for communication applications is the
need to change the carrier frequency in order to change the beam direction.

Controlled Reflect-Array
A reflect-array antenna consists of an array of reflecting elements, typically illuminated by
a common radiating source. Phase control of the individual element reflections can be used
to focus a beam and direct it a desired radiation direction. In order to use a reflect-array
in a mMIMO configuration the phase shifts of the reflecting elements should be tunable,
which may be achieved by radiating element loading with phase shifters ([33]). Typical
reflect-array implementations are on flat surfaces, a fact which causes the radiation from
the illuminating element to travel different distances to different radiating elements. This
is a disadvantage that limits their size and their coherence bandwidth.
•

Steering range: it is affected by the reflection properties of the reflecting elements
and can easily be very wide, close to 180°.

•

Steering resolution: it depends on individual reflecting elements phase control as
well as the number of reflecting elements, which is typically large.

•

Beam directivity: it depends on the area of the reflection surface, but this area is
constrained in typical planar implementations by the undesired phase differences
caused by unequal distances between the reflecting elements and the radiation
source. Low side-lobe level is relatively easily achieved by proper tapering of the
radiation source power on the reflect-array surface.

•

Beam coherence bandwidth: it is primarily limited by the undesired phase
differences caused by unequal distances between the reflecting elements and the
radiation source. Further limitations can result by the capabilities of phase shifting
loads on the reflecting elements.

•

Efficiency and ease of construction: at mmWave frequencies, reflecting elements
are typically easier to construct than radiating elements and the lack of a feeding
network with associated losses is also a significant advantage. The controllable
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phase shifters however may be much more complex, hard to integrate into an RFIC
due to their distributed nature, and hard to control without incurring significant
losses.

Other Methods in Early Research Stages
The techniques reviewed in the previous sections are the ones that are practically and
commercially used. There are numerous other techniques and schemes that have been
suggested and even demonstrated by researchers. This section shall only briefly mention
some very promising ones.
Meta-material: meta-material is the term used to describe engineered surfaces designed
to exhibit a controlled effective permittivity and permeability, which can be tuned to
positive and even negative values. The tuning of the refractive index is typically achieved
using active elements such as diodes and transistors or by using MEMS technology ([34],
[35]). The capability of tuning the refractive index enables controlling the reflection and
transmission coefficient of the meat-material surface thus enabling steering a reflected or
transmitted beam in a desired direction. This beam steering operation is achieved without
the need for feeding and phase shifting networks. This technology is new and promising,
but is still in early research stages and has not seen much practical use, and certainly not
in the mmWave spectrum frequency range.
Liquid Crystal: liquid crystal panels have found use as display device in various mass
production industries and consequently are currently very cheap to manufacture at every
desired size. Liquid crystal panels also have the ability to change the polarization of the
liquid crystal with fine resolution on the panel and thus modulate the surface reflectivity.
The fine spatial control on the panel reflection enables generating patterns which can
deflect an incident wave on the panel to a desired direction ([36]) without the need for
complex feeding and phase shifting networks. This technology is new and very promising
in terms of manufacturability, cost and potential performance, but it is far from maturity
and requires considerable research in order to be applicable.

5G-PHOS beyond SoTA
5G-PHOS goes beyond the state of the art in demonstrating large antenna arrays targeted
to reach 64x64 elements, and does so in the challenging frequency band of 60GHz. The
high frequency of operation, while beneficial for making the array size relatively small,
introduces considerable implementation challenges. The radiating elements’ size and
accuracy requirements are challenging typical manufacturing techniques and materials
used in lower frequencies. The control of phase accuracy and feeding network loss is also
a significant challenge, the more so because of the size of the array. The power
consumption of the array and its small size raise further construction and engineering
challenges related to heat dissipation and overall efficiency of the solution. A combination
of mmWave RF and photonic techniques is planned in order to cope with the challenge of
efficient feeding and phase control of the array. On the other hand, the large array enables
shaping very narrow beams, promoting cellular reach and reducing interference levels. The
large array also enables multiple streams to be transmitted in parallel utilizing various
MIMO schemes and algorithms.

Relevance to 5G-PHOS
The throughput that a cellular access network may support is derived from the throughput
supported by a single BS instance multiplied by the number of BS instances per unit area.
During cellular network evolution from 2G through 3G, 4G and now 5G, the network
capacity has been increased from generation to generation primarily by enhancing the
single BS instance throughput.
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The BS throughput may be improved by several methods, but each method has some
limitations as outlined below.
•

Improving modulation formats: use of higher-order modulations (more spectrally
efficient). This approach is eventually limited by the fact that the high CINR required
by the higher modulation may not be available in the typically interference-limited
environment the network operates in.

•

Increasing channel bandwidth: use of wider frequency channels. Although this route
is limited by the scarce availability of spectrum at low frequencies, it can take
advantage of the wide spectrum available at mmWave frequencies.

•

Adding spatial streams using MIMO: use of more antennas operating in parallel to
transmit multiple data streams. This method is eventually limited by the number of
antenna elements that can be practically incorporated in the mobile device.
However, in mmWave frequencies more antennas may fit in the mobile terminal.

The second factor determining the cellular network capacity is the BS sector density. BS
sector density can be improved by increasing the density of BS sites and also by increasing
the number of BS sectors per BS site, assuming interference can be avoided.
Therefore, the solution targeted by 5G-PHOS is aimed most directly to enhance the above
two factors. The use of mmWave frequencies enables the utilization of wide frequency
channels, and the use of mMIMO enables a flexible combination of both increasing the
number of parallel streams transmitted over the air, and significantly increasing BS sector
density by use of beamforming techniques that would eliminate or drastically reduce
interference between collocated BS sectors.

Parameters for Technology Evaluation
The parameters in Table 44 are suggested to be used in the technology evaluation stage.
Table 44: mmWave massive MIMO array parameters for technology evaluation.
Parameter

Description

Steering range

The angular range across which the beam can be
steered

Gain angular variation

The variation in the gain of the antenna across is
steering range

Steering resolution

The resolution by which the beam can be steered to
a desired direction within the steering range

Beam directivity

The directivity of the beam when steered to a
specific direction and side lobe level

Number of simultaneous
beams

The Number of simultaneous beams allowed

Coherence bandwidth

The size of the widest chunk of spectrum which
could be steered simultaneously to the same
direction

RF power efficiency

The portion of the power the is injected to the
antenna that is eventually radiated

II.

Coordinated Multipoint (CoMP) and stochastic control
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Although MIMO techniques (i.e. SU-MIMO and MU-MIMO) have been successfully employed
in current 4G and WLAN networks to increase the peak user throughput, it has been
acknowledged that current MIMO implementations cannot unleash their true potential, due
to inter-cell interference. For example, while a BS (we use this term generically to refer to
any type of NodeB, eNB, etc.) applies MIMO techniques in DL to potentially boost the peak
user and average cell throughput, a similar operation is performed by BSs in adjacent cells.
Without proper coordination among the BSs, it is possible that the MIMO streams created
by different BSs will interfere with each other. This increased interference strongly
manifests itself at cell edges (where signal strengths at a UE from adjacent BSs are
comparable to each other), which, ironically, is the cell region where the MIMO-induced
throughput benefit would be most appreciated by the users. Clearly, this issue should be
addressed.

Existing Technologies: Capabilities and Challenges
A class of BS coordination/collaboration techniques to alleviate the above interference
problem, collectively referred to as CoMP, has been proposed and incorporated (in simple
forms) into LTE-Advanced and is expected to form a crucial component of 5G networks
[37]. CoMP, also known as “network MIMO”, can be envisioned as the application of MUMIMO techniques in an entire group/cluster of cells, which is supported by the exchange
of information (control and data messages) among the BSs of the cells participating in the
cluster. However, due to the spatial separation of the BSs in CoMP (as opposed to legacy
MU-MIMO, where all transmitting antennas in the DL are collocated in the BS), the MUMIMO techniques cannot be applied verbatim to CoMP. In addition, some of the underlying
modeling assumptions (such as the iid nature of fading channels at antenna terminals)
may be violated, due to the much larger variation in UE-BS physical distance. This raises
the important question of CoMP throughput bounds for realistic channel models.
Two different types of CoMP have been proposed, as described below (for convenience,
only the DL coordination is considered) for a cellular setting [38]:
•

•

Joint Transmission (CoMP-JT; also referred to as Joint Processing, CoMP-JP): in this
mode of operation, collaborating BSs must exchange CSI information for all UEs in their
cells as well as the actual data that is intended for them. A central controller (which
may be collocated with one for the BSs) collects this information and instructs the BSs
to simultaneously transmit in the same time-frequency resource (say, to maximize sum
user rate). This is the closest analog to the concept of “multi-cell MU-MIMO” and is
expected to offer the highest benefit, since it constructively exploits interference to
different UEs. However, it places severe requirements on the fronthaul/backhaul
capacity and latency, in order for the necessary exchange of information to be
supported and the CSI information to be valid and not stale.
Coordinated Beamforming (CoMP-CB): in this mode of operation, collaborating BSs still
exchange CSI information for all UEs in the cells but the data intended for each UE is
only available to a single BS (typically, the one serving the cell where the UE is located).
Obviously, this decreases the fronthaul/backhaul capacity requirements, although the
latency requirements remain high. A central controller collects the Channel State
Information (CSI) and instructs the BSs to individually transmit to their UEs such that
they don’t create excessive interference to adjacent cells. For example, different BSs
could steer their beams so that they point to UEs in their own cell but not in the direction
of UEs in other cells (see Fig. 1 in [38] for a nice graphical illustration of the fact).
Clearly, this mode is not expected to perform as well as CoMP-JT, since it only tries to
avoid creating interference instead of actively exploiting it.
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Dynamic Point Selection (DPS) can be considered as a special case of CoMP-JP, in the sense
that user data must be available to all collaborating nodes but eventually only one of them
transmits to the UE.
A common characteristic, as well as a challenge, of the above CoMP types is that their
performance crucially depends on timely and accurate CSI information. In fact, grossly
inaccurate CSI (which may occur if there is a large delay between the time CSI information
is gathered and the time it reaches the controller) may even lead to performance decrease
relative to single cell MU-MIMO with adjacent cell interference. Intriguingly, it has been
demonstrated that channel prediction algorithms, where channel values are forecast into
the future based on past values and a suitable channel model, may outperform out-of-date
CSI in CoMP [39].
An open problem in CoMP research is to determine under which conditions CoMP is superior
to MU-MIMO (accounting for any fronthaul/backhaul limitations), as well as the
performance gain of CoMP-JP over CoMP-CB. Additionally, although, in principle, all the
BSs in the network could participate in CoMP, it is clear that the required information
exchange through the fronthaul/backhaul as well as potential algorithmic complexity for
this extreme scenario may be overwhelming. As such, most CoMP implementations
consider small-size cell clusters (e.g. 5-10 cells/cluster) and limit coordination exclusively
within the cells of the same cluster. Obviously, this does not eliminate inter-cluster
interference, although the “cover shift” concept described in [40] can be used to partially
mitigate this effect. Regarding the cluster decomposition, i.e. which cells are included in
the cluster, both static approaches (i.e. a cluster contains geographically adjacent cells) as
well as dynamic approaches (see [41] for an example) have been proposed, with dynamic
clustering offering superior performance, albeit at increased complexity.

5G-PHOS beyond SoTA
5G-PHOS goes beyond the current state of the art in CoMP by implementing these
techniques in the mmWave frequency range for a C-RAN architecture and incorporating
them into a general optimization and control framework which is based on the Lyapunov
stochastic control methodology. We discuss these issues in more detail below.
The mmWave range generally introduces significant challenges regarding interference,
since the narrower antenna beams give interference a more “on-off” property instead of
the more diffuse interference present in sub-6 GHz cellular networks. Hence, finer-grained
control is required to steer mmWave beams towards or away from specific directions per
CoMP directives. Additionally, the cell densification compounds the issue of algorithmic
CoMP complexity, although the narrow beams may also lead to smaller CoMP cell clusters.
The higher frequency also leads to smaller channel coherence times, which means that all
algorithms (not only in the physical layer) relying on accurate channel knowledge must be
accelerated. Additional information, including queue lengths, traffic loads and CSI
information can also be gathered by the UEs at the C-RAN Flexbox controller through the
underlying MT-MAC.
Once the network information is available at Flexbox, powerful control/optimization
algorithms will run to determine all important control variables, including: index of CoMP
clusters, power levels, beam configurations (via the respective beamforming weights),
modulation type, resource allocation to UEs (e.g. number of timeslots) etc. Control
variables in layers other than PHY can also be included in the algorithms.
These algorithms, which rely on the channel and network input provided by the UEs in the
UL, will be cast into the general Lyapunov control methodology [42] [43], a versatile
dynamic control methodology which has been successfully applied into a wide range of
diverse problems, from energy-efficient scheduling [44] in infrastructure and ad-hoc
networks to complex network coding algorithms [45]. Different optimization metrics can
5G-PHOS – D2.1

93/124

Deliverable D2.1

also be used, including total user throughput, total energy expenditure and/or fairness
considerations. The Lyapunov-based control algorithm will be frequently executed in real
time, on the time scale of channel variations, to capture all important network events and
dynamically adapt to them. Depending on problem formulation and number of available
controls (for example, number of available CoMP clusters), it is possible that solution time
may exceed latency requirement. In this case, suboptimal approximate solutions will be
used instead and the performance/complexity trade-off will be quantified.

Relevance to 5G-PHOS
In addition to throughput enhancements, CoMP is expected to have a significant impact on
making mmWave links more robust, since they are generally very susceptible to blockinginduced outage (even due to the human body). For example, if the posture of the person
holding a mmWave communicating device changes, it is possible that a previously directly
pointing beam to the device is now blocked. If this is detected by the BS, it may be too
time consuming to determine another direct or reflected beam to the UE and, without
CoMP, the signal will be in deep fade until a new good beam is found. Thankfully, the
centralized nature of the 5G-PHOS architecture, where all important control decisions are
made by Flexbox, acts as a natural CoMP facilitator, since information regarding the entire
network can be gathered by the Flexbox through the MAC protocol, once suitable
“placeholders” have been provisioned for.
The proposed Lyapunov-based stochastic control methodology is general enough to allow
multiple control variables to be included in the control/optimization algorithms. Although
this creates multiple “versions” of the algorithms (depending on which control variables
are included) and increases algorithmic complexity, it also allows for a large set of
simulations to be performed offline, under a diverse set of network conditions, in order to
numerically determine which of the control variables have the largest performance impact.
Once these highest impact control variables have been determined, they will remain as the
core control variables, essentially reducing the problem to its most essential components,
while the remaining low impact control variables will be given default values or updated
less regularly.

Parameters for Technology Evaluation
The Lyapunov methodology is versatile and inherently quantitative, so that multiple
different evaluation metrics can be used. Both absolute metrics (such as total throughput,
energy expenditure, end-to-end packet error probability etc.) as well as relative metrics,
such as the benefit of CoMP vs no-CoMP can be used and evaluated. Additionally, the effect
of various parameters on overall performance can be numerically investigated, such as:
the effect of cell cluster size on CoMP performance, the existence of any channel value
thresholds for which CoMP does not offer significant benefits (for example, it was observed
in sub-6 GHz field trials that CoMP benefit is small close to cell center, which typically
exhibits high SINR), the effect of CSI quality on CoMP performance etc.

III.

Optical Transceivers

Due to the very efficient transmission of high-speed signal by optical fibers and the growing
bandwidth demand of wireless networks, optical transmitter and receiver for analog radio
signals are key components for future radio networks. They benefit from the broad
knowledge on high speed optical components for optical communication systems (Fiber to
the Home (FTTH), data center, metro networks, etc.) but will require specific optimization
for 5G-PHOS application: optimization of the coupling interface with beamformers chips
(which cannot be done by lenses due to the large scale of the systems), high power
capability and linearity to carry analog signals, realization of large arrays of components
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for MIMO applications. Cost will also be a very important parameter due to the large
number of components required per RRH.
Except for optical coupling, the challenge is different for the transmitter side and the
receiver side. On the transmitter side, moderate bandwidth (<10 GHz) is required but the
transmission of radio signal in an optical access network will require high power, low
linewidth and high linearity. A high extinction ratio and a low driving voltage are also
required to reduce driver consumption and allow high order modulation format
For the photodiodes, a high bandwidth (≈60 GHz) will be required to directly convert the
radio signal to the V-band. Furthermore, high responsivity is needed to increase the optical
budget and high power capability/high linearity is known as a key parameter for analog
optical signals.

Existing Technologies: Capabilities and Challenges
Photodiodes
High speed photodiodes for mmWave applications typically have a responsivity around 0.50.6 A/W. For example, 70 GHz bandwidth photodiodes with 0.5 A/W were demonstrated
with tapered waveguide UTC-PD [46]. Using a short multimode waveguide, UTC
photodiodes with 0.71 A/W and 0.58 A/W were demonstrated with a respective bandwidth
of 39 and 50 GHz [47]. Under high power operating condition, the result was improved to
0.76 A/W responsivity with 50 GHz bandwidth. Using an integrated lens, the horizontal
alignment tolerance was greatly enhanced to ≈20 µm (1 dB coupling losses) [48].

Transmitter
High power EMLs are a key component for FiWi networks due to the losses in the optical
distribution network and the beamformer chips. Power is limited by the laser output power,
modulator losses and saturation, and coupling losses which typically limit output power to
around 3 dBm at 1550 nm. However, a record output power of 6 dBm was recently
demonstrated by III-V lab at 10 and 28 Gbit/s [49]. This was done while keeping a large
dynamic extinction ratio of 10 dB with 2.5 Vpp voltage thanks to an optimized design and
process to assure good thermal dissipation, no electrical leakage under high driving current
and low carrier escape time in the modulator to prevent saturation.

5G-PHOS beyond SoTA
Photodiodes
In 5G-PHOS, we target to optimize design and process of our photodiode to simultaneously
increase the responsivity and bandwidth of the photodiode. We target 0.65 A/W for 60 GHz
bandwidth under low input power operating condition. The structure will also be optimized
to increase the vertical alignment tolerance above the actual ±1 µm. This will be done
while keeping a large saturation current and good linearity condition. Contrary to tapered
photodiode with typical length around 1mm, our structure will be very compact with a
length around 250 µm.

Transmitter
We will push the output power of our EML to 10 dBm. Integration of an SOA will be analyzed
to reach this objective and the vertical structure of the EML will be optimized to boost the
saturation limit of our modulators. In parallel, we will work to enlarge our optical mode to
increase the alignment tolerance and lower the coupling losses. A mode diameter of around
4 µm is targeted.
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Relevance to 5G-PHOS
Boosting the responsivity of the photodiodes and the output power of EMLs will increase
the available power budget for the FiWi links, extending the transmission distance and the
number of antennas which can be fed by a single transmitter (which reduces network cost).
Increasing the mode diameter will help to boost the transmitter output power and the
photodiode responsivity and this will also increase the alignment tolerances which is very
important to allow low cost assembly with beamformers.

Parameters for Technology Evaluation
The main parameters will be
•
•

Photodiode responsivity, bandwidth, alignment tolerances.
Transmitter output power, extinction ratio, alignment tolerances.

IV.

Beamforming (Single and Multi-Wavelength
Beamformers – RF Beamforming)

Optical

In this section, we review beamforming techniques, particularly in the context of Optical
Beam Forming Networks (OBFNs), focused on but not restricted to Integrated Optics. We
begin with the basic operational principles of beamforming networks, with special emphasis
on the role of delay lines, their dispersive characteristics and need for True Time Delay
(TTD) components and explain why such components are easier to produce and use in the
optical rather than the RF domain. We then present the state-of-the-art for different types
of OBFNs and discuss the different OBFN building blocks and integrated optics platforms.
We finally compare different waveguide technologies and explain why a coupled passive
SiO2/Si3N4 waveguide and active InP laser and modulator technology are advantageous for
use in OBFNs.

Existing Technologies: Capabilities and Challenges
Beam Forming Network principles and concepts
A beam former (either in the optical or RF domain) is a device which, combined with a
phased antenna array, achieves directional signal transmission (TX-mode) or reception
(RX-mode), through the phenomenon of constructive and destructive wave interference.
In TX mode, the beam former shapes and steers the antenna beam towards an intended
spatial direction, while in RX-mode the beam former aims to reject signals from unwanted
directions, thereby selectively choosing a signal (beam) originating from a certain source.
To achieve spatial selectivity (say, in TX-mode, although the same principle applies to RXmode as well), beam formers employ delay lines to the antenna feed points, where the
length of each line directly affects the signal delay to the antenna, leading to a
corresponding signal phase difference in the TX antennas and, therefore, a spatial
interference pattern which provides the desired spatial directivity. The delay lines can be
either RF or optical components (leading to RF BFNs or OBFNs, respectively), as shown in
Fig. 20, where additional E/O and O/E converters are needed in the case of OBFNs.
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Fig. 20: Basic schematic comparison between (a) RF-BFN and (b) OBFN.
For completeness, Fig. 21 presents an OBFN schematic of a single RF source and 4 TX
antennas, where the signal arrives at each antenna at a slightly delayed time compared to
the neighbouring antenna. The E/O converter operates as follows: a laser produces light
at carrier frequency vc, which enters an optical modulator driven by an RF source at
frequency vRF (in the context of the 5G-PHOS project, vRF is expected to be 5 GHz), creating
side band frequencies at a spacing ∆v =vRF around the carrier frequency. A filter eliminates
the carrier and most side frequencies, except for a single side band at vc+∆v and the
modulated light is then combined with the carrier which was tapped-off before the
modulator. Hence, the optical signal contains the carrier at vc and the single-side-band at
vc+∆v. The superposition of these two optical waves causes a beat frequency of their
difference, i.e. ∆v. When detected by a fast photodetector, the detector converts the optical
signals to an electrical signal and the beat-signal is the original vRF, which is fed to the
antenna.
It is important to note that an ideal delay line introduces the same time delay to all
frequencies contained in the arriving pulse, which in the frequency domain translates to a
linear dependence of phase vs. frequency. Any factor that violates this linear phase
dependence causes the arriving pulse to broaden in time, which affects the sensitive
constructive/destructive interference pattern of the antenna array, leading to the antenna
array pointing to slightly different directions for different frequencies (a phenomenon
known as “beam squint”, as shown in Fig. 22). This linear phase vs. frequency violation
can be caused by different frequencies having different propagation velocity, e.g. when the
refractive index of a material changes significantly vs. frequency. The last is known as
(chromatic) dispersion. There are typically 2 types of dispersion: 1) positive dispersion,
where the refractive index decreases for increasing frequency and 2) negative dispersion,
where the refractive index increases for increasing frequency. Obviously, the effects of
dispersion, such as beam-squint, become more pronounced as the delay lines get
physically longer. Clearly, dispersion-induced beam squint is an unwanted effect, so that
corrective actions must be taken. For example, inhomogeneous delay lines made of
different materials (with different refractive index dependence on frequency) could be used
where the different materials introduce opposite forms of dispersion, which cancel out at
the end of the line.
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Fig. 21: Schematic of a 1x4 OBFN with one RF source, and 4 antennas, each with
a different delay line, causing the generated RF signal to be steered downwards.

Fig. 22: A schematic depiction of beam-squint, which is a direct consequence of
chromatic dispersion in beam forming networks.
Thankfully, chromatic dispersion can be made negligible in OBFNs, provided that the optical
waveguides (used as delay lines) that feed the signal to the photodetector are suitably
designed. Numerical results in [50] for silicon-nitride optical waveguides support this claim
by showing that chromatic dispersion is almost zero at the range 1530-1590 nm, which
corresponds to a 7 THz bandwidth, obviously much larger than any practical current and
near-future 5G applications. This is in sharp contrast to RF microstrip transmission lines,
where significant dispersion manifests itself even at 6 GHz bandwidth [51]. This almost
zero dispersion of optical waveguides is an important factor in favour of OBFNs over RF
BFNs. OBFNs are also much smaller.
Under certain conditions, discrete phase shifter components can be used, in place of delay
lines, for beam forming. A rule-of-thumb is proposed in [52] to determine when phase
shifters can be used, depending on the instantaneous bandwidth ∆v and the maximum
propagation delay (τmax), defined as the time it takes the RF signal to propagate travel from
the first to the last antenna in the array when the direction of propagation is parallel to the
array axis. Specifically, if τmax is much smaller than 1/∆v, phase shifters can be used,
otherwise the aforementioned true time delay lines (TTD) are required. Therefore, for large
bandwidths, TTDs are typically required and these can be better implemented in the optical
domain rather than in RF, due to the former’s almost zero chromatic dispersion and smaller
component size. The size factor should not be understated: an OBFN is expected to have
a volume decrease of 3 orders of magnitude, and a footprint decrease of 2-3 orders of
magnitude compared to an RF BFN. For the above reasons, we hereafter focus on OBFNs.
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Current SoTA in OBFN technologies
OBFNs are typically classified into 3 types: free-space OBFNs, fiber-based OBFNs, and
Integrated-Optics OBFNs (IO-OBFNs). In each type, there are 3 basic building blocks: the
device that transfers the RF signal to the optical domain, the delay line and a detector that
transfers the optical signals back to RF. We briefly describe each type below.
In free-space OBFNs, free space acts as the true time delay line (hence, the name) in
combination with beam splitters and spatial light modulators. In the free-space OBFN of
[52], light is produced by a laser and passes through a Bragg Cell (i.e. the modulator)
driven by an RF source. The two light paths are then coherently combined by a beam
splitter and sent into a beam expander, followed by a Spatial Light Modulator (SLM) and
Polarizing Beam Splitters (PBS). Such an OBFN is easy to scale by adding additional beam
splitters and SLMs. However, SLMs are typically very expensive and the entire system is
bulky and very susceptible to optical path instabilities (even at the nm scale) due to
acoustic or mechanical vibrations. For these reasons, free-space OBFNs are rarely seen
outside laboratory environments and are nowadays superseded by fiber-based and IOOBFNs.
In fiber-optic OBFNs, fiber lines are used as delay lines and delay can be introduced in the
following ways:
•

Using different fiber lengths to create different propagation delays. Tunability is
achieved by heating or stretching the fiber, which modifies its refractive index (and
therefore the “optical” length of the fiber). Both single and multi-laser
configurations (e.g. one laser for each branch in Fig. 21) are possible.

•

Using highly dispersive fiber materials, where each line is fed by a distinct tunable
laser, tuned to a distinct wavelength. Due to the materials’ dispersive nature,
different wavelengths in different fibers will have different propagation speeds,
leading to different delays, even when the fibers have the same physical length.
These fibers are nowadays fabricated as photonic-crystal fibers, because the
dispersion can be tailored to the design. Since it may be too expensive to have
separate tunable lasers, modulators and dispersive fibers for each delay line,
alternative design schemes use a single tunable laser and modulator and a fiberoptic prism as shown in Fig. 23, where the OBFN is built with partially dispersive
and partially non-dispersive fiber.

Fig. 23: Schematic layout of an OBFN employing a fiber-optic prism. Source: [53].
•

Using Fiber Bragg Gratings (FBGs) with a tunable laser. FBGs act as in-fiber
narrowband reflectors so that different wavelengths will be reflected in the fiber
with the FBG at different path lengths, thus achieving different delays for different
wavelengths. This leads to the architecture shown in Fig. 24, where multiple tunable
lasers are combined via a multiplexer (MUX), and the light is modulated and
reflected by a chirped FBG. After a demultiplexer (DMUX) is connected to different
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lengths of fiber, it is fed to an array of detectors. Because a MUX and DMUX are
expensive and bulky in fiber-optics, another option for using a chirped FBG is to use
a single tunable laser, split the light into multiple paths and use multiple chirped
FBGs each with different fiber lengths, thereby completely removing the
MUX/DEMUX [53].

Fig. 24: Schematic of a chirped FBG OBFN employing a single chirped FBG and a
MUX/DMUX architecture. Source: [53].
Fiber-optic OBFNs are still in the R&D phase, although they are expected to become
commercially available in the coming years. This expectation is fuelled by a recent
presentation of a laboratory setup by the Japanese Tokyo-Tech KDDI R&D labs. A hybrid
fiber and free-space optics OBFN has also been developed by DAS Photonics in 2012 [7.5.6]
for an 8-antenna array that operates nearly-beam-squint-free at 4-8 GHz.
The last type, i.e. Integrated-optics OBFNs (IO-OBFNs) was developed to address some of
the shortcomings of the previous OBFN types, such as thermal/acoustic instability, large
size, dependence on expensive dispersive materials and MUX/DEMUX devices etc.
Additionally, since IO-OBFNs are CMOS-compatible, their cost per unit can be fairly low
when produced in large numbers. The basic design principles of an IO-OBFN are described
in [54] and a schematic of a 16x1 OBFN in RX mode, as designed in [55] and fabricated in
silicon nitride waveguide material, is shown in Fig. 25, where a binary tree structure is
used with each circle representing an Optical Ring Resonator (ORR). The binary tree
structure has proven to be scalable to many antennas, while the ORRs are used as TTD
devices (since light can travel multiple roundtrips through the ORR, depending on device
settings) and lead to a much smaller footprint compared to free-space or fiber-based
OBFNs. The OBFN in Fig. 25 has 16 inputs and 1 RF output, even though schematic shows
11 outputs and 17 inputs (IN 17 is the carrier-reinsertion port and numerous output ports
are used for monitoring and calibration purposes, as a result of having 2x2 optical
coupler/splitters, instead of 2x1). The OBFN can be connected to commodity lasers,
modulators, antennas and detectors.
IO-OBFNs are commercially available since 2013 and an optical chip for the OBFN shown
in Fig. 25 has been available for sale by SATRAX B.V (which merged with LioniX
International in 2017) as a test assembly unit. The optical path length of the ORRs as well
as the couplers in the OBFN are controlled by local heating of the waveguide where the
heaters are directly connected to a set of two custom designed PCBs with 64 power
amplifiers. In a laboratory setup, controlling all heaters simultaneously is a challenge, if
not practically impossible. A solution is found in wire bonding the electrical connector pads
to a custom PCB on which a flat-cable with multiple leads can be connected. An example
of the 16x1 OBFN, connected to such a custom PCB is shown in Fig. 26. Additionally, all
inputs and outputs of the OBFN are connected to a fiber array (FA).
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Fig. 25: A 16x1 IO-OBFN, where IN17 is the carrier reinsertion and OUT6 and
OUT7 are the output of the device (both providing the same output signal).

Fig. 26: The 16x1 OBFN chip, wire bonded (zoom-in) and connected to fiber array
units (left and right).
In summary, in Table 45 we provide a comparison for the previous OBFN technologies.
Table 45: Comparison between different OBFN technologies.
Factor

Free-space
optics

Fiber
optics

Integrated
optics

size

---

-

+++

(- = large,
+ = small)

mass

---

+

+++

(- = heavy,
+ = light)

cost

--

+

+

(- = expensive,
+ = cheap)

vibration
sensitivity

--

-

+++

(- = more sensitive,
+ = less sensitive)

tunability

++

++

+++

(- = not tunable,
+ = tunable)
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extensibility

+++

+

---

(- = not extensible,
+ = extensible)

Since IO-OBFNs are commercially available and possess many advantages over the other
OBFN types, we hereafter focus on this type and provide an overview of three commonly
used and technologically mature integrated optics technologies: Silicon On Insulator (SOI),
Indium Phosphide (InP) and Silicon Nitride (Si3N4/SiO2). We begin with a discussion of the
basic IO-OBFN building blocks.

Basic IO-OBFN Building Blocks
The fundamental building blocks for realizing an IO-OBFN in waveguide technology are the
optical waveguide, tuning element and directional coupler which can be combined to create
more complex components. We briefly summarize these components below and refer the
reader to [56] for more details.
Optical waveguide: it acts as a delay line by introducing a propagation-induced phase
difference (along with a little loss) depending on the effective refractive index (which may
be a function of frequency). Thermo-optical tuning introduces an additional phase term to
that of waveguide propagation. To determine the linearity of the phase dependence on
frequency, and therefore the dispersion properties of the waveguide, the group delay is
defined as the local slope of the phase vs. frequency curve. A dispersion-free waveguide
has constant group delay.
Directional Coupler (DC): it is used for splitting/combining guided optical wave and
consists of two optical waveguides in close proximity to each other so that light is coupled
by the evanescent mode in a waveguide, and power is exchanged between the waveguides.
Arbitrary power splitting ratios can be obtained by modifying the length of the DC.
Symmetric Mach-Zehnder Interferometer (MZI): it consists of two identical DCs
interconnected by two waveguides of equal length, where one can be phase tuned by a
tuning element. Since the power coupling of the MZI can be changed by the tuning element,
MZI is a good candidate for a tunable coupling element
Asymmetric Mach-Zehnder Interferometer (aMZI): it differs from the symmetric MZI
in that it also contains a differential delay section (formed by two independent waveguides
of different lengths), which makes the frequency response non-flat. This device manifests
a discrete-time finite impulse response, namely two taps spaced by the differential delay.
An ideal aMZI has a constant group delay in the passband and thus allows dispersion-free
transmission.
1x1 Ring resonator (RR): this one-input, one-output device is implemented by feeding
one output of a 2×2 power coupler to the input of the same arm through a feedback loop
in the form of a ring-shaped path. The resonant frequency can be shifted by changing the
additional roundtrip phase shift in the feedback loop.
2x2 Ring resonator (RR): this device is implemented with two 2x2 couplers, joining one
arm of a coupler to that of the other one in a closed loop. Similar to MZIs, such devices
also feature two power-complementary outputs and manifest better frequency selectivity
inherent to the resonance mechanism. Hence, they are a good candidate for the add-drop
functionality for wavelength-multiplexed signals. In addition to that, the sharp passbandstopband transition is also a useful property for many signal processing functionalities.
In summary, the passive part of an IO-OBFN, i.e., the tunable delay lines, can be devised
using the following components: straight waveguides (and bends), 2x2 splitters, Mach
Zehnder Interferometers (MZIs) and Optical Ring Resonators (ORRs). The ORRs are
essentially 2x2 MZIs where two paths are joined to each other.
5G-PHOS – D2.1

102/124

Deliverable D2.1

Comparison of Waveguide Technologies
For most waveguide technologies, the wavelength of propagating light is 1550 nm. This
choice is motivated by the wide availability of optical components at 1550 nm, combined
with the low dispersion and absorption of 1550 nm light in optical fibers.
Several microwave photonic functionalities have been implemented through waveguide
technologies over the years. [57] demonstrated a true time-delay OBFN based on silica
waveguides with an index contrast of up to 1.5%, a minimum bending radius of 2 mm and
a propagation loss of 0.1 dB/cm while [58] demonstrated an OBFN on lower index contrast
silica waveguides (∆n = 0.7%) and a minimum bending radius of 10 mm. These
waveguides typically have a relatively low index contrast (up to 2-3%), causing low
propagation losses, but at the cost of high minimum bending radii, leading to large physical
structure footprints. Alternatively, high-quality Silicon on Insulator (SOI) planar waveguide
circuits offer strong optical confinement due to the high index contrast between silicon (n
= 3.45) and SiO2 (n = 1.45). This is good for miniaturization and integration of photonic
devices.
The past 20 years have also seen significant increase of silicon photonics implementations
in microwave photonic systems. [59] demonstrated the first optical delay lines in SOI for
true time-delay phased array antennas. The typical waveguide propagation loss is ~0.5
dB/cm at high bending radii (~0.25 mm). Amongst other functionalities, integrated
microwave photonic SOI stripe waveguides have been used to demonstrate optical delay
lines [59].
Recently, many functionalities such as beamforming [60]-[64] and microwave photonic
filters [65], [66] have been demonstrated in the SiO2/Si3N4 (TriPleXTM) waveguide
technology platform. This waveguide technology is based on a combination of silicon nitride
(Si3N4) as waveguide layer(s), filled by and encapsulated with silica (SiO2) as cladding
layers. The consisting SiO2 and Si3N4 layers are fabricated with CMOS-compatible [7.5.38]
industrial standard low-pressure chemical vapor deposition equipment which enables low
cost volume production. TriPleX allows for extremely low loss (0.08-0.09 dB/cm) integrated
optical waveguides, by minimizing waveguide roughness (a major source of optical
propagation loss), both on silicon and glass substrates for all wavelengths in the range
405-2350 nm, providing maximum flexibility from an integration standpoint. By changing
cladding thickness and waveguide thickness at certain designated points, tapering can be
achieved, to match mode field diameters of different types of waveguides (e.g., InP) or
fibers to TriPleX. Several significantly different waveguide geometries can be obtained by
varying individual steps in the generic fabrication process [67].
Clearly, TriPleX offers a propagation loss many times lower than the aforementioned SOI
and InP, while still having a fairly high index contrast. Hence, a small waveguide chip
footprint can be achieved with low optical losses. However, TriPleX uses purely passive
materials, which means that this technique cannot be used to fabricate lasers, detectors
and fast modulators.
Besides the waveguide platforms discussed above, integrated microwave photonics has
been demonstrated with a host of other materials, including GaAs, LiNbO3 (Lithium
Niobate), polymers and chalcogenide glasses. Lithium Niobate has been the material of
choice for developing linear, high performance electro-optic modulators, although InP has
gained much interest over the last decade as the preferred choice for modulators, detectors
and lasers. Optical waveguides based on polymer materials usually exhibit a low refractive
index contrast as well as a low propagation loss. This is suitable for applications like long
optical delay lines and beamforming, although the low index contrast often results in large
chip footprint. Chalcogenide glasses have been used to demonstrate on-chip tunable optical
delay lines and microwave photonic filters.
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In conclusion, the most suitable technology for OBFNs should have high refractive index
contrast in order to have small bending radii (leading to smaller size), as well as low
propagation loss to have sufficient optical power at the OBFN output. Additionally,
transparency at the chosen wavelength should be sufficient and fiber-chip coupling should
be high, in order to decrease interconnect loss. Using the above criteria as metrics, we
provide a comparative summary of the discussed technologies in Table 46, where we also
include some of the “exotic” waveguide platforms such as GaAs and Lithium Niobate. Based
on this, when highly integrated, complex and small-footprint devices are required, TriPleX
technology shows very interesting features, followed closely by Si and SOI waveguide
technologies.
Table 46: Waveguide technologies comparison.
Silica
on
Glass

SiON

Silicon on
Insulator

SiO2/Si3N4
TriPleX

InP

GaAs

Lithium
Niobate

RI Contrast
(%)

<1

<5

>100

>25

~10

~10

~5

Bending
radius (mm)

10-20

0.2-0.8

0.02

0.05

0.1

0.1

0.2

Attenuation
(dB/cm)

<0.05

0.050.3

<2

0.01

1-2

2.5

0.2

Transparency

VISNIR

VISNIR

NIR

VIS-IR

NIR

NIR

NIR

Fiber-chip
coupling

+++

+

-

+++

-

--

+

Function
integration

-

+

++

+++

++++

+++

+++

Fabrication
cost

++

++

++

+++

-

--

--

Core
material

Coupling Active Material InP Waveguide Technologies to SiO2/Si3N4
The OBFNs that will be fabricated during the 5G-PHOS project consist of two platforms:
•

the laser, modulator and detector platform of III-V Labs (InP).

•

the TTD (True Time Delay) and optical filtering components of LioniX International,
via the TriPleX platform.

InP waveguide technologies cannot perform passive functionalities as well as TriPleX while,
on the other hand, TriPleX cannot perform the active functionalities of InP. Therefore, the
two platforms should be coupled to each other, e.g. by mechanically connecting the endfacets of the waveguides to each other. This ensures better mechanical stability than using
free-space optics (e.g. lenses) but it also introduces optical power loss, which is mainly
caused by three factors:
1. misalignment (lateral, longitudinal and angular) between the waveguides. However,
this can be avoided by proper and careful mechanical alignment.
2. Fresnel reflection (due to different refractive indices) at waveguide facets. For
typical refractive index values SiO2/Si3N4, a residual loss factor of about 9% exists,
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even if perfect alignment is achieved, rising to 32% if a small (air) gap exists
between the waveguides. This can be avoided by applying anti-reflection (AR)
coatings to the waveguide facets. A typical AR coating can reduce the reflections
from waveguide to air down to 0.1% but it should be noted that AR coatings are
usually designed and calibrated for material-to-air interfaces (because the AR
material is deposited in a gaseous-phase onto the to-be-coated surface). When an
InP laser is coupled to an external cavity in SiO2/Si3N4, an additional benefit of AR
coating is that it minimizes reflections back to the active (gain) part of the InP and
stabilizes laser output.
3. Mode Field Diameter (MFD) mismatch between InP and SiO2/Si3N4 waveguides.
Thankfully, SiO2/Si3N4 technology is very suitable for tapering, which means that
the mode field diameters in the waveguide can be changed due to a change in
waveguide cross-section. Hence, SiO2/Si3N4 waveguides can be designed such that
their MFDs matches the MFDs of the InP waveguides, effectively lowering the loss
factor to less than 2 dB.
Another benefit of coupling InP with TripleX is that it allows the E/O and O/E conversions
to be performed on-chip using the active InP material. In order to make sure that the
waveguides are mechanically stably aligned and remain so, the InP and SiO2/Si3N4 chips
can be glued together. Using glue as interconnect between InP and SiO2/Si3N4 also
protects the waveguide facets from deterioration due to dust or gases. However, it adds
an additional loss factor.

5G-PHOS beyond SoTA
We now explain the proposed beyond SoTA implementation of OBFNs, where we propose
to incorporate InP lasers, detectors and modulators, directly coupled to TriPleX. In Fig.
27, a photograph of a current state-of-the-art OBFN is shown, as fabricated by LioniX
International. It consists of two types of PCBs: RF and DC PCBs. The DC PCB is used to
connect the heaters on the TriPleX OBFN to voltage supplies, to control the settings for the
OBFN (such as the amount of True Time Delay and the filter characteristics).

Fig. 27: A current state-of-the-art OBFN with the different building blocks.
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As one can see, there are two different InP chips connected to this OBFN. This is because
this particular OBFN can be used for both RX and TX (depending on heater settings). One
InP chip contains PDs, while the other contains modulators. Laser-light is added to the
TriPleX chip via the fiber on the left-hand side, and the fiber-array on the right-hand side
is used for control measurements. Both the InP and the TriPleX attenuators are wirebonded to their respective PCBs. All optical components (chips and fibers) are glued
together, after active alignment.
At this point, the difference between active and passive alignment is worth mentioning.
With active alignment, light is coupled into and out of the chip(s) and this light is measured
using a photodetector (e.g., a photodiode). When the chips and/or fibers are moved with
respect to each other, the optimized coupling is found where the highest optical power is
measured by the photodetector. With passive alignment however, we only look at preexisting alignment features and by use of microscopes and fine-place machinery, the chips
and/or fibers are positioned such that the highest coupling is expected (which can only be
confirmed after the positioning process has been finished).
In the 5G-PHOS project, we plan to do this packaging differently; the fiber-array will be
attached to the TriPleX via active alignment, and the InP and TriPleX will be passively
aligned. This passive alignment will be done on a rigid substrate of Si, and the chips will
be bonded to this substrate via thermos-compression bonding the gold bond-pads of the
chips to pre-fabricated gold pillars on the Si substrate. The Si substrate will also incorporate
the functionality of the PCBs; re-routing electrical signals to connectors that can be
connected to driving or readout electronics, eliminating the need for (easy to break) wirebonds.
Furthermore, LioniX International expects to implement a new software algorithm (which
is still under construction at the moment of writing), to automatically calibrate the rings
and single-side band filters of the OBFN chips. This is required, because in this project, we
plan to deliver over 20 OBFN chips, each with more than 45 rings (for True Time Delay)
and one single side band filter (consisting of tunable couplers, an MZI structure and two
ring resonators). It is nearly impossible to manually set all values correctly for all 50 chips.
The tuning algorithm, which has been developed in conjunction with the University of Delft
in the Netherlands, has not been published yet, so we cannot disclose any further
information at this time. Quite possibly, more information on the software will be added in
Deliverable D4.2 or D4.3.
Successfully combining the TriPleX OBFN and InP active chips with the mentioned
packaging, will result in the first-ever 5G OBFN that will be tested in a field-test
environment.

Relevance to 5G-PHOS
We briefly discuss here why an optical beam forming network with True Time Delay (TTD)
is of importance for the 5G-PHOS project. Furthermore, we will discuss why it is so
important for this project to improve packaging in terms of passive alignment of chips.
In Deliverable D4.2, we will discuss in more detail what the maximum required time delay
is that the OBFN needs to provide to the RF signals. As it turns out, this maximum time
delay is 350 ps. As a reminder, a rule-of-thumb states that we don’t need TTD if the
following is true τmax <<1/∆v, with ∆v =2 GHz (the bandwidth of the signal). This leads to
1/∆v =500 ps. In other words, τmax ≈1/∆v, so the rule-of-thumb shows that we do indeed
need true-time delay elements to cope with beam-squint.
Because fully tunable true-time delay in RF for such high delays is very difficult and
expensive to achieve, there is a clear need for optical true-time delays in the beam forming
networks.
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Parameters for Technology Evaluation
In order to have a working system, we have pinpointed in Table 47 the following critical
parameters for the TriPleX chips that need to be evaluated after fabrication.
Table 47: Evaluation of fabrication parameters.
Parameter for:

description

Required value

Why?

(design value)
Waveguide
(WG)

True Time Delay

Propagation loss

< 0.2 dB/cm

Interface loss
TriPleX-InP

< 6 dB

Interface loss
TriPleX-fiber

< 2 dB

Phase shift due to
heater

> 2 π (2.5 π)

Should be a full 2 π
tuning.

Maximum footprint

2 x 2 cm (< 1 x 2
cm)

Restricted by waferstepper reticle

Maximum TTD value

> 350 ps (750 ps)

Based on antenna
spacing and number of
antennas.

FSR of ring resonator

35 GHz (35 GHz)

Smallest we can
fabricate in low-loss
high-contrast TriPleX,
using tunable
couplers

Signal bandwidth

2 GHz

2 GHz modulated
signal bandwidth is
chosen in this project

(< 6 dB)

(< 2 dB)

(TTD)

(2 GHz)
Phase ripple

< π / 16
(π /16 @ 750 ps
TTD)

Optical side-band
filter

Passband bandwidth

> 7 GHz
(23 GHz)

(OSBF)
Transition bandwidth

< 4 GHz
(2 GHz)

Out-of-band rejection
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Reachable in TriPleX

(< 0.2 dB/cm)

> 25 dB

Higher losses will
cause a degrading
system performance
Higher losses will
cause a degrading
system performance

Required for proper
system performance
5 GHz modulation
frequency plus 2 GHz
side-band (and some
extra for safety)
Because of 5 GHz
modulation frequency
and 2 GHz side-band
bandwidth
Needed for proper
system performance
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(25 dB)
FSR of the OSBF

50 GHz
(50 GHz)

V.

Chosen to have the
same OSBF for
several OBFN
systems

Dense Wavelength Division Multiplexing (DWDM)

RAN centralization is based on the principle of co-location of DUs and improved native
coordination of radio frequency resources over neighboring cells; longer distances (1520km, limited by CPRI latency requirements in LTE) are required. This new scenario, where
fiber tends to become scarce, is driving the adoption of several flavors of Coarse
Wavelength Division Multiplexing (CWDM) and non-amplified DWDM solutions. The main
site where the DUs are located acts as the head-end in a point-to-multipoint logical
interconnect towards the RRUs while the physical topology may vary depending on the
fiber plant operators may have in the access portion of their networks.

Existing Technologies: Capabilities and Challenges
Cost-optimized, outdoor-grade transceiver solutions for this application are feasible at a
modest premium thanks to DML/EML cooled or semi-cooled lasers supporting ITU-T
100GHz fixed grid and capable of operating at higher chip temperatures. Power-split PON
fiber plants can be exploited but they present the challenge for maximum link budgets (2935dB), especially if optical amplification cannot be used in the head-end. Fixed wavelength
mux/demux and OADM filter designs, outdoor grade, based on athermal AWG or TFF
technologies are the current solution to design platforms of xWDM passive filters that can
be easily arranged to meet the requirements of several specific interconnect topologies.
DWDM technology offer several additional advantages in addition to the better utilization
of the fiber infrastructure. In fact, it enables a passive fronthaul with very low latency and
high reliability. Furthermore, DWDM can transparently transport any time of fronthaul
protocol. DWDM may be challenged by well-established electrical grooming and switching
technologies from transport and access networks. While such technologies can in principle
be very helpful for centralized baseband scenarios (CPRI over OTN, CPRI over packet, CPRI
over xPON), concerns over additional synchronization issues and strict latency
requirements still make “transparent” CPRI over xWDM a more natural way to guarantee
higher coordination gains and better radio performance. Furthermore, a DWDM based
fronthaul, whether active or passive, can offer a much more scalable solution for higher
capacity.
However, both approaches must be considered since the best solution in RAN infrastructure
is much dependent on the actual environment, business and operation model. Fiber leasing
cost may strongly impact on such choice: where fiber is a scarce and costly resource,
DWDM is to be preferred. Fig. 28 shows the cost comparison between three fronthaul
approaches:
•
•
•

10G bi-directional Grey Modules (BiDi SFP+).
100G Muxponder (10x10G) with TDM framing (e.g. OTN).
Passive WDM infrastructure with 10G colored optics (DWDM SFP+).
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Fig. 28: Cost comparison of fronthaul approaches.
It follows that the break-even point between passive DWDM and 100G Muxponder occurs
at about $20 per month per km of fiber leasing cost. A 10 km distance is assumed. At
higher fiber infrastructure costs, DWDM is always preferable. The break-even point
between 10G BiDi transceivers with parallel fiber strands and 100G Muxponder occurs at
about $4 per month per Km fiber leasing cost. This is the scenario where fiber is abundant
and special low cost is imposed (e.g. Japan). Active DWDM (i.e. adding transponders)
roughly doubles the break-even point to a $40/month/Km for the fiber cost. However, the
choice of an active DWDM solution is mainly driven by organizational model and OPEX
saving (demarcation point between Radio and Transport, SLA definition, Fault Isolation,
etc.).
The better utilization of the fiber is also beneficial for OPEX saving: infrastructure
maintenance and monitoring can be limited to a smaller amount of fibers, monitoring of
many fibers requires expensive high-end OTDR monitoring systems with integrated optical
switches; sharing a single fiber among many services allow to exploit emerging low cost
OTDR technologies like SFP-based OTDR that can be integrated in the fronthaul or
baseband equipment at a much lower cost. While a high-end OTDR fiber monitoring system
can cost tenths of thousands $, an integrated pluggable OTDR is expected to cost about
1000$ or even less.
It will be important to monitor, during the project’s duration, the evolution of higher speed
grey optical modules at 400 Gb/s for digital fronthaul transport which could become a
competitive alternative to DWDM being able to carry very high capacity on a single fiber
or pair of fibers. Another challenge may come from the fact that a passive FiWi approach
offers little domain demarcation as opposed to a digital active FH where transponders are
used to separate the transport domain from the radio domain. However, active FH is
perceived as costly and could be preferred only by players which are responsible to offer
fronthaul connectivity at specified SLAs (e.g. tower companies).

5G-PHOS beyond SoTA
5G-PHOS will exploit top-notch DWDM infrastructure based on flexible building blocks that
can be used to implement different topologies such as point to point symmetric and tree.
Single fiber operation is supported in order to better use the fiber resource. A G-PON
coexistence filter will enable fronthaul overlay over G-PON installed ODN.
As far as DWDM line interfaces, 5G-PHOS goes beyond the state of the art by developing
25G integrated optics as opposed to the 10G CPRI interfaces currently used. The photonic
integration of 4x25G optics in the Flex-Box Pro-WDM is expected to be instrumental for
cost reduction, especially in the main site. The 5G-PHOS analog FH approach enables a
better spectrum utilization allowing for the use of cost-effective 10G electro-optics to carry
25Gb/s capacity.
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On the other hand, the industry scaling beyond 10G per wavelength is targeting serial
25Gb/s NRZ modules (SFP-28) for CPRI transport based on OOK 25Gbaud transmission.
100G DP-QPSK metro coherent technology is expected to progress towards
interoperability, miniaturization and commoditization to effectively support traffic growth
in metro and backhaul networks. However, it will hardly reach the cost point needed to
penetrate in access networks in the next five years.
The combination of low-cost high capacity FH based on the Flexbox and FiWi approach with
a scalable and reliable passive WDM infrastructure is a promising path to meet 5G
requirements at a competitive cost. DWDM in access will become the converged
infrastructure to support centralized baseband scenarios, midhaul and low-RAN backhaul
connectivity.
Furthermore, 5G-PHOS is addressing another attractive direction to reduce the Total Cost
of Ownership by adding flexibility to the DWDM infrastructure as well, simplifying planning
and deployment of interconnects, further improving utilization of scarce fiber assets. In
this particularly cost-sensitive domain, Silicon Photonics based mini-ROADM promises
flexible operation at a fraction of the cost of today’s mainstream WSS technologies:
capacity can be dynamically allocated to RRH. It be will important to monitor the
development maturity of the SiPh technology and its actual economic advantage.

Relevance to 5G-PHOS
The versatile DWDM passive infrastructure that will be provided in 5G-PHOS enables the
transparent transport of high capacity in the dense scenarios identified in the use cases.
The 25G WDM Flex-Box enables the efficient transport of 5G radio signal through a highly
centralized PHY functional splitting, meeting the cost requirement of the RAN environment.
WDM in the FH started to be deployed since 2017 but a very rapid growth is expected and
confirmed by analysts; we may indicatively believe that 50% of the installed base will be
WDM once 5G will take off. 25G capacity per service is meeting the expected requirement
for 5G even if eCPRI or new packet based digital FH interfaces will limit the explosion of
bandwidth at rate beyond 25G or at least 50G. The analysts’ early claims of 25G
introduction from 2018 are now considered a bit optimistic and a 1 to 2 years shift may
occur. This will help the adoption of cost effective 25G solution based on higher integration,
like the one proposed by 5G-PHOS.
The mini-ROADM will bring flexibility in the RAN enabling dynamic allocation of capacity
toward the RRH with particular relevance to the Hot Spot Use case.

Parameters for Technology Evaluation
The DWDM infrastructure is evaluated in terms of:
•
•
•
•

Number of services transported or total BW per area transported.
Power Budget impact.
Modularity or scalability.
Topology Flexibility.

The mini-ROADM is evaluated in terms of:
•
•
•

Switching capacity and speed.
Control and stability.
Cost with respect to industry WSS based technology.

The 25G DWDM transceivers are evaluated in terms of:
•
•

Optical performance.
Fi-Wi integrated link budget validation.
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•

Cost with respect to discrete SFP-28 25G pluggable modules for digital FH.

VI.

Resource Management (Medium Transparent Interfaces
and Protocols)

The 5G-PHOS network integrates and synergizes both fiber and mmWave wireless-based
network segments in order to deliver a high capacity extended-reach integrated analog
fronthaul solution. The employment of an A-RoF solution and a low PHY split (split-PHY)
means that the RRH modules are functionally simple and do not possess the necessary
hardware to carry out any intelligent operations. This gives attractive cost properties to
the RRH modules, making them more cost-efficient for massive deployment, but also
necessitates the introduction of novel access control schemes that are fully-centralized,
hence performed by the FlexBox. To address this need, 5G-PHOS centers its resource
allocation algorithms around the notion of Medium Transparency, meaning that the
network entities, i.e. the FlexBox and the end-users, can communicate at the MAC layer
concurrently over both fiber and wireless media. The following sections describe this
technical approach, explore the existing state-of-the-art (SoTA) technologies and present
the beyond SoTA vision of 5G-PHOS in more detail, as well as the necessary parameters
for technology evaluation.

Existing Technologies: Capabilities and Challenges
There are various studies in the literature that highlight the problems, existing due to the
medium’s duality in the adaptation of already existing WLAN protocols (such as the 802.11
protocol family) to RoF infrastructures [68]-[70]. The problem stems from the fact that the
wireless protocols do not take into consideration the existence of the underlying fiber
infrastructure, since this was out-of-scope at the time of their inception. The direct
employment of pure-wireless protocols upon RoF architectures creates a two-fold problem:
i) the added delay induced to the packet transmission from the added fiber segment and
ii) the need for having a dedicated optical wavelength per antenna element. The first
problem results in complete operational halts for fiber lengths that exceed a certain
threshold since the extra fiber delays can cause time-outs in the protocol’s mechanisms
(for instance in the ACK waiting period). The second problem is caused due to the fact that
in traditional wireless systems the antennas are considered to be always on when the
Access Point (AP) is not on sleep mode (i.e. the antennas have the same sleep/wake up
schedule as the AP). Therefore, when considering an 802.11 RoF implementation with
multiple antennas, each antenna must be able to receive signals instantly, and therefore
have dedicated optical capacity, either in WDM or TDM fashion. The above is a severe
challenge when applied in the realm of mmWave radio, since the number of antennas must
multiply, due to the high mmWave path loss that constraints the range coverage. [71]
offers a study of IEEE 802.11 on an mmWave backhaul RoF architecture, showing that the
IEEE 802.11 performance degrades significantly due to synchronization problems issued
by the mmWave medium. Motivated by the aforementioned challenges, the MT-MAC
protocols have been proposed to seamlessly converge the mmWave small cell architecture
with the optical infrastructure towards minimizing latency, providing ultra-high speed
wireless access with centralized overview and optimizing resource utilization.
Medium transparency of the MAC protocol relies on enabling capacity negotiation between
the wireless nodes and the CO directly without the intervention of the Remote Antenna
Unit (RAU). This can be achieved by considering contention broken down in two discrete
periods, referred to as the 1st and the 2nd Contention Period. The 1st Contention Period is
responsible for allocating the optical capacity to a group of wireless nodes clustered within
the same RAU cell, whereas the 2nd Contention Period undertakes the finer distribution of
the already per user-cluster assigned optical capacity to each individual wireless node being
present in this RAU cell.
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Fig. 29: Traffic requests collection procedure during the 1st Contention Period in
the case of active clients located within RAUs 1, 2 and 4.
During the 1st Contention Period the CO emits a short optical beacon pulse in the Control
Channel that is in turn broadcasted into the air through every RRH. When the node or
nodes present within the range of the RAU detect the pulse, they respond immediately by
emitting a short pulse of the same duration in order to notify of its presence and its desire
to transmit data. Nodes that detect the pulse but have no outstanding packets waiting for
transmission remain silent in this phase. These pulses are received by the respective RAU
and modulate its allocated timeslots in the uplink control channel, which subsequently
propagates towards the CO. This procedure is illustrated for an example of four different
RAUs served by the CO in Fig. 29, revealing also the need for having clearly timediscriminated RAU response pulses in order to avoid overlapping between their replies.
This can be easily achieved by considering the presence of differential fiber delays between
the RAUs due to their location at different distances from the CO. The above requirement
can be easily fulfilled for realistic pulse duration values taking into account that even 1m
of differential fiber path between two RAUs allows for a time interval of 10nsec.
The synchronized reception of the control channel response pulses informs the CO about
the RAUs having active clients and requesting capacity. After reception of the uplink control
signal, the CO assigns a data transmission wavelength pair to each RAU by transmitting a
short optical bit sequence that uniquely identifies the wavelength λ where the RAU’s
tunable filter should tune into, ergo ending the 1st Contention Period. In high load
conditions, where the number of RAUs containing active clients exceeds the number of
available wavelength pairs, the CO assigns the wavelengths in a Round-Robin fashion fairly
distributing the available bandwidth amongst all RAUs.
The 2nd Contention Period takes place entirely in the Data Channel. All traffic is contained
within Superframes (SFs), with each SF comprising of either Resource Requesting Frames
(RRFs) or Data Frames (DFs), as shown in Fig. 30, both being of equal duration. In the
default case the sum of RRFs and DFs is always constant and equal to N. The role of RRFs
is the identification of the active nodes residing within the RAU cell so as to increase
bandwidth utilization by allowing only active nodes’ participation in the subsequent DFs,
which in turn carry out the actual data exchange procedure on the basis of a polling-based
scheme. RRFs are further divided into m slots, with each slot comprising of POLL, ID and
ACK packets, whereas DFs contain DATA packets instead of ID packets. At the beginning
of each RRF, all the active clients randomly choose an integer value y in the interval [0,
m), where y corresponds to the number of POLL packets that have to be received by the
terminal before responding with an ID packet. During a slot, the CO transmits a general
POLL packet with no receiving node specified in its body. Upon correct ID packet reception,
the CO responds with an ACK packet, notifying the corresponding node that it has been
correctly identified. This node will not participate in a subsequent RRF (if any) within the
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current SF. Should, however, two nodes choose the same y value at the beginning of the
RRF, they will both transmit an ID packet during the same slot. The collision will render
both ID packets unreadable and the CO will not respond with an ACK forcing the nodes to
participate in the next RRF, after choosing a new y value. The CO continues transmitting
RRFs until zero collisions occur and all nodes are successfully identified, ending in this way
the 2nd contention period. Having full knowledge of the nodes that are active within a RAU,
the CO initiates the transmission of a series of DFs. If M RRFs were needed for the 2nd
contention period to be resolved, then (N – M) DFs will be broadcasted until the end of the
SF is reached, polling the wireless nodes in a Round-Robin fashion. A node is considered
to be no longer active and is removed from the polling sequence if it remains silent for a
number of data frames. If all nodes within a RAU are inactive or if the SF has exceeded its
maximum allowed duration while other RAUs wait for wavelength assignment, the CO deassigns the wavelength pair from that RAU. As long as none of the above applies, the CO
extends the SFs’ duration by continuing DF transmission. In parallel to the data exchange,
the CO periodically reruns the 1st contention process in the control channel so as to update
the list of RAUs requesting traffic. If no known active clients exist within a newly
wavelength allocated RAU, the 2nd contention process is repeated.

Fig. 30: SuperFrame, Resource Requesting Frame and Data Frame structure. Non
shaded Resource Requesting Frames are optional.
The MT-MAC protocols that have been presented to date operate under two service
schemes: i) the fixed-service regime where each RRH is granted a static size transmission
window ([72],[73]), and, ii) the Client-Weighted MT-MAC (CW-MT-MAC) that utilizes a
modified version of the gated service paradigm where each RRH is granted a transmission
window with size based on the number of its serving terminals [74].

5G-PHOS beyond SoTA
5G-PHOS will extend the MT-MAC approach towards a high-throughput, low-latency
integrated FiWi 5G fronthaul cellular administration framework termed as MT-DBA, which
similarly to MT-MAC, will rely on a polling-based packet-switched mobile data transport
over the converged FiWi infrastructure. Two MT-DBA interface and resource allocation
protocol versions will be realized in order to support the different network use cases of 5GPHOS:
•

An integrated FiWi fronthaul MT-DBA scheme for DNs and UDNs, supporting the
communication between small cell lamppost antennas over the 64x64 MIMO RRH
to the FlexBox centralized unit via single- or multi-hop wireless connections.
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•

An integrated FiWi small cell access MT-DBA for the hotspot use case, supporting
the direct communication of the mobile end-user over the small cell 100Gb/s RRH
to the FlexBox-Pro-WDM centralized unit. In this case, the MT-DBA algorithm will
consolidate WDM functionality so as to support wavelength selectivity among the 4
available 25Gb/s optical channels at the RRH site.

Based on the work carried out so far in the MT-MAC domain, 5G-PHOS will update and
deploy the MT-DBA fronthaul resource allocation scheme, which will (i) schedule collisionfree transmission windows over both optical and wireless media through parallel and
separate contention periods (ii) employ innovative optical resources allocation schemes
that will dynamically schedule the assignment of the 4x25Gb wavelengths to the large
number of hotspot RRH modules and include automatic solutions for future network
upgrades with more wavelengths, (iii) extend operation to include multiple-stage optical
and wireless hop network segments in the dense and ultra-dense city scenarios, (iv)
include support for fast Ethernet packet fronthauling for backwards compatibility and
interoperability with existing access and backhaul operator equipment, (v) support ultrafast and low-delay access schemes by using parallelization in optical/wireless contention
periods and a combined mmWave directional/ polling-based transmission scheme to
alleviate neighboring interference and shorten BF training periods.

Relevance to 5G-PHOS
The envisioned analog 5G-PHOS FiWi fronthaul provides high-bandwidth flexible links, thus
allowing for powerful deployments in heavy urban environments. Joining the diverse
optical-wireless networks under an Analog RoF framework produces functionally simple
RRHs, that in turn bring down the deployment costs, however shifting all access control to
the FlexBox centralized unit. To this end, alongside the novel Physical Layer architecture,
it is imperative to create a compatible resource allocation scheme that will be able to
optimally operate on top of the hybrid 5G-PHOS infrastructure. The MT-DBA algorithms
aim at being the first fully functional protocol suite for driving analog mmWave RoF
fronthaul implementations, that can produce significant bandwidth gains and low latency
data hauls. The introduction of the MT-DBA is a big evolution step, alleviating the CPRI
blockage that hindered mmWave RAN deployments as infeasible.

Parameters for Technology Evaluation
The MT-DBA schemes will be thoroughly tested against 5G-PHOS’ network and a detailed
analytical as well as simulation-based performance evaluation will take place. This
performance evaluation will identify all the key aspects of a network’s performance from
the protocol’s point of view, such as throughput, delay, packet loss, highest supported
mobility, energy efficiency etc. By measuring all the above parameters, all the limitations
of the 5G-PHOS architecture will be revealed and will provide significant assistance for
optimization of the network design in hardware and software as well. A range of MAC
protocols with gradually enhanced complexity and advanced functionalities will be
implemented and evaluated, targeting bandwidth per RRH guarantees, Bandwidth per enduser guarantees, delay guarantees, Quality of Service guarantees etc.

VII.

Software Defined Networks (SDN)

SDN is a relatively new paradigm introduced in the world of computer networking,
promising a fundamental shift in the way network configuration and real-time traffic
management is performed. The following sections describe this technical approach, explore
the existing state-of-the-art (SoTA) technologies and present the beyond SoTA vision of
5G-PHOS in more detail, and the necessary parameters for technology evaluation.
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Existing Technologies: Capabilities and Challenges
The main concept of SDN is the separation of the network's control plane from the
underlying data plane leading to the transformation of the traditional role of switches and
routers to simple forwarding devices while transferring the control logic into a central
component called controller or network operating system (see [75]). This decoupling
abstracts infrastructure from applications and offers flexibility, extends network
programmability, cost efficiency and novel network architecture. Specifically, the main role
of a controller is to set up rules or make decisions for packets, while the main role of the
data plane is to direct or forward packets based on the rules coming from the controller.
In other words, the controller is the intelligent part of the network and the data plane
follows the controller’s orders. Control to Data-Plane Interfaces (CDPI) or Southbound and
Northbound Interfaces (NBI) are two other components in a software defined network. A
southbound interface connects data plane to the controller and a northbound interface
offers APIs (Application Programming Interfaces) for network controlling and services
([76],[77]).

Fig. 31: SDN Architecture [Source: Open Networking Foundation].
An example of a popular and widely-deployed SDN technology is OpenFlow that
standardizes the interface between the controller and the forwarding devices. OpenFlow
architecture is composed of an OpenFlow-compliant switch, a controller and a secure
channel between them (see also Fig. 31). The controller receives and sends the packets
from and to the switch and controls the rules in the flow tables. The switch follows the
rules and applies a set of actions to each flow. The switch type, which can be a dedicated
or an OpenFlow-enabled switch, determines the different kinds of actions. The OpenFlowenabled switch extends the dedicated version by supporting both OpenFlow and traditional
forwarding [78].
As already mentioned, the controller plays a significant role in the SDN approach. For this
reason, the number of SDN controllers has grown exponentially since the advent of the
first network operating system that was called NOX. The list of most popular controllers
comprises of OpenDayLight, Floodlight, POX, ONOS, Cisco ACI, VMware and many others.
Among characteristics that make one SDN controller differ from the rest are (Fig. 32):
Efficiency (performance, reliability, scalability and security), Flexibility, Modularity,
Network Programmability and Functionality, the programming language that the controller
is coded, good Memory Management and GUI, multi-threading handling, Platform support,
OpenFlow support, Southbound and Northbound APIs, Network Virtualization, Centralized
Monitoring and Visualization ([79], [80], [81], [82], [83]).
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Fig. 32: SDN Functionality: Ten Key Factors [81].
From the above controllers, Floodlight and OpenDaylight, which have similar
characteristics, have been endorsed both by researchers and network vendors [75].
•

•

OpenDaylight creates a de-facto northbound API standard so that different
southbound protocols, like OpenFlow, I2RS, and NETCONF can be programmed.
Some of the features of this controller are as follows: Java-based (OSGI), modular,
pluggable and supporting of multiple southbound protocols. OpenDaylight supports
the programming of a bidirectional REST and OSGI framework that supports
applications running in the same address space as the controller. Topology
abstraction and discovery, PCE-P (and CSPF), OpenFlow, I2RS, and NETCONF are
other built-in services within in OpenDaylight ([76],[78],[79],[80],[83]).
Floodlight works with physical and virtual OpenFlow switches and is Apachelicensed, Java-based (non-OSGI), modular, event-driven, asynchronous application
framework, thread-based, and using a synchronized lock. Components of this
controller are topology management, use for discovery of both OpenFlow and
nonOpenFlow endpoints (LLDP), device management including MAC and IP tracking,
path computation, infrastructure for web access which is used for management,
counter store used for OpenFlow, BigDB (NoSQL, Cassandra-based database) and
Quantum plug-in that causes inter-operation with element agents supporting
OpenFlow. There are also REST APIs for getting and setting the controller’s state,
event notification systems, and passing emitted events by Java Event Listeners.
Floodlight also has sample applications including learning switch, hub application
and static flow pusher, Firewall and load balancer ([76],[79],[80],[83]).

Application of the SDN framework in several network settings has also highlighted areas
of concern with the following list depicting the primary investigations and research
advances made in the SDN domain [84]:
a) Application and Serving performance: Improving the performance of individual
network applications and services in the SDN framework using novel optimization
techniques in wired, wireless, and heterogeneous environments. The main focus is
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on increasing SDN application awareness and optimizing time-critical application
services using flow metering and developing of SDN monitoring tools for evaluating
performance gains in complex network environments, embedding network services,
such as authentication, firewalls, proxies, and so forth, in the data plane fabric.
b) Controller scalability and placement: Controller placement in large SDN
environments offers a complexity optimization problem affecting latency, capacity,
and fault tolerance. The design of the control plane remains a multifaceted topic of
several research studies, and the main challenges are: (i) Reducing latency by
solving optimal controller placement problem (considered an NP-hard problem), (ii)
Solutions minimizing controller workload with respect to controller placement, (iii)
Distributed control architectures offering greater reliability using heuristic and
greedy algorithms to re-factor larger network into smaller sub-networks, (iv)
Combinatorial approaches optimizing multiple network performance metrics in
relation to controller placement, providing a trade-off between performance gains
and operational requirements.
c) Switch and controller design: Studies aimed at improving northbound API
standardization among multiple application platforms, level of control delegation
appropriate for data plane elements, and optimal hardware architectures. The basic
research initiatives are, standardization of the northbound API, greater level of
control delegation to network switches aimed at reducing controller overhead and
increasing fail-safe redundancy and new architectures for controller and switch
design.
d) Security: SDN due to centralized network control creates potential security
challenges directed at control plane (traffic) and data plane elements including
network appliances and middle boxes.
e) Interconnecting SDN Domains: Autonomous systems managed by independent
SDN controllers (or operators) requiring timely inter-controller information
exchange and underlying mechanisms to support network orchestration as well as
application delivery between disparate SDN domains.
The past few years we have seen the development of communication APIs and several SDN
controller platforms, as well as simulation and debugging technologies, introducing
substantial variety in network programmability to experiment and explore. However,
despite promising simplified network management and centralized control, research and
industrial test cases have also highlighted SDN limitations in need of significant
improvement [85].
Although Software Defined Networks' architecture has been mostly focused on
implementations about wired networks, datacenters, transport networks and mobile carrier
networks, progress has been also made in incorporating SDN into the wireless access
domain. The flexibility and the efficiency of SDN as far as the advantages described before,
makes it an attractive approach that can be used to satisfy the requirements of various
mobile access networks. The use of SDN in mobile wireless environments can also reduce
interference, improving the usage of channels and wireless resources, as well as the routing
of data in multi-hop and multi-path scenarios. SDN provides scalable network control
functions, flexibly adjusts the resource allocations and handles the changing traffic patterns
of the wireless networks, offering centralization of the network intelligence and
comprehensive visibility of a network. This can be used for automated dynamic routing to
decide the optimal paths. The control path is the centralized decision making entity. The
data path which is responsible for the actual forwarding of data packets is still distributed
throughout the network ([86],[87],[88]).
Recently a lot of research is being oriented towards the usage of SDN concepts in 5G. SDN
is expected to ensure that packet flows will be intelligently optimized to handle the real5G-PHOS – D2.1
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time traffic demands of the 5G networks. In a mobile environment where end users
constantly change their locations and their bandwidth demands are varied, path
management based on individual service is very important. Apart from this, SDN enabled
path/flow management can further assist the mobile operators in the multi-tenancy cases
by maintaining traffic isolations. Another applicability of SDN in wireless networks is
towards orchestration and management of these networks. Such centralized control leads
to more efficient resource management and better utilization of scarce spectrum [89],
[90].
Regarding the industrial efforts, OpenRoads presents a platform that allows researchers to
control the network via OpenFlow and SNMP, while CloudMAC proposes virtualized access
points. Other works consider the use of OpenFlow in wireless mesh environments, in
smartphone-based ad-hoc networks and in wireless sensor networks. The application of
SDN for handover management in wireless networking environments has been considered
in. Software defined based RATs were also presented in a number of works including
OpenRadio, OpenRF, SoftRAN and OpenRAN. Moreover, SDN techniques will likely play a
crucial role in the design of future 5G wireless networks, providing services such as network
slicing [88].
SDN deployment in avenues such as data centers, cloud computing and obviously wireless
communications, a field that 5G-PHOS wants to make a decisive contribution, presents
unique operational challenges ranging from application performance and increasing SDN
controller scalability to optimizing switch design. To further increase SDN acceptance and
implementation in realistic networking environments, industrial efforts and research
studies, therefore, continue to explore solutions to these challenges allowing greater
realization of SDN technology.

5G-PHOS beyond SoTA
Following this tendency, 5G-PHOS aspires to make contributions beyond the state-of-theart in SDN for FiWi networks by the development, for the first time, of a FiWi fronthaul
Network Planning and Operation tool (NPO). NPO will be able to set-up, manage and
optimize various aspects of the converged FiWi network infrastructure such as (i) End-toend link formation, (ii) mMIMO communications, (iii) RRH cooperation, (iv) Sliceable
Bandwidth Variable Transponders offering multiple modulation formats, (v) Carrier
aggregation, (vi) Spectrum sharing and others via employment of SDN and NFV
functionalities. This way, 5G-PHOS enables support for network slicing functionalities that
will be executed in parallel and on top of the common FiWi physical 5G-PHOS infrastructure.
The 5G-PHOS NPO will form a holistic application-centered abstraction level placed on top
of the MT-DBA algorithms and as such will offer a series of innovative SDN tools, like
preemptive link re-routing for better QoS, bogus packets insertions for network testing,
complementary services clustering for higher network utilization factor and a short history
look-up table containing the most recently issued commands enabling quicker path finding
in the future.
Advanced network as well as user profile analytics and machine learning methodologies
will be deployed for the majority of these functionalities, deploying Incelligent’s proprietary
software and open source libraries where necessary. Incelligent’s software modules range
from simple statistics, to machine learning and state-of-the-art artificial intelligence
algorithms (e.g. deep neural nets, deep reinforcement learning techniques, etc.). While
some of the aforementioned SDN functionalities may have been investigated previously, it
is expected that they will be further enhanced using powerful analytics and offer improved
results.
The fact that telecom operators are starting to move away from the traditional business
model of a single network infrastructure ownership gives rise to third-party-owned network
deployment and infrastructure sharing. 5G-PHOS facilitates this trend not only through the
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provision of network sharing approaches, but also through the design and development of
a converged FiWi SDN control plane, which is able to optimally orchestrate both the optical
and the wireless resources. Such an approach provides a software-defined reconfiguration
of all networking elements in a multi-tenant and unified management environment, thus
enabling the admission control of requests coming from MVNOs, OTTs and third-parties
that wish to access the network resources. This SDN control plane may therefore open new
opportunities, since it enables agility, flexibility, while it facilitates the provision of new
network services and the reduction of operational expenditures.

Relevance to 5G-PHOS
5G networks are becoming a decisive element of all future IoT-related applications, and
one of the key IoT enabling factors is the so-called “network slicing”. A network slice is a
dedicated and optimized end-to-end virtual network operating over a common physical
infrastructure. Through network slicing, mobile operators can accommodate the different
5G use cases, and enable various types of connections, supporting the very diverse and
extreme requirements for latency, throughput, and availability needed to deliver 5G
services. In this way, the common wired and wireless network infrastructure is partitioned
into multiple logical end-to end network slices, meaning that the individual network
segments, which were formerly treated completely separately, need to converge so as to
allow the network operators to orchestrate certain capabilities across different network
points, so as to deliver customized flow, for a specific user, at specific time ([91], [92],
[93]).
Taking into account the integrated FiWi fronthaul and C-RAN characteristics of 5G-PHOS
network and its increased credentials for network slice support, a joint optical-wireless
Network Planning and Operation tool (NPO), depicted in Fig. 33, will be produced as an
SDN orchestration toolkit and control plane for configuring both optical and wireless
resources over the converged FiWi infrastructure. It will be deployed for the design,
deployment, customization, and optimization of different network slices and resources.
This will run on a common network infrastructure utilizing the capabilities of SDN, NFV,
end-to-end orchestration, network applications, and analytics ([91], [92], [93]).
The tool will leverage innovations in cloud mobile access and core network, which in turn
leads to several new parameters to be incorporated into the respective resource allocation
algorithms. Although a large number of algorithms have been proposed in the literature
for the network planning and operation, NPO will be the first attempt towards putting them
together and enabling their evaluation and use in orchestrating simultaneously both optical
and wireless network resources.
The NPO will exploit the SDN existing capabilities and improve upon them so as to optimally
manage the network resources, taking into consideration the short- and long-term needs
of the specific network applications. To this end, the NPO will manage several aspects of
the network infrastructure and will address the distinct optical/wireless resources as a
common resource pool where each network slice will derive its resources needed for the
specific application.
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Fig. 33: Network Planning and Operation tool.
In this way, the NPO will act as a level of abstraction on top of the MT-DBA algorithm,
managing the network slices on behalf of various network users, while maintaining an
integrated view of all on-going communications and active network applications. The NPO
will continuously interact with the MT-DBA algorithms to ensure the load balance amongst
the network nodes, while maintaining fairness amongst the network slices without violation
of the service guarantees. For instance, when a network segment is congested or service
quality metrics are at the threshold regarding application’s requirements, the NPO will test
alternative routes either through examination of the packet metrics provided by the MTDBA in other segments of the network, or through insertion of bogus test packets into the
network that aim to identify the best alternative routes. If such route is found, the NPO
will notify the MT-DBA’s scheduling algorithm to assign resources for the establishment of
the alternative link and release the currently employed ones ([94], [95], [96]).
Having a broader application level point of view, the NPO is able to achieve the highest
network resources utilization by clustering together services with complementary
requirements, a functionality that is outside the scope of layer 2 MT-DBA operations. For
example, the NPO will assign the same physical resources to a highly demanding, delaysensitive application such as video conference and a best-effort low-bandwidth application
such as static web-browsing instead of two concurrent delay-sensitive applications that
would stress the network resources. The NPO will assess the impact of all possible
recommendations such as the impact on latency, packet delay variation and produced
interference for all on-going users and rank them accordingly prior to instructing the MTDBA. The NPO will also feature memory characteristics by retaining a short history look-up
table containing the most recently issued commands that will enable the SDN controller to
perform quicker decisions in the future.
The outcomes of this concentrated effort will be incorporated into the FlexBox SDN control
processor, turning FlexBox and FlexBox-Pro-served network segments into fully
reconfigurable entities that can efficiently support different network slices. Taking
advantage of the 5G-PHOS centralized fronthaul nature, FlexBox is intended to host a range
of functions spanning from SDN control down to PHY transceiver optics. A highly flexible
network processor with both an integrated traffic manager and a control CPU will be
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responsible for SDN and MAC layer functions with a throughput ranging from 100 up to
400 Gb/s, while an FPGA module will be used as the DSP engine for carrying out the channel
coding/mapping and MIMO processing tasks [88].

Parameters for Technology Evaluation
Software Defined Networks' technical evaluation is one of the key factors for the successful
deployment of the 5G-PHOS project, as well as for the implementation of the use cases
scenarios. Thus, the main parameters for the technology evaluation for SDN-related
functionalities and some of the strategies to be deployed for successful implementation are
as follows ([97],[98],[99]):
•

Extremely Low Network Latency: latency (delay or Round Trip Time) shows the
time it takes for a packet to get from its source to its destination and indicates any
kind of delay that happens in data communication over a network. High latency
creates bottlenecks in any network communication. It prevents the data from taking
full advantage of the network pipe and effectively decreases the communication
bandwidth. The impact of latency on network bandwidth can be temporary or
persistent based on the source of the delays and has a big effect on overall user
experience. To avoid this, it is crucial to aim for the lowest possible latency in order
to ensure adequate performance.

•

Extremely Low Network Jitter: jitter (or packet delay variation) shows how much
the latency varies within a flow of traffic. If a connection has high jitter, packets
arrive at their destination out-of-order. The effect of this varies wildly, depending
on the application. For example, streaming protocols are more susceptible to jitter,
and especially in FiWi circumstances such as 5G-PHOS use-cases, extremely low
jitter is a significant target for the SDN architecture.

•

High Aggregate Throughput of the Network: throughput is the average rate of
successful message delivery over a communication channel. This data may be
delivered over a physical or logical link, or pass through a certain network node.
The throughput is usually measured in bits/second (bps), or data packets per time
slot. Aggregate or system throughput is the sum of the data rates that are delivered
to all terminals in a network, a very important parameter for the overall monitoring
from SDN-controller. Latency, jitter and throughput are key factors for the overall
performance of the FiWi network and for the evaluation of the SDN technology.

•

Impressive combination of SDN and Big Data Analytics: data analytics
inherited a plethora of statistics, machine learning and data mining algorithms to
combine with scalable and fault tolerant computer science methodologies and finally
deliver big data tools. The extracted network knowledge can boost SDN control by
providing a clearer view of the network dynamics, enabling network orchestrators
to optimize their services by using big data. The importance of network analytics
increases as SDN approach is further used and many flexible, highly configurable
data analytics platforms for network intelligence based on SDN and big data
principles are advanced. Various sources of information are combined in order to
generate knowledge, which in turn is used to leverage SDN, either by optimizing
the network resource allocation or by predicting the next state and proactively
orchestrating resources. The extracted knowledge is also presented to network
applications in the higher layers to assist their management processes. These
features enable 5G-PHOS to maximize its impact in the field of SDN ([100],[101]).

•

Efficient Traffic engineering: traffic engineering is an important mechanism to
optimize the performance of a network by dynamically analyzing, predicting, and
regulating the behavior of the client’s data packets. The are many parts of this
procedure, such as routing, load balancing, etc. as well as many approaches such
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as ATM-, IP-, and MPLS-based. The SDN paradigm presents a powerful control
platform for the network management over traffic flows and provides:(1)
centralized visibility including global network information (e.g. network resource
limitations or dynamically changing the network status) and global application
information, (2) programmability without having to handle individual infrastructure
elements, (3) openness, where data plane elements are concerned, regardless of
the vendors, as they have a unified interface to the controller for data plane
programming and network status collection and (4) multiple flow table pipelines in
OpenFlow switches that can make flow management more flexible and efficient
([102], [103], [104], [105], [106], [107], [108], [109], [110]).
•

Efficient Load Balancing: as mentioned above, one basic task of the NPO is to
ensure load-balancing, using the MT-DBA algorithm, while maintaining fairness
amongst the network slices without violation of the service guarantees. Loadbalancing for access points has the ability to reduce network congestion over an
area by distributing client sessions across access point radios with overlapping
coverage. With load-balancing, you can ensure that all access points on the network
handle a proportionate share of wireless traffic, and that no single access point gets
overloaded. The efficiency of this assignment is a key factor for the success of the
whole project, especially in the use cases of ultra-dense and hotspot areas ([96],
[102], [103], [104], [105], [106], [107], [108], [109], [110], [111]).

•

High Controller's Availability: in networks with very high throughput, like the
5G-PHOS FiWi network, SDN controllers must be capable of handling large amounts
of traffic. As controllers are a single point of failure, it is necessary to ensure
network reliability and seamless implementation of the use cases. The controller
failure may occur due to the improper distribution of data traffic or because some
traffic changes are unexpected. KPIs for evaluating availability could be the
percentage of time the service is available over the total time from service
deployment up or the mean time between failures. To address this problem,
different active/standby strategies will be considered to provide a controller failover in case of controller failure. The main challenge of NPO is to deploy a high
availability control plane by proposing a highly-available controller architecture,
implementing a load balancing strategy to distribute the traffic among the servers
(better management of sessions, connections, etc.), connecting to another
controller in “high load” circumstances and improving the hardware of FlexBox. This
parameter is a key indicator for the technology evaluation [111].

•

High Flexibility: flexibility is the ability for a Software Defined Network to support
new requests to change design requirements (traffic manipulating, latencies, etc.)
in a timely manner, via adaptation of resources (topology, capacity) if needed. It
also measures the ability to support different latency requirements for control plane
latency and data plane latency for the SDN/NFV techniques. It can be measured as
the fraction of the number of new requests that can be supported in a time interval,
of all given new requests. In 5G-PHOS, a high percentage of flexibility, propose an
environment where all SDN controller's duties will be implemented in an extremely
sufficient way ([111],[112]).

•

Energy efficiency in traffic allocation: for 5G communications, the main
standards are energy efficiency improvement by at least a factor of 3 and reduction
of energy cost per bit by a factor of 10. A key role is played by SDN and NFV, tasked
with the control and coordination of hundreds of nodes that need to be reconfigured
on the fly in order to optimize utilization and QoS, in view of rapidly changing traffic
flows. Among the coordinated actions that can be taken are the de-activation or
decommissioning of scarcely used network portions, including links and switches,
and the flexible re-routing of existing flows so as to jointly address energy saving
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and QoE requirements. Because of the difficulty of these targets, especially in 5GPHOS, these will be only achieved through orchestrated actions, involving a fullyunified, automated control and management plane, evaluating SDN technology
([106],[107],[110]).
•

Excessive security: the intense research and development in SDN has resulted in
dramatically evolving technology with varied security solutions to threats and
attacks. There are different ways to define and enforce security policies. The
network security policy is generally defined as the routing rules or the actions that
are allowed or forbidden in the network. Effective security policy improves QoS, and
filters the traffic. The security policy could be based on measurable documented
standards, procedures for policy enforcement and disaster recovery. Security
policies in SDN enforce security in the network with better visibility to network
traffic, segregation of services in infrastructure, rigorous monitoring of sensitive
data
and
through
inspection
of
suspicious
devices
([113],[114],[115],[116],[117],[118],[119]).

•

Quality of Service (QoS): QoS parameter is the instance to represent the quality
of service to customers. It should be easy for customers to understand the degree
of assuring the service. Generic QoS parameters required in network service are:
availability (the percentage of feasibility of service in every particular service
request), delivery (the converse of packet loss), latency, bandwidth (the used
capacity or available capacity), MTBF (Mean Time Between Failure) and MTRS (Mean
Time to Restore Service). For a project like 5G-PHOS, meeting these requirements
is essential, and SDN technical approach plays a very important role
([92],[120],[121],[122]).

•

Quality of Experience (QoE): In telecommunications terminology, QoE is a total
system performance metric to determine how well the network is fulfilling the end
user's requirements, using subjective and objective measures of customer
satisfaction. QoE takes into consideration the end-to-end connection and
applications that are currently running over that network connection and how
multimedia elements such video-streaming are satisfying or meeting the end user's
requirements. In 5G networks, all research attempts are focusing on innovation
about the improvement of QoE, because of the fact that applications needing high
QoE, are widely used in recent years ([122],[123],[124],[125]). In Table 48, the
performance attributes and the QoE expectation according to client's service are
presented ([126]).
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Table 48: QoE expectations and performance requirements by service type.
Services

QoE Expectation

Internet

Low – best effort

Performance Attributes
Variable bandwidth consumption
Latency and loss tolerant

Enterprise/ Business
Services

High – critical data

High bandwidth consumption
Highly sensitive to latency
High security

Peer-To-Peer

Low – best effort

Very- high bandwidth consumption
Latency and loss tolerant

Voice

High – Low latency and
jitter

Low bandwidth – 21-320 Kbps per call
One-way latency < 150ms
One-way jitter < 30ms

Video

Gaming &
Interactive Services

High – low jitter and
extremely-low packet
loss

Very-high bandwidth consumption

High – low packet loss

Variable bandwidth consumption

Very sensitive to packet loss

One-way latency < 150ms
One-way jitter < 30ms
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