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Abstract: 5G-PHOS aims at architecting and evaluating Fifth Generation (5G) broadband 
networks for Dense, Ultra-Dense and Hotspot area Use Cases capitalizing existing wireless 
and optical technologies, migrating from Point-to-Point (PtP) digital enhanced Common 
Public Radio Interface (eCPRI)-based fronthaul architectures towards Point-to-Multi-Point 
(PtMP) digital and analog integrated Fiber-Wireless (FiWi) fronthaul/backhaul, supporting 
millimeter wave (mmWave) massive Multiple-Input Multiple-Output (mMIMO) 
communications, while maintaining compatibility with eCPRI standard. In this deliverable, 
which is a continuation of D2.1 (delivered in the first year of the project’s course), the 5G-
PHOS architecture is elaborated and theoretically validated through: (a) a number of 
architectural instantiations depicting the way the technology supports the 5G requirements 
and the stakeholders’ needs, and (b) a fully parameterized tool incorporating all 5G-PHOS 
architectural aspects and leading to network layouts for the three 5G-PHOS Use Cases, as 
well as to interesting conclusions on the proposed architecture. As a preparation towards 
the experimental validation of the 5G-PHOS architecture and evaluation of innovations, the 
trial Use Case scenarios are updated along with the KPIs, metrics and procedures to be 
adopted in the final phases of the project.  

 

Keywords: 5G, Use Cases, 5G-PHOS Architecture, Architectural Instantiations, 
Dimensioning, Network Layout, Fiber-Wireless, optical technologies, R-RRH, SL-RRH, 
massive MIMO, Flexbox, ROADMs, KPIs, Field-Trials, Lab Demos.  
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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 
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Executive Summary 

The 5G vision is based on the delivery of next generation services with very strict KPIs 
imposed by the 5G-PPP. Towards this vision, the current network architectures need to be 
transformed and, among others, to include efficient, and, yet, feasible and affordable 
fronthaul/backhaul networks and related infrastructures to support the ultra-broadband 5G 
NR requirements ([6], [7], [8], [9], [10]). The existing fronthaul solutions are incapable 
of supporting the 5G traffic demands, while installing fibers towards every gNB/lamppost 
is definitely a costly and time-consuming solution.  

The main goal of the 5G-PHOS architecture is to provide an attractive fronthaul network 
solution, both in terms of performance and cost, and overcome the aforementioned issues, 
especially addressing both the 5G NR densification and 5G capacity requirements. Towards 
this end, the 5G-PHOS solution capitalizes on existing wireless and optical technologies. 
More specifically, by building upon and maintaining compatibility with the prevalent 
enhanced Common Public Radio Interface (eCPRI) standard ([15]), 5G-PHOS develops the 
necessary infrastructure to interconnect eCPRI-capable equipment in a PtMP manner, and 
migrates to a converged Fiber-Wireless (FiWi) network that combines the high capacity of 
the analog Radio-over-Fiber transmission with the flexible wireless links at the last-mile, 
enhanced by Optical Beamforming Networks (OBFNs) and massive MIMO mmWave 
antennas.  

In view of the final phases of the lab/field trials and demos of the 5G-PHOS project, and 
following the development of the infrastructure in relation to the designed technology 
capabilities (at the proposal preparation time) [5], a number of iterations have taken place 
towards the optimization and finalization of the 5G-PHOS network architecture, leading to 
an important result: the proposed technological solution is versatile and can be used not 
solely as fronthaul but can support operation as backhaul or midhaul, depending on the 
use case and the preferences of the Mobile Network Operator (MNO) and the potential 
verticals or infrastructure owners (municipalities, stadium owners, etc.). In the end, 3 
variants for fronthaul implementation have been designed, each one corresponding to one 
of the 3 Use Cases envisioned by the project, as detailed in D2.1 and D2.2: the Dense, 
Ultra-Dense and Hotspot Use Cases ([1], [2]). 

Although the trials and demos comprise the ultimate validation of the 5G-PHOS solution, 
additional validation means have been used complementarily, providing feedback to the 
design and specifications by revealing interesting deployment aspects (e.g., critical 
network design parameters) and, in some cases, mandating corrective assumptions and 
actions: on the one hand, the architectural instantiations confirm the desired features and 
capabilities of the 5G-PHOS solution so as to fulfil the requirements of all the involved 
stakeholders, while on the other hand, a fully parameterized dimensioning tool allows for 
deeper study of the 5G-PHOS solution and leads to network layouts for proactive 
preparation before commercialization. This tool can be also utilized for 5G-PHOS techno-
economic studies and/or comparison with other similar solutions after appropriate 
expansion with pricing information/input and financial calculations to provide cost-
revenues balance, payback periods, etc. 

As the project reaches its more mature development phases, the whole picture becomes 
clearer; thus making it possible to describe the lab and field trials and demos with more 
accuracy and details (including the implementation setup, scenarios to be evaluated, 
testing procedures, timeplans, etc.), although still restricted by inevitable delays in the 
infrastructure availability. This description is complemented by the updated definition of 
the KPIs (capacity density, latency, energy efficiency, network reconfiguration delay, 
packet loss ratio) to be validated by the 5G-PHOS solution, along with the metrics to be 
measured ([13]-[17]). 
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1. Introduction 

1.1 Purpose of this document 

This deliverable is the final report on 5G-PHOS Use Cases, System Requirements, KPIs and 
Network Architecture and the update of D2.1 (delivered in the first year of the project 
course).  

This deliverable mainly focuses on the 5G-PHOS architecture, aiming at clarifying the 
positioning of 5G-PHOS solution in the 5G networks architecture and validating its 
completeness and technology capabilities in a rather theoretical way, before the 
experimentation phases (trials and demos) take place.  

To this end, two validation means have been utilized:  

(a) architectural instantiations, explaining how the 5G user and system 
requirements as well as the involved stakeholders’ needs (e.g., telecom 
operator/MNO, vertical infrastructure owner) are supported by the 5G-PHOS 
solution, and  

(b) a fully parameterized and expandable dimensioning tool developed specifically 
for the 5G-PHOS solution, which by modeling and incorporating all its architectural 
aspects has been applied to the 3 5G-PHOS Use Cases to provide the user with a 
comprehensive overview of the network design/evolution as the 5G traffic/services 
demands increase, along with potential network layouts in specific areas.  

In addition, this deliverable updates the final lab-scale and field-trial experiments 
(description, layout, test cases/scenarios to be evaluated, risks, mitigation plans, etc.) as 
well as the KPIs (list, definition, parameters, target values, etc.) to be used for the 
experimental validation of 5G-PHOS. These updates will be used as a guide for the 
associated project phases. 

1.2 Document structure 

Following this first introductory Section (including the purpose, structure and addressed 
audience of D2.4), the structure of this deliverable, is as follows: 

• Chapter 2 provides the revised architecture of 5G-PHOS, where the differences of 
D2.4 in relation to D2.1 [1] concern the description of the 5G-PHOS Data and 
Control Planes, the compatibility of the architecture with the eCPRI standard, the 
support of multi-wavelength/multi-beam operation, the flexibility in resource 
allocation, and the multi-tenancy, multi-operator and multi-domain applications of 
the 5G-PHOS architecture. In addition, Chapter 2 provides the architectural 
instantiations that validate the specified capabilities of 5G-PHOS solution.   

• Chapter 3 describes 5G-PHOS network dimensioning and the related network 
layouts following a network dimensioning methodology that is based on a fully 
parameterized tool, especially developed for the needs of the 5G-PHOS project, 
reflecting and modelling the 5G-PHOS architecture, which is capable of 
automatically calculating/selecting the (optimal) number of 5G-PHOS 
elements/nodes required for the area/scenario under study. The tool has been 
applied on the 3 5G-PHOS Use Cases and a set of remarks and conclusions have 
been derived as a result of the dimensioning analysis. 

• Chapter 4 presents the two 5G-PHOS Lab Demos (in Lannion and Genova), and 
the three 5G-PHOS Field Trials/Demos (in Turin, Athens and Thessaloniki), 
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providing information on the scope/objectives, the implementation setup, the 
description and expected outcome, the timeplan, the risks and mitigation actions. 

• In Chapter 5, the KPIs that the 5G-PHOS trials will be addressed are elaborated, 
along with the associated measurements methodology.  

• Finally, in Chapter 6, a summary and conclusions are presented.   

1.3 Audience 

The primary target audience of this deliverable is the European Commission to evaluate 
the progress of the 5G-PHOS project as it addresses the issues raised by the Project 
Officer and the Reviewers’ team towards further clarifying the 5G-PHOS 
solution/innovations and driving the project outcomes towards potential exploitation and 
commercialization. 

This deliverable is a public deliverable that can provide the research and academic 
community (e.g., other 5G-PPP R&D project consortiums, researchers on the 5G, optical 
and wireless domains) with information on: 

• the 5G-PHOS architecture, its positioning and impact on the 5G ecosystem (5G user 
and system requirements, services, etc.) to facilitate better understanding of the 
framework and scope of the 5G-PHOS project 

• the network dimensioning methodology followed in the 5G-PHOS framework, based 
on modelling the network architectural concepts by means of a parameterized tool, 
as well as the benefits that can be derived in terms of understanding the deployment 
specificities and, potentially, the expected deployment costs, and 

• the 5G-PHOS Use Cases, lab trials and field/trials demos and the methodology for 
their evaluation (including KPIs definition, testing processes, action and mitigation 
plans). 

This document can also be useful to vertical industries (e.g., stadium owners, 
municipalities) to understand the 5G requirements and the complexity associated with their 
business, in view of their potential participation in the 5G value chain as telecom 
infrastructure owners and/or 5G service providers. 

Although this deliverable is too technical to be directly utilized by the general public, it 
may still provide some useful insight on the wide range of the issues and implications that 
need to be tackled, as well as the technologies required to be developed and optimized 
until the 5G technology becomes available at its entire set of exploitable features and 
capabilities. 
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2. 5G-PHOS Revised Architecture and Architectural 
Instantiations  

The main incentive behind the 5G-PHOS architecture is to create an ultra-broadband 
converged Fiber-Wireless Point-to-Multipoint (PtMP) fronthaul network, capable of 
supporting the required 5G NR fronthaul bandwidth, while at the same time alleviating the 
need to install fiber terminations at every MNO BS site.  

In this way, the 5G-PHOS solution becomes a very appealing proposal for both vendors 
and MNOs, since, to the best of our knowledge, it is the only solution that specifically aims 
to reduce the costs of 5G NR densification and it does so by combining the high capacity 
of the analog Radio-over-Fiber transmission with the flexibility of wireless links enhanced 
by Optical Beamforming Networks (OBFNs) and massive MIMO mmWave antennas.  

The 5G-PHOS fronthaul network solution builds upon the prevalent enhanced Common 
Public Radio Interface (eCPRI) standard [15] and creates the necessary infrastructure to 
interconnect eCPRI-capable equipment, in a PtMP manner, meaning that one central 
location hosting the centralized equipment, for example a Base Band Unit (BBU), can be 
concurrently connected to several remote locations that contain the remote equipment, for 
example the Remote Radio Heads (RRHs), through a converged Fiber-Wireless (FiWi) 
network, as depicted in Figure 1.  

Figure 1 shows how 5G-PHOS transforms the current all-digital PtP fronthaul, which 
necessitates direct and dedicated links from the centralized location to all remote locations, 
to a PtMP digital and analog converged FiWi fronthaul that addresses the problem of 5G 
NR densification (and affordability), since it allows for flexible wireless last-mile placement 
of the remote equipment in the service area while maintaining compatibility with 
standardized eCPRI [11].  
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Figure 1: 5G-PHOS transforms the PtP dedicated fiber link Fronthaul (top side) 

to a converged Fiber-Wireless PtMP high capacity analog Fronthaul (bottom 
side). 
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2.1 Revised 5G-PHOS Architecture 

Before proceeding with analyzing the revised 5G-PHOS architecture, it is worth mentioning 
that the proposed technological solution is versatile and can be used not solely as fronthaul 
but can also support operation as backhaul or midhaul, depending on the preferences of 
the MNOs and the infrastructure owners (municipalities, stadium owners, etc.). Each one 
of the 3 variants of the architectural design that 5G-PHOS proposes, corresponds to one 
of the 3 Use Cases envisioned by the project and where detailed in D2.1 and D2.2: the 
Dense, Ultra-Dense and Hotspot use cases ([1], [2]). 

Figure 2 depicts the three possible placements of the 5G-PHOS stack (corresponding to 
either fronthaul, midhaul or backhaul functionality) within 3GPP’s three-way split that 
defines three entities based on their geographical location:  

1) the Centralized Unit (CU) that resides in the MNO’s Central Office,  
2) the Distributed Unit (DU) that resides close to the user area, usually at the 

basement of the building containing the antennas or somewhere close-by and  
3) the Radio Unit (RU) that contains only the radio elements and the unit that is closest 

to the mobile users.  

 
Figure 2: 5G-PHOS solution as a backhaul, midhaul or fronthaul implementation. 

 

Referring to Figure 1, it can be seen that 5G-PHOS creates a FiWi PtMP bridge between the 
centralized and remote equipment, linking the multiple Service Access Points (either gNB, 
DUs, RUs or WiFi access points depending on 5G-PHOS solution placement).  

Since the rest of the document focuses on the use of 5G-PHOS technology to facilitate 
fronthaul solutions, we will not employ 3GPP’s CU/DU/RU notation hereafter, but instead 
employ the terms BBU and RRH and their connection (i.e, the fronthaul) to refer to the 
central and remote equipment used by MNOs today.  

The 5G-PHOS PtMP architecture used for fronthaul operation in the Dense area UC is 
displayed in Figure 3. 
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Figure 3: The 5G-PHOS PtMP fronthaul solution used to wirelessly connect 

multiple RRHs with a BBU (Dense Area Use Case scenario). 

 

As can be seen, the 5G-PHOS architecture, besides the MNO equipment (in blue) involves 
a number of entities (in orange) as follows (see Figure 3):  

• Master Flexbox: The role of the Master Flexbox is to receive the digital eCPRI signals 
that are generated by the MNO’s BBU, and load the incoming Ethernet (ETH) 
packets onto analog carriers that will traverse the converged FiWi network. The 
Master Flexbox also creates and transmits all signals belonging to the fronthaul’s 
control plane and hosts all higher-level operations such as SDN agents and access 
control, while it creates the analog signals for the downlink direction. Specifically 
regarding SDN functionalities, the Master Flexbox supports OpenvSwitch (OvS) 
which is a production quality, multilayer virtual switch. Regarding interaction with 
the SDN controller, OpenFlow, OVSDB and NETCONF protocols are supported, for 
reasons that have been reported in D7.1 [4]. In terms of hardware, the Master 
Flexbox contains the Bluefield network controller that hosts the upper-layer 
functionalities and can perform Ethernet packet processing, as well as the FPGA 
module that performs the Digital Signal Processing (DSP) functions and the 
transceivers that take care of the actual data transmission. The Master Flexbox is 
connected through an Ethernet port (provided by Bluefield) to the centralized unit 
(BBU, CU, DU or 4G/5G core depending on the 5G-PHOS stack placement).   

• The Rooftop RRH (R-RRH): The R-RRH receives the analog signals from the Master 
Flexbox and transmits them over the air in the mmWave band. In terms of 
hardware, it contains the OBFN module and the mmWave massive MIMO antenna. 
In the Hotspot scenario (see Figure 5) where multiple wavelengths are employed in 
the 5G-PHOS architecture, the R-RRH also contains the ROADM module that is used 
to perform wavelength selection. 

• The Secondary Lamppost RRH (SL-RRH): It contains the mmWave antenna that can 
receive the signals from or transmit to the R-RRH (the latter in the Uplink direction). 
This antenna module is generally simpler than the R-RRH antenna, since it 
communicates to only a single R-RRH in the Uplink direction and, hence, does not 
need to form multi-beam patterns (therefore, it does not contain OBFNs).  

• The Slave Flexbox: The Slave Flexbox contains a smaller, more lightweight version 
of the Bluefield controller and an FPGA that receives and decodes the signals 
belonging to the fronthaul’s Control and Data planes (CP, DP). Moreover, the Slave 
Flexbox hosts some high-level operations such as SDN agents, while it creates the 
analog signals for the uplink direction for both CP and DP. It is connected through 
an Ethernet port (provided by Bluefield) to the remote unit (RU, DU, or gNB 
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depending on the placement of the solution). Again, the Slave Flexbox supports 
OpenvSwitch and hence OpenFlow, OVSDB and NETCONF. 

The 5G-PHOS PtMP architecture used for fronthaul operation in the Ultra Dense area UC is 
displayed in Figure 4. 

 
Figure 4: The 5G-PHOS PtMP fronthaul solution in the Ultra-Dense Use Case 

scenario. 

 

The Ultra-Dense UC architecture variant is quite similar to the one depicted in Figure 3, 
with the differences being in the number of supported R-RRH modules, and consequently 
in the number of MNO RRH modules that can be supported in a geographical area. 
Specifically, in 5G-PHOS we envision and design our equipment to support up to 16 R-RRH 
modules that are connected to the Master Flexbox by either 16 fibers or alternatively (as 
shown in the inset of Figure 4) by the use of 16 wavelengths in a WDM manner. In this 
way, MNOs or Infrastructure Owners (IOs) can multiply up to 16 times the amount of 
supported RRH equipment for use in areas with great population densities, such as city 
centers, where capacity requirements necessitate the deployment of added telecom 
equipment in order to meet the increased demand.  

The 5G-PHOS PtMP architecture used for fronthaul operation in the Hotspot area UC is 
displayed in Figure 5. 
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Figure 5: The 5G-PHOS PtMP fronthaul solution in the Hotspot Use Case 

scenario. 

 

The main difference between the Hotspot architecture and the previous ones is the fact 
that the Hotspot architecture employs, by default, a WDM approach that is supported by 
the employment of the 5G-PHOS ROADM modules (manufactured by Lionix) placed in a 
bus topology with a single optical fiber running along them. The Hotspot architecture is 
specifically designed to facilitate the needs of Hotspot areas that are usually small 
privately-owned establishments, such as stadiums and concert-halls, where a massive 
number of people congregate at frequent intervals. In the Hotspot UC, we employ a WDM 
solution to increase capacity from the get-go and we rely on a single fiber bus topology 
that is more suitable for internal cabling.  

2.1.1 eCPRI Requirements  
The eCPRI connections refer to three main traffic categories (Figure 6) [11]: 

• eCPRI services: The actual eCPRI traffic that contains the user data, the real time 
control as well as the packets required for other eCPRI services. The eCPRI traffic 
is passed to the Ethernet MAC layer through UDP and IP layers.  

• Control and Management (C&M) data: This data category carries the control and 
management traffic that goes through to the remote unit. The C&M information will 
not be transmitted via an eCPRI-specific protocol. The details of this information 
flow are out of the scope of the eCPRI specification. This information flow can use 
protocols (e.g., TCP) over the IP protocol but any other solution is not precluded. 
The C&M information flow will be considered as non-time-critical and utilizes only a 
small part of the total bandwidth between eCPRI entities. This data is carried 
through management protocols, such as SNMP, over UDP/TCP and IP protocols.  

• Synchronization data: Data employed in order to synchronize the clocks of the 
remote and centralized units. The synchronization information will not be 
transmitted via an eCPRI-specific protocol. The details of this information flow are 
out of the scope of the eCPRI specification. This information flow can use existing 
protocols, e.g. Synchronous Ethernet (SyncE), Precision Time Protocol (PTP), but 
any other solution is not precluded. 
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In 5G-PHOS, the eCPRI traffic makes up the Data Plane (DP), whereas the C&M and Synch 
traffic are transferred via the Control Plane (CP).  

 
Figure 6: The eCPRI protocol stack. 

 

2.1.2 5G-PHOS Data Plane 
The 5G-PHOS solution employs the mmWave band as the spectrum of choice in order to 
wirelessly connect the R-RRH to the SL-RRHs. The major reason for choosing the mmWave 
bands is the abundance of bandwidth, since the FCC has allocated 14 GHz of contiguous 
unlicensed spectrum in the V-Band, therefore providing the necessary bandwidth to 
support the increased 5G fronthaul throughput. Also, compared to higher frequencies, 
mmWaves offer higher effective transmission ranges and have been shown to be very 
efficient and cost-effective solutions for deploying fiber-like 5G fixed wireless access (FWA), 
a case which is very similar to the 5G-PHOS fronthaul deployment framework [12].  

As a case study, 5G-PHOS builds its technology around the unlicensed 60 GHz ISM band, 
which, in Europe, spans the frequency range 57-66 GHz. The consortium has chosen to 
propose a flexible numerology for the specification of the frequency channels within the 
available spectrum, since different use cases could benefit either from many narrower or 
fewer broader channels. For instance, if the MNO employs a Low Layer Split (LLS) between 
its BBU and RRH units, then it will require wide frequency channels that are able to carry 
the appropriate large throughput of fronthaul data. Also, regarding this case, high 
granularity is not a desired property since LLSs produce Constant Bit Rate (CBR) data 
traffic regardless of how many Mobile Entities (MEs) are served by the RRH; therefore, 
RRHs do not increase or decrease the load in the fronthaul, they can just be turned off or 
on. On the contrary, if the MNO is employing a Higher Layer Split (HLS) between the BBU 
and the RRHs, then the fronthaul could benefit from a larger number of narrower fronthaul 
channels, since in the HLS case the fronthaul load varies dynamically based on the number 
of served MEs and their traffic characteristics. Therefore, the variation of fronthaul traffic 
could take place at small steps, in which case the assignment of broad channels could lead 
to resource waste and also withhold resources from other RRHs that require them. To this 
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end, we present below three possible channel numerologies, based on 100, 200 and 400 
MHz channel bandwidths.  

The defined 5G-PHOS numerology when employing 100 MHz channels is shown in Table 1 
below. In this case, 5G-PHOS defines 80 channels, 40 for uplink (UL) traffic (from SL-RRH 
to R-RRH) and 40 for downlink (DL) traffic (from R-RRH to SL-RRH).  

Table 1: The 5G-PHOS 60 GHz channel numerology for 100 MHz channel 
bandwidth 

Channel Center (GHz) Min (GHz) Max (GHz) BW (MHz) DL/UL 

1 57.05 57 57.1 100 DL 
2 57.16 57.11 57.21 100 DL 
3 57.27 57.22 57.32 100 DL 
4 57.38 57.33 57.43 100 DL 
5 57.49 57.44 57.54 100 DL 
6 57.6 57.55 57.65 100 DL 
7 57.71 57.66 57.76 100 DL 
8 57.82 57.77 57.87 100 DL 
9 57.93 57.88 57.98 100 DL 

10 58.04 57.99 58.09 100 DL 
11 58.15 58.1 58.2 100 DL 
12 58.26 58.21 58.31 100 DL 
13 58.37 58.32 58.42 100 DL 
14 58.48 58.43 58.53 100 DL 
15 58.59 58.54 58.64 100 DL 
16 58.7 58.65 58.75 100 DL 
17 58.81 58.76 58.86 100 DL 
18 58.92 58.87 58.97 100 DL 
19 59.03 58.98 59.08 100 DL 
20 59.14 59.09 59.19 100 DL 
21 59.25 59.2 59.3 100 DL 
22 59.36 59.31 59.41 100 DL 
23 59.47 59.42 59.52 100 DL 
24 59.58 59.53 59.63 100 DL 
25 59.69 59.64 59.74 100 DL 
26 59.8 59.75 59.85 100 DL 
27 59.91 59.86 59.96 100 DL 
28 60.02 59.97 60.07 100 DL 
29 60.13 60.08 60.18 100 DL 
30 60.24 60.19 60.29 100 DL 
31 60.35 60.3 60.4 100 DL 
32 60.46 60.41 60.51 100 DL 
33 60.57 60.52 60.62 100 DL 
34 60.68 60.63 60.73 100 DL 
35 60.79 60.74 60.84 100 DL 
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Channel Center (GHz) Min (GHz) Max (GHz) BW (MHz) DL/UL 

36 60.9 60.85 60.95 100 DL 
37 61.01 60.96 61.06 100 DL 
38 61.12 61.07 61.17 100 DL 
39 61.23 61.18 61.28 100 DL 
40 61.34 61.29 61.39 100 DL 
41 61.45 61.4 61.5 100 UL 
42 61.56 61.51 61.61 100 UL 
43 61.67 61.62 61.72 100 UL 
44 61.78 61.73 61.83 100 UL 
45 61.89 61.84 61.94 100 UL 
46 62 61.95 62.05 100 UL 
47 62.11 62.06 62.16 100 UL 
48 62.22 62.17 62.27 100 UL 
49 62.33 62.28 62.38 100 UL 
50 62.44 62.39 62.49 100 UL 
51 62.55 62.5 62.6 100 UL 
52 62.66 62.61 62.71 100 UL 
53 62.77 62.72 62.82 100 UL 
54 62.88 62.83 62.93 100 UL 
55 62.99 62.94 63.04 100 UL 
56 63.1 63.05 63.15 100 UL 
57 63.21 63.16 63.26 100 UL 
58 63.32 63.27 63.37 100 UL 
59 63.43 63.38 63.48 100 UL 
60 63.54 63.49 63.59 100 UL 
61 63.65 63.6 63.7 100 UL 
62 63.76 63.71 63.81 100 UL 
63 63.87 63.82 63.92 100 UL 
64 63.98 63.93 64.03 100 UL 
65 64.09 64.04 64.14 100 UL 
66 64.2 64.15 64.25 100 UL 
67 64.31 64.26 64.36 100 UL 
68 64.42 64.37 64.47 100 UL 
69 64.53 64.48 64.58 100 UL 
70 64.64 64.59 64.69 100 UL 
71 64.75 64.7 64.8 100 UL 
72 64.86 64.81 64.91 100 UL 
73 64.97 64.92 65.02 100 UL 
74 65.08 65.03 65.13 100 UL 
75 65.19 65.14 65.24 100 UL 
76 65.3 65.25 65.35 100 UL 
77 65.41 65.36 65.46 100 UL 
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Channel Center (GHz) Min (GHz) Max (GHz) BW (MHz) DL/UL 

78 65.52 65.47 65.57 100 UL 
79 65.63 65.58 65.68 100 UL 
80 65.74 65.69 65.79 100 UL 

In this case, each wireless channel has a bandwidth of 100 MHz, whereas the guard bands 
are 10 MHz wide, corresponding to 10% of the usable bandwidth, which is similar to LTE 
specifications. 

The defined 5G-PHOS numerology when employing 200 MHz channels is shown in Table 2 
below. In this case, 5G-PHOS defines 40 channels, 20 for uplink (UL) traffic (from SL-RRH 
to R-RRH) and 20 for downlink (DL) traffic (from R-RRH to SL-RRH).  

Table 2: The 5G-PHOS 60 GHz channel numerology for 200 MHz channel 
bandwidth 

Channel Center 
(GHz) 

Min (GHz) Max (GHz) BW (MHz) DL/UL 

1 57.1 57 57.2 200 DL 
2 57.32 57.22 57.42 200 DL 
3 57.54 57.44 57.64 200 DL 
4 57.76 57.66 57.86 200 DL 
5 57.98 57.88 58.08 200 DL 
6 58.2 58.1 58.3 200 DL 
7 58.42 58.32 58.52 200 DL 
8 58.64 58.54 58.74 200 DL 
9 58.86 58.76 58.96 200 DL 

10 59.08 58.98 59.18 200 DL 
11 59.3 59.2 59.4 200 DL 
12 59.52 59.42 59.62 200 DL 
13 59.74 59.64 59.84 200 DL 
14 59.96 59.86 60.06 200 DL 
15 60.18 60.08 60.28 200 DL 
16 60.4 60.3 60.5 200 DL 
17 60.62 60.52 60.72 200 DL 
18 60.84 60.74 60.94 200 DL 
19 61.06 60.96 61.16 200 DL 
20 61.28 61.18 61.38 200 DL 
21 61.5 61.4 61.6 200 UL 
22 61.72 61.62 61.82 200 UL 
23 61.94 61.84 62.04 200 UL 
24 62.16 62.06 62.26 200 UL 
25 62.38 62.28 62.48 200 UL 
26 62.6 62.5 62.7 200 UL 
27 62.82 62.72 62.92 200 UL 
28 63.04 62.94 63.14 200 UL 
29 63.26 63.16 63.36 200 UL 
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Channel Center 
(GHz) 

Min (GHz) Max (GHz) BW (MHz) DL/UL 

30 63.48 63.38 63.58 200 UL 
31 63.7 63.6 63.8 200 UL 
32 63.92 63.82 64.02 200 UL 
33 64.14 64.04 64.24 200 UL 
34 64.36 64.26 64.46 200 UL 
35 64.58 64.48 64.68 200 UL 
36 64.8 64.7 64.9 200 UL 
37 65.02 64.92 65.12 200 UL 
38 65.24 65.14 65.34 200 UL 
39 65.46 65.36 65.56 200 UL 
40 65.68 65.58 65.78 200 UL 

 

In this case, each wireless channel has a bandwidth of 200 MHz, whereas the guard bands 
are 20 MHz wide, corresponding to 10% of the usable bandwidth, which is similar to LTE 
specifications. 

The defined 5G-PHOS numerology when employing 400 MHz channels is shown in Table 3 
below. In this case, 5G-PHOS defines 20 channels, 10 for uplink (UL) traffic (from SL-RRH 
to R-RRH) and 10 for downlink (DL) traffic (from R-RRH to SL-RRH).  

Table 3: The 5G-PHOS 60 GHz channel numerology for 400 MHz channel 
bandwidth 

Channel Center 
(GHz) 

Min (GHz) Max (GHz) BW (MHz) DL/UL 

1 57.2 57 57.4 400 DL 
2 57.64 57.44 57.84 400 DL 
3 58.08 57.88 58.28 400 DL 
4 58.52 58.32 58.72 400 DL 
5 58.96 58.76 59.16 400 DL 
6 59.4 59.2 59.6 400 DL 
7 59.84 59.64 60.04 400 DL 
8 60.28 60.08 60.48 400 DL 
9 60.72 60.52 60.92 400 DL 

10 61.16 60.96 61.36 400 UL 
11 61.6 61.4 61.8 400 UL 
12 62.04 61.84 62.24 400 UL 
13 62.48 62.28 62.68 400 UL 
14 62.92 62.72 63.12 400 UL 
15 63.36 63.16 63.56 400 UL 
16 63.8 63.6 64 400 UL 
17 64.24 64.04 64.44 400 UL 
18 64.68 64.48 64.88 400 UL 
19 65.12 64.92 65.32 400 UL 
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Channel Center 
(GHz) 

Min (GHz) Max (GHz) BW (MHz) DL/UL 

20 65.56 65.36 65.76 400 UL 

In this case, each wireless channel has a bandwidth of 400 MHz, whereas the guard bands 
are 40 MHz wide, corresponding to 10% of the usable bandwidth, which is similar to LTE 
specifications. 

It is worth mentioning that, based on preferences of the MNOs and the infrastructure 
owners, other bands with different numerology can be chosen (such as the 70 GHz and 80 
GHz bands that together offer 10 GHz of additional bandwidth) to employ in their fronthaul 
deployments. The 5G-PHOS solution offers a flexible framework that can operate with 
various numbers of available channels of variable bandwidth, given that the higher the 
available bandwidth, the larger the number of concurrent fronthaul connections that can 
be supported. The SDN controller supports a Graphical User Interface (GUI) that is running 
on the application layer and provides the 5G-PHOS network owner with full control on how 
to assign pairs of DL and UL channels to each active SL-RRH, which will be used to transport 
the DL and UL eCPRI traffic produced/received by the RRH modules. Please note that the 
DP channels of the 5G-PHOS fronthaul architecture are called “sub-bands” within the scope 
of the project and we will hereafter employ the terms “sub-band” and “DP channel” 
interchangeably. Clearly, at least one DL/UL sub-band pair must be assigned to a SL-RRH 
in order to establish the eCPRI protocol. If no DP sub-bands are assigned, then only the 
CP plane is active, so as to allow the MNOs to manage their RRHs.  

In case a RRH is connected to a particular SL-RRH with higher bandwidth demands, 
additional DL/UL channel pairs shall be assigned to it in order to meet the required 
connection bandwidth. Figure 7 displays an example of a system comprised of one Master 
Flexbox offering connectivity to 3 SL-RRHs. In the presented scenario, the first two SL-
RRHs (SL-RRH 1 and SL-RRH 2) have been assigned one DL/UL pair each (sub-bands 1/11 
and 2/12, respectively, for DL/UL), whereas SL-RRH 3 has been assigned two pairs of 
DL/UL channels (3/13 and 4/14, respectively, for DL/UL), thus gaining double the 
bandwidth. These assignments have been performed in the network initialization phase by 
the operator through the SDN GUI, which in turn transmits the respective OpenFlow 
packets to the Master and Slave Flexboxes. 

It is assumed that the bandwidth requirements of each RRH module are set by the MNO 
and are known to the 5G-PHOS system. The DL DP channels are broadcasted through a 
multi-lobe beam created by the 5G-PHOS mMIMO antenna, with the lobes being setup 
specifically so as to target the SL-RRHs with high-gain pencil beams. The multi-lobe beam 
transmitted by the R-RRH carries simultaneously all DL channels. After the reception of the 
DL beam the Slave Flexbox attached to each SL-RRL demodulates only the sub-band that 
has been assigned to it, while discarding the others. In the UL direction, the Slave Flexbox 
modulates the UL data to the specific UL sub-band that has been assigned to it.  

2.1.3 5G-PHOS Control Plane 
The control plane employs out-of-band (meaning a frequency band separate from the DP 
bands) channels to distribute the C&M and sync information to/from the SL-RRHs. In 
addition to the aforementioned packets that are necessary for establishing a functioning 
connection to the RRH, the CP is also used to carry the additional packets necessary to 
perform the sub-band assignment. As reported in D7.1 [4], the sub-band assignment 
functionality is performed by the 5G-PHOS Software Defined Networking (SDN) mechanism 
through dynamic VLAN tagging. This SDN mechanism is based on the OpenFlow and 
OVSDB protocols, that in turn run on top of the TCP/IP protocol stack. These TCP packets 
are sent from the SDN controller to the Bluefield chip of the Master and Slave Flexbox 
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units. The dynamic VLAN tagging mechanism adds specific VLAN tags to Ethernet packets, 
based on rules that are uploaded to the Master and Slave Flexboxes. The actual VLAN 
tagging is performed in real-time by the OpenvSwitch interface that is directly supported 
by the Bluefield module. Based on the incoming VLAN tag, the FPGA modulates the 
Ethernet packets to the appropriate sub-band, as per the instructions of a hard-coded Finite 
State Machine within the FPGA module.   

The CP channel is broadcasted to the lampposts through a wide beam that covers all the 
served lamppost antennas. In the DL direction the communication is PtMP since there is 
only one broadcasting station (the R-RRH) and several recipients (the SL-RRHs). In the UL 
direction the opposite is true, giving rise to the problem of multiple access. In order to 
achieve concurrent UL communication, 5G-PHOS employs a Code Division Multiple Access 
(CDMA) scheme that allows several transmitters to send information simultaneously over 
a single communication channel by employing spread spectrum technology and a special 
coding scheme where each transmitter is assigned a distinct code. The chosen CP channel 
numerology is shown in Table 4 below. 

Table 4: The 5G-PHOS CP channel numerology 

 

As shown in the above Table, two 80 MHz channels are used for transporting the CP signals, 
one in the DL and one in the UL direction. The DL signal is transmitted using a wide-angle 
beam that can reach all the SL-RRHs (see Figure 7). On the contrary, the UL CP signals 
are transmitted using narrower beams since all SL-RRHs need to target only a single R-
RRH.  

In addition to the above signal, one additional signal is transmitted by the Master Flexbox 
to the R-RRH, carrying the necessary control signals to manage the OBFN module present 
in the R-RRH. This signal is called the Control Plane Rooftop (CP-RT) and, contrary to all 
other channels, has a purely optical nature and terminates in the R-RRH, i.e., it is not 
broadcasted over the air.  

In Figure 7 we present an example of a network comprised of one R-RRH and three SL-
RRHs. In this example, SL-RRH 1 has been assigned 1 sub-band for DL and 1 for UL 
(channels nr. 1 and 11 respectively), SL-RRH 2 has been assigned 1 sub-band for DL and 
1 for UL (channels nr. 2 and 12 respectively), and finally SL-RRH 3 has been assigned 2 
sub-bands for DL and 2 for UL (channels nr. 3, 4 and 13, 14 respectively). These 
assignments have been performed in the initialization phase by the IO through the SDN 
GUI, which in turn transmits the respective OpenFlow packets to the Master and Slave 
Flexboxes.  

Channel Center 
(GHz) 

Min (GHz) Max (GHz) BW (MHz) DL/UL 

CP-1 65.84 65.80 65.88 80 DL 

CP-2 65.94 65.90 65.98 80 UL 
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Figure 7: Example of the 5G-PHOS Control and Data Planes in a system where 

the centralized location serves 3 SL-RRHs. 

2.1.4 5G-PHOS multi-wavelength/multi-beam architecture 
In addition to the formation of the Data and Control Planes displayed in Figure 7, it is worth 
mentioning that the 5G-PHOS architecture also provides a multi-wavelength/multi-beam 
service which multiplies the spatial capacity of the network by reusing the same spectrum 
in different sectors. This is achieved by exploiting the modular design of the massive MIMO 
OBFN-enabled antenna that can support a variable number of MIMO PCBs that produce 
various data rates and parallel narrow beam combinations. For more information on the 
design of the 5G-PHOS modular RRH antenna, we refer the reader to D3.1 [3].  

Figure 8 displays the design of the multi-wavelength/multi-beam Rooftop Antenna (R-RRH) 
that employs 4 MIMO-PCBs, each one directed at a different sector of the 360 degrees 
angular space in the Downlink direction. As can be seen, this design employs 4 MIMO PCB 
antennas, each one fed by a different wavelength that carries the same DP and CP 
channels, meaning that the same frequencies will be broadcasted at all four 90 degrees 
sectors. This essentially enables spatial multiplexing and, in the displayed case, essentially 
quadruples the 5G-PHOS fronthaul network capacity. The selection of the wavelength is 
performed by means of the ROADM module that is developed within 5G-PHOS, but the 
same principle can apply with any other wavelength selection method, such as tunable 
optical filters etc.  
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Figure 8: The multi-wavelength/multi-beam design of the 5G-PHOS Rooftop 

antenna that enables spatial multiplexing (and thus multiplication of the 
fronthaul capacity) by directing each MIMO PCB of the antenna to a separate 

sector. 

2.1.5 Flexibility in the Resource Allocation 
At the current 5G-PHOS architecture, flexibility in resource allocation is mainly based on 
the assignment of sub-bands to the lamp-posts and the beamsteering/beamforming 
functionality. This flexibility is planned and handled by the SDN controller through the 
dynamic VLAN tagging mechanism. In the Dense and Ultra-Dense use cases, where we 
have static allocation of one wavelength per fiber, the UL/DL sub-band pairs are assigned 
to the lampposts according to and depending on their traffic demands. For instance, 
considering a Higher-Layer Split (HLS) between the BBU and the RRHs, where the traffic 
in the fronthaul fluctuates depending on the actual user traffic, one lamppost that serves 
more MEs will receive more sub-bands for communicating with the Rooftop antenna, 
whereas others will receive only one sub-band or in the case of no current users their DP 
can be shutdown completely, by de-assigning all sub-bands to the specific SL-RRH. The 
assignment of sub-bands can take place in either a static or dynamic manner. Static sub-
band assignment means that the SL-RRH is being assigned a fixed number of sub-bands 
whether they are actually used or not. Dynamic assignment of sub-bands can take the 
following forms: 

• The SL-RRH will be assigned one sub-band at the beginning of the connection and 
when/if a specific usage threshold is surpassed (for instance 80% of the sub-band 
capacity) additional sub-bands will be assigned to it 

• The assignment to each SL-RRH or R-RRH is handled by an optimization algorithm 
that maximizes the overall network throughput using the minimum number of 
channels with respect to user demands in high traffic scenarios. Hence, the SDN 
controller will automatically assign more sub-bands until the maximum specified 
number of sub-bands is reached. All these options are exposed to the 5G-PHOS IO 
through the SDN GUI.  

In the Hotspot scenario, where we have WDM functionalities through the employment of 
the ROADM module, the flexibility comes also from turning on or off various R-RRHs, so as 
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to distribute the traffic stemming from the lampposts to more or fewer rooftops and, 
essentially, to other wavelengths. Example: In a stadium we have two buses each one 
connecting 4 R-RRHs. At the beginning, in each bus we activate only two Rooftops that 
provide the C&M and sync connectivity to all SL-RRHs and distribute the DP sub-bands 
accordingly (again to all SL-RRHs). However, traffic demands will rise as more people start 
coming into the stadium, and more sub-bands are needed since the SL-RRHs have 
increased capacity needs. At this point more R-RRHs are activated by assigning 
wavelengths to them and some SL-RRHs pass under their authority (both CP and DP 
channels). As people gradually depart from the stadium and traffic demands fall, lamppost 
antennas could be redirected to a smaller number of R-RRHs and wavelengths could be 
released.  

2.1.6 Multi-tenancy, multi-operator and multi-domain 
applications of the 5G-PHOS architecture 

5G-PHOS provides a flexible solution to allow for RRH/Small Cell (SC) densification without 
the need for new fiber installation to all lampposts. Using the 5G-PHOS solution, an 
infrastructure owner could provide the framework to operators to install their RRHs/SCs to 
the lamp-posts antennas, so as to provide coverage in the specific area. However, the 5G-
PHOS architecture provides the framework to connect two or more RRHs/SCs belonging to 
different operators into the same lamppost antenna using the same fronthaul capacity or 
by employing different sub-bands. Figure 9 displays the case where two different operators 
install their 5G RRH’s into the same SL-RRH module. In the displayed case, the 5G-PHOS 
fronthaul assigns 3 sub-bands to each MNO RRH, granting them the necessary capacity to 
function. In this case the RRHs are connected to either the same or distinct Ethernet ports 
onto the Bluefield module.  

 
Figure 9: Example of two operators installing their RRHs onto the same SL-RRH 
module. The 5G-PHOS fronthaul architecture assigns distinct sub-bands to each 

operator. 

Another way that 5G-PHOS implements multi-tenancy is that it allows for installation of 
different functional-split RRHs, meaning that each operator is free to make its choice of 
desired functional splits. However, it is worth mentioning that Lower-Layer splits (LLS) 
require more fronthaul capacity (in 5G-PHOS terms more sub-bands) and therefore, while 
their acquisition would be cheaper, their operation would be more costly, as more spectrum 



 Deliverable D2.4   
 
 

 
5G-PHOS – D2.4              29/106 

 

would have to be assigned. Figure 10 shows an example where two operators attach their 
RRHs into two different SL-RRHs. However, Operator A employs a LLS RRH which requires 
three times more bandwidth than operator B and therefore receives three times more 
fronthaul sub-bands in order to meet its capacity needs. Note that the 5G-PHOS 
architecture allows for placement of the different split remote units into the same SL-RRH 
as well, as shown in Figure 10.  

 
Figure 10: Example of two operators installing different layer split RRHs in two 

different lamppost antennas of the 5G-PHOS fronthaul architecture. 

Finally, it is worth noting that the 5G-PHOS architecture also supports multi-domain 
instantiations, such as for instance parallel placement of mobile and home wired access 
services upon the same infrastructure. Figure 11 shows such an example, where an 
operator places, on the same SL-RRH, an RRH and the last-mile connection of a wired 
home subscriber, where each connection is assigned 3 sub-channels of the 5G-PHOS 
fronthaul capacity.  
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Figure 11: Example of an operator installing an RRH and a Home Subscriber Line 

onto the same lamppost antenna of the 5G-PHOS fronthaul infrastructure. 

2.2 Architectural Instantiations 

This Section presents the architectural instantiations that fulfill the “requirements” of the 
main stakeholders of the 5G-PHOS solution (that is, MNOs, site owners, tenants), based 
on respective representative scenarios.  

Scenario #1: MNO provides access to other “local” MNO(s) 

MNO_X has deployed the 5G-PHOS solution (R-RRHs, SL-RRHs, 5G equipment) to meet 
its own capacity, coverage and (own) customer needs in a dense/ultra-dense area in a 
flexible and economically viable way. In addition, MNO_X needs to support MNO_Y having 
no or limited “presence” in this area, which implies that MNO_X shares part of or all of 
the 5G-PHOS solution with MNO_Y. 

Customers 

MNO_X subscribers, roamers, tenants (e.g. verticals) and/or “local” MNOs (MNO_Y, 
MNO_Z). 

Impact on 5G-PHOS solution 

5G-PHOS architecture shall support Multi-operator operation.  

Architectural Instantiation (2 options are considered) 

1) MNO_Y is served as MNO_X’s tenant in the same SL-RRH 

This case assumes that MNO_Y connects its RRHs directly to the Ethernet interface of an 
existing SL-RRH (strictly speaking, the Ethernet interface of the Slave Flexbox unit 
attached to this SL-RRH) that belongs to MNO_X, as depicted in Figure 12. Since MNO_Y’s 
RRHs modules have their own IP addresses, MNO_X can create IP-based rules and upload 
them to the OpenvSwitch of the SL-RRH through the Graphical User Interface (GUI) of 
the SDN controller in order to set-up the capacity of the former and its limits. The IP-
based rules could either state that the MNO_Y’s RRH receives dedicated sub-band(s) and 
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how many or MNO_Y share the same sub-bands with the MNO_X’s RRH, depending on 
the contract rules and 5G-PHOS DP numerology.  

Sharing of the sub-band is carried out by assigning the same VLAN-id to both MNO_X and 
MNO_Y Ethernet packets, causing them to be modulated on the same sub-band by the 
FPGA, while the OpenvSwitch enforces adherence to the bandwidth limits (using OVSDB 
protocol), for instance limiting MNO_Y’s traffic to 1 Gbps or any other agreed upon value.  

The above rules form a separate “slice” for MNO_Y to use for providing connectivity to 
MNO_Y’s RRH. The rules are transmitted to both the Master and Slave Flexbox(es) by use 
of the OpenFlow and OVSDB protocols (based on TCP/IP). The number of sub-bands 
allocated to MNO_Y traffic can either be static, i.e., assigned whether or not MNO_Y 
actually uses them, or dynamic, i.e., the desired number of bands are assigned at the 
beginning of the RRH operation and are scaled-up or scaled-down automatically based on 
optimization algorithms that are running on the SDN controller.  

The above operations are directly supported by the SDN controller, which exposes these 
options to MNO_X through the NPO management GUI.  

 
Figure 12: Example of a 5G-PHOS multi-operator architectural instantiation  

using the same SL-RRH. 

 

2) MNO_Y is served as MNO_X’s tenant but deploys its own SL-RRHs 
connected to MNO_X R-RRHs. 

In this case, MNO_Y deploys separate SL-RRHs and 5G RRHs, the latter being connected 
to the MNO_Y’s SL-RRH through the Ethernet interface provided by the Slave Flexbox 
unit, as depicted in Figure 13. This new SL-RRH is configured by MNO_X and is added to 
the 5G-PHOS system. It communicates wirelessly to the same R-RRH owned by MNO_X. 
After the initial setup has been completed, MNO_X can assign sub-bands to it through the 
Graphical User Interface (GUI) of the SDN controller, as it does with the other SL-RRHs. 
Passing of the rules to the Master and Slave Flexbox units is carried out through 
transmission of OpenFlow and OVSDB protocol packets (based on TCP/IP).  

As with its own SL-RRHs, MNO_X has several options with respect to sub-band 
assignment, i.e., how many sub-bands should be allocated to SL-RRHs of MNO_Y, if the 
number of sub-bands is static or dynamic and, in the latter case, the maximum number 
of sub-bands to be allocated. MNO_X also has the option to limit traffic bandwidth within 
the sub-band. As an example, assuming that in the chosen numerology each sub-band 
carries a capacity of 2.4 Gbps, MNO_X could limit MNO_Y’s SL-RRH capacity to 1 Gbps, if 
this is the capacity that MNO_Y has leased, and later increase/decrease it if the contract 
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changes. As in the previous scenario, all these options are provided through the 5G-PHOS 
SDN GUI.  

 
Figure 13: Example of 5G-PHOS multi-operator architectural instantiation  

using different SL-RRHs. 

 

Scenario #2: MNO adopts 5G-PHOS solution @ dense/ultra-dense areas 

The MNO deploys the 5G-PHOS solution (R-RRHs, SL-RRHs, 5G equipment) to meet its 
own capacity, coverage and (own) customer needs in a dense/ultra-dense area in a 
flexible and economically viable way. 

Customers 

Mobile subscribers, fixed subscribers via fixed wireless access (FWA), tenants (e.g. 
verticals), excluding “local” MNOs. 

Impact on 5G-PHOS solution 

5G-PHOS architecture shall support: (1) Multi-tenancy to support multiple 
tenants/verticals concurrently through slicing, (2) Multi-domain (e.g., fixed and wireless 
belonging to the same or different operators), while (3) Multi-operator support is not 
considered. 

Architectural Instantiation 

1) Multi-tenancy to support multiple tenants/verticals concurrently through 
slicing 

In this case, we consider the existence of a vertical application equipment, such as 
security cameras. These cameras are connected to the MNO’s SL-RRH through the Slave 
Flexbox’s Ethernet interface as depicted in Figure 14. As in Scenario #1, the cameras also 
have their own IP addresses that are known to the 5G-PHOS system and will be exploited 
to create IP-based rules for the OpenvSwitch interface in order to assign fronthaul 
capacity to them through the allocation of 5G-PHOS sub-bands.  

Note here that in case that more than one cameras are connected to the same SL-RRH, 
the SDN rules could be port-based so as to encompass all traffic coming from the multiple 
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cameras using the same rule, or could still be IP-based if there is a need to discriminate 
between the two cameras (for instance, one camera uses thermal imaging and activates 
in certain conditions only or has lower capacity requirements, whereas the other camera 
is an always-on surveillance camera with an Ultra-HD/4K output). Since the service 
requirements of each camera are known to the MNO, the MNO can employ the 5G-PHOS 
SDN GUI interface to set-up the connectivity characteristics.  

Again, the MNO has several options: a) allocate dedicated sub-bands to the vertical tenant 
in either a static (pre-defined) way or dynamically with an upper limit, and b) allocate 
certain capacity within an existing sub-band, for instance two 1 Gbps cameras can share 
the same 2.4 Gbps sub-band.  

The rules are set at the Master and Slave Flexbox(es) through OpenFlow and OVSDB 
configuration packets (which in turn build upon the TCP/IP protocol stack). After the rules 
have been uploaded to the Master and Slave Flexbox units, the latter will add specific 
VLAN tags to the incoming DL/UL traffic that will cause the FPGA module to modulate the 
packets to the according 5G-PHOS sub-bands, therefore discriminating the traffic. Also, 
as described in Scenario #1, the security cameras (tenants) can either get dedicated sub-
bands or share sub-bands with other services, while the OpenvSwitch makes sure that no 
traffic surpasses the allocated capacity.  

 
Figure 14: Example of 5G-PHOS multi-tenancy architectural instantiation  

using the same SL-RRH. 

2) Support of multi-domain applications 

In this case, we assume that an MNO wants to use the 5G-PHOS network to provide fixed 
access to a subscriber, for instance a Tourist Information Kiosk in a central square. There 
are two ways to provide access to the fixed subscriber:  

- Setup a dedicated SL-RRH that will serve the Kiosk (Figure 15 (a)) or  

- Directly connect the Kiosk router/switch to an existing SL-RRH (Figure 15 (b)).  

In case a), the Kiosk SL-RRH is added to the 5G-PHOS system and it communicates 
wirelessly to the same R-RRH owned by the MNO. The MNO can assign sub-bands to it 
through the SDN controller’s GUI, which essentially translates to OpenFlow protocol 
packets that reach SL-RRH through the 5G-PHOS CP. As with its own SL-RRHs, the MNO 
has several options with respect to sub-band assignment, i.e., how many sub-bands 
should be allocated to the Kiosk SL-RRH, if the number of sub-bands is static or dynamic 
and, in the latter case, the maximum number of sub-bands to be allocated. The MNO also 
has the option to limit traffic bandwidth within the sub-band (using OVSDB and OpenFlow 
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protocols). As an example, consider that in the chosen numerology each sub-band carries 
a capacity of 2.4 Gbps, then the MNO could limit the Kiosk’s SL-RRH capacity to 1 Gbps, 
if this is the capacity that Kiosk has leased, and later increase/decrease it if the contract 
changes. All the above options are also provided through the 5G-PHOS SDN GUI.  

In case b), the scenario is pretty similar to the previous case (Multi-tenancy to support 
multiple tenants/verticals concurrently through slicing) with the Kiosk now being another 
tenant of the network connected to the 5G-PHOS network. The MNO will exploit the IP 
address of the Kiosk “home” router to create IP-based rules that will in turn be used to 
assign the 5G-PHOS sub-bands to the Kiosk, through injection of VLAN tags in the 
incoming Ethernet packets. Again, the MNO has the option to either allocate dedicated 
sub-bands in a static or dynamic manner (with upper limit) or share an already assigned 
sub-band with another service/tenant, where the OpenvSwitch will make sure that no 
traffic surpasses the allocated capacity.  

 
Figure 15: Example of 5G-PHOS multi-domain architectural instantiation  

a) using dedicated SL-RRHs and b) sharing the same SL-RRH. 
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Scenario #3: 5G Infrastructure Owner (IO) serves own and tenant needs 

The site owner (e.g., a stadium owner) has deployed its own 5G-PHOS solution capable 
of satisfying its own needs. However, it offers the possibility to specific verticals and MNOs 
(e.g., MNO_X) to deploy, upon agreement, their own infrastructure as well, either as a 
necessity (i.e., first responders) or as a contractual obligation (e.g., a MNO wants to offer 
better service to its own clients or TV broadcasters requiring high bandwidth connection 
for camera footage). 

Customers 

Own staff, fans, tenants (e.g., TV broadcasters, first responders, MNOs). 

Impact on 5G-PHOS solution 

5G-PHOS IO network shall support: (1) Multi-tenancy, (2) Multi-operator domain 

Architectural Instantiation 

For this architectural instantiation we presume that the IO (e.g., the stadium owner) has 
already set up its own network to serve the attending fans e.g., via WiFi. This privately 
owned IO network has a bus topology where a series of R-RRHs are deployed. Spread out 
in the fans seating area lie several SL-RRHs that are in turn connected through Ethernet 
interfaces to the WiFi APs. However, during the match it is either necessary or a 
contractual obligation with third parties to deploy extra services for various tenants, such 
as MNOs that want to install their 5G equipment inside the stadium in order to serve their 
own users better, TV broadcasters with high definition cameras that require wired 
connection or first-responders’ own wireless network (WiFi). Again, there are two 
solutions on where to install the tenant equipment, as depicted in Figure 16: either directly 
connected to the Ethernet interface of an already deployed SL-RRH of the stadium or the 
IO could allow the tenant to set-up its own SL-RRH(s). Specifically, for the case of the 
MNOs, the IO supports also deployment of gNBs or other Ethernet based 5G core 
equipment at the Master-Flexbox site.  

The IO has exclusive access to the SDN controller GUI interface and can allocate the sub-
bands to the various tenants according to their capacity needs, in a dedicated or shared 
mode as well as in a static or dynamic manner. For instance, regarding TV broadcaster 
services, the camera equipment that is connected to a dedicated or shared SL-RRH can 
be assigned to a static and dedicated “slice” containing the necessary number of sub-
bands, since the cameras produce a constant load and it is critical not to disrupt the 
service and lose footage. The first responders’ dedicated WiFi APs can either have a 
dedicated sub-band or guaranteed capacity within a shared sub-band, since the service 
is critical but not high-load and only used in emergency situations. The MNOs can also 
lease capacity for the duration of the game that the IO can either assign statically or 
dynamically as described in the previous two architectural instantiations. Again, all 
assignments are performed through the OpenvSwitch interface using packets that are 
transmitted through the 5G-PHOS CP.  
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Figure 16: Example of 5G-PHOS Infrastructure Owner supporting multi-tenancy 

and multi-operator schemes. 

 

2.3 WP contribution to architecture instantiations and 
Use Cases 

The 5G-PHOS architecture, as described in previous Sections, encompasses multiple 
entities (Flexbox units, RRHs, BBUs, SDN controllers etc.), with advanced 
hardware/software capabilities. To ensure smooth progression and timely delivery of the 
5G-PHOS systems that will also be used in the 3 final project Demos (each of them 
corresponding to an aforementioned Use Case), the work towards building these systems 
has been distributed to numerous 5G-PHOS Work Packages (WPs). Some of this work has 
already been reported in submitted deliverables, so we only provide a summary of each 
WP’s contribution to the overall architecture below. WP1 and WP9, respectively pertaining 
to the administrative and dissemination/exploitation aspects of the project, obviously have 
no impact on either the 5G-PHOS architecture and Use Cases or the planned Demos. Also, 
WP2 (to which the current deliverable belongs) describes the overall network architecture, 
KPIs and Use Cases only with the actual component or system implementation being 
outside its scope. 

WP3 concerns itself with the design and development of the mmWave MIMO antenna (to 
be used by the R-RRH and SL-RRH in all 3 UCs), at the component level only. Specifically, 
the actual radiating structure (Tile PCB), as well as the required supporting structures for 
signal feeding/distribution, clocking, Local Oscillator, up/down-conversion and RF-based 
beamforming control are designed and built in WP3. The Narrowband Trans-Impedance 
Amplifiers (NB-TIAs), to be used for low power consumption at the RRH-site signal 
processing, are also developed under WP3. The MIMO antenna has a modular architecture 



 Deliverable D2.4   
 
 

 
5G-PHOS – D2.4              37/106 

 

that allows for mechanical flexibility, and future scalability to meet increasing throughput 
demands. So far, a successful demonstration of A-RoF transmission through the mmWave 
MIMO antenna has taken place, while also verifying the DSP chain functionality under 
development in WP5.  

All components of the Photonic Integrated Circuits (PICs) to be incorporated in the 
Master/Slave Flexbox and RRH units are designed, developed and fabricated under WP4. 
This includes all optical transceivers (EMLs, EAMs, PDs), as well as additional optical 
components, such as the time-delay-based OBFN chips (to be included in R-RRHs only) 
and wavelength-selection ROADM modules (for use in the Hotspot Use Case only).  

The CP-OFDM-based DSP algorithmic chain, employed in the Master/Slave Flexbox units, 
is developed and validated, through software, under WP5. This is a complete PHY layer 
DSP chain, including Forward Error Correction, scrambling and interleaving blocks, in 
additional to the standard QAM- and FFT-based blocks (see D5.1 for more details).  

The SDN controller, its software architecture and selected interfaces and protocols is now 
implemented in WP6. Currently, the OpenDaylight software stack has been selected as the 
SDN controller, with OpenFlow, OVSDB and NETCONF being used as Southbound 
interfaces, while RESTCONF is used as a Northbound interface (see D6.1 for more details). 
It should be noted that, in the updated 5G-PHOS architecture, the Flexbox units only 
contain an SDN mediator/agent, implemented in software on Mellanox’s Bluefield processor 
contained therein. The actual SDN controller, acting as the network “brain” and receiving 
data from or sending commands to the Bluefield-based SDN agents, can run on any host 
that has IP connectivity to the Flexbox units. 

Joint optical/wireless resource allocation algorithms have been explored under WP6. These 
algorithms pertain to optimal cost-driven equipment placement (i.e., Flexbox and RRH unit 
placement), dynamic wireless sub-band and wavelength allocation (to be employed for 
slicing and QoS) and device activation/deactivation policies based on traffic and mobility 
patterns. All of the above functionalities appear in the aforementioned architecture 
instantiations. NPO (Network Planning and Operations) tool, an application running on top 
of the SDN controller, will collect data from the 5G-Phos infrastructure layer, run the above 
algorithms and offer a user interface for monitoring and policy enforcing. 

WP7 includes all component integration and system assembly work for the developed 
Flexbox and RRH units in the project. This spans multiple equipment entities and interfaces 
employed in all 3 UCs, so we provide below only some of the most significant WP7 tasks: 

• As stated, the final integration, assembly and testing of all optical and electrical 
components with the DSP-performing hardware and Bluefield controller (for the 
Flexbox units) or with the mmWave antenna and NB-TIAs (for the RRHs) is the 
central WP7 task. Hence, the hardware output of WP3, WP4 will be combined in 
WP7. 

• The DSP algorithms developed in WP5 for inclusion in the Flexbox units are actually 
implemented via VHDL on FPGA hardware running in an Finite State Machine (see 
D7.1 [4] for more details). 

• Communication between the SDN controller and the Flexbox BBU unit (i.e., the 
FPGA) as well as to all Flexbox interfaces (optical, digital) is verified and evaluated. 
Once communication between the SDN controller and Bluefield is established, the 
SDN-enabled programmatic configuration of Bluefield (for example, appropriate 
VLAN tagging for QoS and slicing or dynamic sub-band allocation, as discussed in 
previous Sections) is also performed.  

The work in the above WPs culminates in complete Flexbox and RRH units, accompanied 
by the necessary DSP and resource allocation algorithms, with the overall coordination 
being given to software applications running on top of the SDN controller. The final Demos 
are designed and evaluated in WP8.  
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3. 5G-PHOS Network Layout per Use Case (UC) 

The aim of this Section is to provide suitable 5G-PHOS network solutions/layouts regarding 
the 3 UCs under study in 5G-PHOS (as described in D2.1), capable of efficiently supporting 
a range of telecom demands, from low to high 5G traffic, of all potential stakeholders 
(MNOs/subscribers, fans, tenants/verticals, infrastructure owners, etc.) based on the 
usage of the 5G services that are concurrently utilized. 

This corresponds to Step 4 of the methodology described in D2.1 [1], necessitating the 
development of a fully-parameterized dimensioning tool, capable of automatically 
calculating/selecting the (optimal) number of 5G-PHOS elements/nodes required for the 
UC scenario under study.  

3.1 Network Dimensioning Methodology  

The actual deployment of a 5G network solution is not a straightforward task, since lots of 
factors must be considered, such as, technologies involved (for example, antenna coverage 
area vs. azimuth), reuse of legacy networks/infrastructures, area specifics, deployment 
feasibility based on planning assumptions/restrictions, long-term services delivery 
roadmaps, traffic forecasts and, last but not least, the implicated costs.  

To address this complexity, a network dimensioning methodology is proposed, based on a 
fully parameterized expandable dimensioning tool reflecting the architectural concepts of 
5G-PHOS and taking into account the offered traffic demand, the dimensioning rules and 
the deployment aspects/restrictions for the specific area/UC (see Figure 17).  

Since the tool can calculate the number of 5G-PHOS network elements/nodes required for 
any traffic demand scenario (ranging from low to high traffic) and potentially for any 
geographical area, it could be utilized for the derivation of the network (configuration) 
evolution path, as the offered services multiply and the traffic grows, considering also the 
MNO deployment strategy (e.g., aggressive, moderate). The latter is very important for 
the network owner to estimate the initial investment required as well as the necessary 
future costs, being aware of the imminent network evolution/upgrades and thus, mitigating 
risky investments and installations that will prove obsolete.  

In addition, the proposed tool and methodology will potentially allow for a techno-economic 
evaluation of large-scale 5G-PHOS network deployments for a desired time period (e.g., 
5-10 years), including cost indications of the network deployment solutions while various 
technological aspects and critical parameters (Functional Splits (FSs), antenna ranges, 
overheads, etc.) can be determined at an early stage even prior to deployment.  

Finally, it may provide the means to identify potential weaknesses or open issues of the 
5G-PHOS architecture so that revisions and countermeasures will be taken if necessary. 

Initial results from the application of the tool in the 5G-PHOS project confirm its capabilities 
and usage potential. 
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Figure 17: 5G-PHOS Network Dimensioning Methodology. 

3.1.1 Input, Assumptions, Restrictions 
To start with, the user of the tool provides details of the scenario under investigation, 
regarding the area (e.g., geographical extent, population, subscribers, IoT devices), the 
traffic demand (in Gb/s) and the technology capabilities/restrictions of the 5G-PHOS 
elements (max bitrate, min/max antenna ranges, min distance between nodes, #PCBs per 
R-RRH and #channels per R-RRH, etc.), including network planning related aspects such 
as transmission overheads; thus ensuring the validity of the following calculations. While 
such information is input, certain assumptions are required for the sake of uniform and yet 
realistic scenarios under investigation. 

Indicative Input  

• Geographical area specifics (X, Y dimensions, population density, etc.). 

• 5G subscribers or IoT devices, 5G services/apps, 5G traffic (based on D2.1 traffic 
model). 

• 5G-PHOS specifics (R-RRH and SL-RRH capacity, R-RRH and SL-RRH range, #PCBs 
per R-RRH, Flexbox capacity, PCB azimuth, #channels per R-RRH UL/DL, #SL-RRHs 
per R-RRH). 

• Other (e.g., overhead due to e-CPRI for specific FS, overhead of the 5G-PHOS 
fronthaul, traffic offloaded to "lampposts" directly connected to fiber PoPs). 

Assumptions 

• 4G related traffic is not considered. 

• Uniform traffic distribution is considered in the whole area. 

• The model does not take into account area morphology and building clustering. 

• The traffic to be served is independent of the number of telecom operators. 

• For realistic deployments, the #SL-RRHs per R-RRH is greater or equal to 2. 

• #MNO-RRHs / SL-RRH = 1:1 (worst case scenario); the tool also allows for 1-to-
many relationships. 
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Dimensioning Rules / Restrictions / Planning  

• R-RRH range and MNO-RRH min/max range (denoted R and r, respectively). 

• min/max #MNO-RRHs that can be deployed in the area (depends on the max/min 
radius r). 

• min/max #SL/MNO-RRH range:  1-2 m (hotspot) and up to 50 m (urban area). 

• min/max #R-RRHs that can be deployed in the area depends on the max/min radius 
R and the max #SL-RRHs. 

• min/max #SL/MNO-RRHs per R-RRH: 2 (min) and 8 (max), respectively. 

• min and max PCB azimuth angular sector: 22.5° and 90°, respectively. 

• min/max #PCBs per R-RRH to provide full 360° angular coverage: 4 and 16, 
respectively. 

• max distance between R-RRH and Flexbox units: 3 km. 

• #Data Channels/R-RRH (UL/DL); depends on available spectrum and channel 
bandwidth (the latter is variable, see Section 2.1.2; an indicative value is 10). 

• max R-RRH capacity: 25 Gb/s. 

• max MNO-RRH capacity (net): 1.2 Gb/s. 

• max Flexbox throughput: 400 Gb/s 

 

Calculations and Validation 

Taking into account the input data (including area characteristics, traffic demand, 
dimensioning rules and restrictions), the tool provides, in an automated way, a list of valid 
5G-PHOS element configurations and/or calculates the most suitable/optimal one 
(considering #RRH-sites, #PCBs, #Flexbox units and evolution path), in terms of 
deployment feasibility and cost. 

An indicative output of the tool follows: 

• #R-RRH sites and #MIMO PCBs per R-RRH. 

• #SL-RRHs and #MNO-RRHs. 

• Average #SL-RRHs per R-RRH. 

• R-RRH range (m). 

• R-RRH site and MIMO PCB coverage area (m2).  

• MNO-RRH range (m). 

• SL-RRH coverage area (m2). 

• #Master Flexbox units. 

• #Slave Flexbox units. 

• Average and total throughput statistics per R-RRH site, PCB, SL-RRH, MNO-RRH 
(Gb/s). 

To cover all the potential (user) needs (e.g., network planner needs, techno-economic tool 
needs, use case scenarios needs) we have followed three approaches for the derivation of 
the number of 5G-PHOS elements in the network layout: 
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• List of valid configurations; a valid configuration is one respecting all the constraints 
(planning, architectural ones, etc.).  

• Extraction of the “optimal” 5G-PHOS configuration, i.e., the most suitable 
configuration amongst the valid configurations, by running multiple scenarios 
concurrently1. 

• Valid configuration(s) for a predefined network layout based on planning 
aspects/rules. This approach is most suitable for areas (e.g., a stadium) with known 
characteristics (in terms of traffic, RRH potential locations, etc.). 

Network Layout(s) 

Based on the network dimensioning tool’s outcomes, the network (configuration) evolution 
path, ranging from low to high traffic demands, will be identified/defined for every 5G-
PHOS Use Case. 

3.2 5G-PHOS Dimensioning and Network Layout for 
Dense Area (UC #1) 

Figure 18 depicts the (dense) area under study; it is District 15 of Paris, covering a total 
area of 2,359,800 m2 (2280 m x 1035 m). More information regarding this area (e.g., 
population density, landmarks, RRH density, etc.) and the assumed traffic model can be 
found in Deliverable D2.1 [1]. 

Figure 19 depicts the input data of the dimensioning model including: user-related input, 
generic assumptions, restrictions and/or dimensioning parameters/rules related to the 5G-
PHOS architecture. More specifically: 

• The white cells represent system parameters which shall not be modified. 

• The yellow cells represent user input. 

• The green cells represent automatically calculated figures based on user/system 
input. 

Figure 20 depicts some overall statistics related to the area under study for informational 
purposes only; they are not directly utilized by the tool. 

The dimensioning tool operates as follows: 

• Firstly, the model calculates a number of parameters that will be later utilized by 
the model as “restrictions” (e.g., min and max number of 5G-PHOS components 
that could be deployed in the area) based on model input data (Figure 21). 

• If a valid configuration is not obtained (e.g., calculated MNO RRH range required is 
greater than the max value, or the average #SL-RRHs per RRH is less than 2), then 
a second round of calculations is performed (Figure 22). 

                                           
1 Indicative formula for identifying the optimum number of #PCBs: 
IF(AND($J$56="YES";$K$56="YES";$L$56="YES");FALSE;IF(AND($J$56="NO";$K$56="YES";$L$56="YES");F
51;IF(AND($J$56="NO";$K$56="NO";$L$56="YES";$J$50=TRUE;$K$50=TRUE);MIN(F51;G51);IF(AND($J$56
="YES";$K$56="NO";$L$56="YES");G51;IF(AND($J$56="YES";$K$56="NO";$L$56="NO";$K$50=TRUE;$L$50
=TRUE);MIN(G51;H51);IF(AND($J$56="YES";$K$56="YES";$L$56="NO");H51))))))  
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• Valid configurations are automatically calculated for all the available MIMO PCB2 
azimuths (Figure 23) along with related statistics (e.g., average and max 
throughput of PCBs, average user bitrate). The final valid configurations are 
considered to be the ones satisfying both the capacity and the coverage 
requirements of the area under study, without violating the limitations/restrictions 
of the 5G-PHOS architecture (either provided as input or resulting after 
calculations).  

• The output of the dimensioning tool, for a range of traffic demand scenarios (from 
low to the maximum traffic that can be supported) and PCB azimuths, is depicted 
in Figure 24 - Figure 29.  

Based on the above output/graphs, an MNO can obtain an overall estimation of the number 
of 5G-PHOS elements (i.e., #R-RRH sites, #PCBs (total and per R-RRH site), #MNO-RRHs, 
#Master and Slave Flexbox units) required to be deployed over time so as to satisfy the 
evolving traffic demands (up to a maximum value) and, depending on the MNO strategy, 
to draw its 5G-PHOS network evolution path. 

Some remarks regarding the “valid configurations” provided by the tool follow: 

1. The narrower the PCB azimuth, the lower the number of RRH sites. This is due to 
the fact that the narrower the PCB azimuth the longer the range of coverage. This 
does not apply to the total #PCBs vs. PCB azimuth due to system and planning 
constraints that have been assumed to obtain valid configurations. 

2. The ranges of the R-RRHs, PCBs and the MNO-RRHs are shrinking, as expected, as 
the offered traffic increases; however, the tool can provide concrete values (number 
and range). 

3. The max #MNO-RRHs depends on the min range (defined by the user e.g., 10m) 
but also on the max #MNO-RRHs/PCB (a system constraint) which determines the 
max traffic (Gb/s) that can be supported. At high traffic loads, the max #MNO-RRHs 
is the same independently of the PCB azimuth. 

4. In low traffic load conditions, the #R-RRHs for narrow PCBs (which, however, cover 
longer distances) is lower than that for wider PCBs. However, a large #PCBs / R-
RRH is required to cover the 3600 area. Due to the average #MNO-RRHs / PCB 
constraint (min=2), the number of MNO-RRHs increases as well. 

5. It seems that PCB azimuths of 45o and 60o provide better results (in terms of #R-
RRHs, #PCBs and #SL-RRHs), mainly due to planning and system constraints (see 
average #MNO-RRHs / PCB, PCB range, min/max MNO-RRH range). 
 

                                           
2 In the following Section, the term “PCB” will refer to the R-RRH MIMO PCB. 
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Figure 18: The (Dense) Area under study | District 15 (Paris). 

 
Figure 19: Input Data/Assumptions/Restrictions.  

 
Figure 20: Statistics of the Area under study. 
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Figure 21: 1st Round of calculations. 

 
Figure 22: 2nd round of Calculations. 

 
Figure 23: Final Results | Valid Configurations vs. Traffic Demand and PCB 

azimuth sector. 
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Figure 24: Variation of #Sites/#PCBs/PCB range and MNO-RRH range  

vs. Traffic Demand (Gb/s) for 22.5o azimuth sector PCBs. 
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Figure 25: Variation of #Sites/#PCBs/PCB range and MNO-RRH range  

vs. Traffic Demand (Gb/s) for 45o azimuth sector PCBs. 
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Figure 26: Variation of #Sites/#PCBs/PCB range and MNO-RRH range  

vs. Traffic Demand (Gb/s) for 60o azimuth sector PCBs. 
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Figure 27: Variation of #Sites/#PCBs/PCB range and MNO-RRH range  

vs. Traffic Demand (Gb/s) for 90o azimuth sector PCBs. 
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Figure 28: #Flexbox units vs. Traffic Demand. 
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Figure 29: #R-RRHs, #PCBs, #SL-RRHs vs. Traffic Demand (Gb/s) and PCB 

azimuth sector (o). 
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3.3 5G-PHOS Dimensioning and Network Layout for Ultra 
Dense Area (UC #2) 

Figure 30 depicts the (dense) area under study; the area in the vicinity of the Eiffel Tower 
covering a total area of 283,812 m2 (804 m x 353 m). More information regarding this 
area (e.g., population density, landmarks, RRH density etc.) and the assumed traffic model 
can be found in D2.1 [1]. 

To ensure a smooth network evolution as the offered traffic increases (more usage of 5G 
services and more 5G subscribers, more/higher traffic peaks), it is desirable that major 
reconfigurations (e.g., addition of many R-RRH sites) are not required, while the existing 
infrastructure should be exploited as much as possible by adding new PCBs and/or SL-
RRHs and MNO-RRHs. 

 
Figure 30: Ultra-Dense Area Characteristics. 

Figure 31 depicts the input data of the dimensioning model including: user-related input, 
generic assumptions, restrictions and/or dimensioning parameters/rules related to the 5G-
PHOS architecture. More specifically: 

• The white cells represent system parameters which shall not be modified. 

• The yellow cells represent user input. 

• The green cells represent automatically calculated values based on user/system 
input. 

Figure 32 depicts some overall statistics related to the area under study which, however, 
are not directly utilized by the tool. 

For this specific UC/area, a realistic deployment scenario will be considered, including 4 R-
RRHs installed at the 4 corners of the area (with 90o sector coverage each), a number of 
180o sector R-RRHs along the perimeter and a number of 360o R-RRHs inside the area (see 
Figure 33). Based on this planning assumption, the dimensioning tool operates as follows: 

• First, the tool calculates the number of R-RRH sites that need to be deployed in the 
area (for coverage purposes) taking into account the range of the R-RRH for various 
combinations of PCB azimuths (Figure 34). In addition, a number of parameters 
that will be later utilized by the model as “restrictions” (e.g., min and max number 
of 5G-PHOS components that could be deployed in the area) are provided as input 
data (Figure 31). 

UC1 - Scenario 3 - General Assumptions 

Area 
Characteristics 

Total area: ~227927m2 
Perimeter: ~2.43km 
Event area: ~113964m2 

Subscriber’s/ 
population/ 
device statistics 

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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• Then, capacity-related calculations are performed so as to satisfy both the offered 
traffic demand and the 5G-PHOS and/or design-related restrictions (Figure 35 and 
Figure 36). 

• The output of the dimensioning tool is the “optimal” network configuration in terms 
of #R-RRH sites, total #PCBs, total #SL-RRHs, Average #SL-RRHs/R-RRH, #MNO-
RRHs, #Master and Slave Flexbox units, R-RRH range (m), etc. An example of such 
a configuration is provided in Figure 37. 

• Indicative results of the tool for a range of traffic demand scenarios (from minimum 
to maximum traffic that can be supported), PCB azimuths (degrees) and MNO-RRH 
ranges (m) are depicted in Figure 38 - Figure 41.  

Based on the above output/graphs, an MNO can obtain an overall estimation of the number 
of 5G-PHOS elements required to be deployed over time so as to satisfy the evolving traffic 
demands (up to a maximum value), and depending on the MNO strategy to draw its 5G-
PHOS network evolution path. 

Based on the presented results, some remarks regarding the “optimal valid configurations” 
provided by the tool follow: 

1. The optimal #R-RRHs in low traffic scenarios is determiend by the coverage 
requirements. 

2. The optimal #R-RRHs remains the same for low to moderate or even high traffic 
load scenarios. 

3. From lower to higher traffic demands, the #PCBs is increasing due to the need for 
narrower PCB azimuths. In addition, the range of PCBs and MNO-RRHs is decreasing 
while the average #SL/MNO-RRHs per PCB and the PCB bitrate are increasing up to 
their max values.  

4. The optimal azimuth of the PCBs is decreasing as the traffic increases; from 90o to 
22.5o respectively. This leads to an increase of #PCBs 

5. The total #PCBs is directly related to the PCB azimuth especially for low and 
moderate traffic conditions 

6. When the MNO-RRH min range is decreased by 50% (e.g., from 10 m to 5 m), the 
offered traffic that can be supported increases by a factor of ~400%, the #PCBs 
and MNO-RRHs is also increased by ~400% while the #R-RRH sites increase by a 
factor of ~80%.  
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Figure 31: Input Data/Assumptions/Restrictions.  

 
Figure 32: Statistics regarding the area under study. 

 
Figure 33: Indicative (radio) network deployment plan. 

 



 Deliverable D2.4   
 
 

 
5G-PHOS – D2.4              55/106 

 

 
Figure 34: Calculations related to the #RRH sites required vs. PCB 

azimuth/range. 

 

 
Figure 35: 1st Round of calculations. 
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Figure 36: 2nd Round of calculations. 

 

 
Figure 37: Final Results | Optimal Configurations. 

 

 

 
Figure 38: Results for various Traffic Demands (Gb/s) for different min MNO 

RRH ranges (5 m and 10 m). 
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Figure 39: (Optimal) #R-RRH sites, Total #PCBs, Total #SL-RRHs  

(min MNO RRH range = 10 m and 5 m). 
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Figure 40: MNO-RRH range (m), R-RRH range (m) and Average #SL-RRHs per R-

RRH (min MNO RRH range = 10 m and 5 m). 
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Figure 41: (Optimal) PCB azimuth (min MNO RRH range = 10 m and 5 m). 

3.4 5G-PHOS Dimensioning and Network Layout for 
Hotspot Area (UC #3) 

Figure 42 depicts the Hotspot area under study, namely the Paris Saint-Germain (PSG) FC 
stadium (http://www.stadiumguide.com/parcdesprinces/) (Perimeter: 1.59 Km, area 
surface: 165,712 m2), situated on top of the Parisian ring road Périphérique (@district 
#16), ~4 km SW of the Eiffel Tower and less than 1km south of the Bois de Boulogne and 
the Roland Garros tennis complex. More information regarding the PSG use case and the 
related traffic scenarios can be found in Deliverable D2.1 [1]. 

http://www.stadiumguide.com/parcdesprinces/
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From the planning point of view, a smooth network evolution (as the offered traffic 
increases as a result of the expected increase in 5G services usage and 5G subscribers) is 
desirable, by exploiting the existing infrastructure (e.g., the R-RRH sites/locations) as 
much as possible, while adding new PCBs and/or SL-RRHs and MNO-RRHs. 

 

 
Figure 42: Paris Saint-Germain FC stadium (Hotspot) area & surroundings. 

 

For this specific UC, a planning scenario such as the one shown in Figure 43 where the R-
RRHs will be located in the roof of the stadium (see Figure 44) will be investigated. As 
such, an additional input parameter, namely the distance between the R-RRHs and the 
seats area, has been added. This is required so as to calculate the seats area (m2) 
“covered” by a single R-RRH PCB vs. its azimuth (see Figure 44). For 22.5o PCBs, we have 
assumed that 4 PCBs are installed per R-RRH site (one single location), while for 45o PCBs 
2 PCBs per R-RRH site are installed. 

Figure 45 depicts the input data of the dimensioning model, including user-related input, 
generic assumptions, restrictions and/or dimensioning parameters/rules related to the 5G-
PHOS architecture. More specifically: 

• The white cells represent system parameters which shall not be modified. 

• The yellow cells represent user input. 

• The green cells represent automatically calculated figures based on user/system 
input. 
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Figure 46 depicts some overall statistics related to the area under study for informational 
purposes only; they are not directly utilized by the tool. 

 
Figure 43: Predefined planning scenario where the R-RRH will be installed at 

the roof of the stadium. 

 

 
Figure 44: Location of R-RRHs and potential coverage, based on PCB azimuth 

sectors and distance from the seats area. 
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Figure 45: Input Data/Assumptions/Restrictions.  

 
Figure 46: Statistics regarding the area under study. 

 

In addition, by utilizing the statistics gathered from the PAOK stadium (during a major 
football match), in terms of the fans’ attendance rate (i.e., fans entering the seats area), 
traffic statistics and “events” (e.g., start of match, goals, half-time, end of match), we 
have derived the expected 5G-traffic demand, based on a dynamic traffic model that takes 
into account the usage of 5G services (by the fans) at specific events (e.g., while entering 
the seats area prior to the game (19:00-21:30), at kick-off (21:30) during/after the goal 
(21:50-22:00), during the half-time (22:15-22:30), at the end of the match (23:15).  

More specifically: 

• Figure 47 depicts the #fans entering the seats area in 5-minute intervals resolution 
and the total #fans in the stadium before, during and after the football match. 
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• Figure 48 depicts the traffic demand (Gb/s) when assuming a static use of 5G 
services before, during and after the match. In this case, the traffic demand is 
proportional to the #fans.  

• Figure 49 depicts the traffic demand (Gb/s) when assuming a dynamic use of 5G 
services, where the total traffic demand is driven mainly by the usage of 5G services 
which changes during specific events e.g., goal scored, half-time etc. 

• Figure 50 provides a comparison between the Max Bitrate requirements (Gb/s) for 
the Static and the “Dynamic” Use of Services traffic models. It is obvious that the 
dynamic traffic model provides more realistic traffic demand throughout the event 
(football match, concert, etc.). The output of this traffic model shall be taken into 
account in the dimensioning tool. 

 
Figure 47: #fans entering the seats area and total #fans inside the stadium.  

 

 
Figure 48: Traffic Demand (Gb/s) vs. Static Use of 5G services (service usage 

does not change during the match/event). 
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Figure 49: Traffic Demand (Gb/s) vs. “Dynamic” use of services (based on 

events e.g., goal, half-time). 

 

 
Figure 50: Comparison of max bitrate requirements (Gb/s) for Static and 

“Dynamic” use of service traffic models. 
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For this specific UC, considering the planning “constraints” and for the sake of comparison, 
we have defined two dimensioning models with slightly different aim/output. The first one 
derives the Valid Configurations Only (VCO model), while the second one derives a valid 
configuration (i.e., all restrictions are respected) for every configuration scenario, e.g., for 
all PCB azimuths by “tuning” some parameters (e.g., by increasing the number of MNO-
RRHs to meet the average number of MNO-RRHs per PCB restriction). The latter model will 
be called All Valid Configurations (AVC model). Details on how the models work (e.g., 
calculations vs. outcome) are presented in Figure 51 and Figure 52. 

Indicative results for both models and for a range of traffic demand scenarios (from 
minimum to maximum traffic that can be supported), PCB azimuths are depicted in Figure 
53 - Figure 61. In addition to the number of required 5G-PHOS elements, additional 
information (e.g., average bitrate per PCB and average PCB and MNO-RRH range) is 
provided. 

The results obtained indicate that: 

1. The #PCBs, the #R-RRH sites and the #MNO-RRHs increase as the traffic 
increases from low to high traffic demands. 

2. Wider PCB azimuths lead to lower #PCBs required. 

3. PCBs with 90o azimuth are suitable for low traffic load conditions (up to 200 
Gb/s), for medium traffic demand PCBs of 60o and 45o are more suitable, while 
for high loads the 22.5o PCBs can provide the required throughput. 

4. The coverage area per PCB and MNO-RRH is shrinking as traffic increases and 
the PCB azimuth increases (from 22.5o to 90o). 

5. The average bitrate per PCB (Gb/s) increases as traffic increases for the same 
PCB azimuth. 

6. The set of the valid but not optimal configurations contains many more 5G-
PHOS elements compared to the optimal valid configuration (for a specific traffic 
demand). 
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Figure 51: Valid Configurations Only (VCO) Model | Calculations and outcome. 
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Figure 52: All Valid Configurations (AVC) Model | Calculations and outcome. 
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Figure 53: VCO Model | Total #PCBs vs. PCB azimuth (o). 

 

 
Figure 54: VCO Model | Total #R-RRH sites vs. PCB azimuth (o). 
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Figure 55: VCO Model | Total #MNO-RRHs vs. PCB azimuth (o). 
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Figure 56: VCO Model | PCB and MNO-RRH range (m) vs. PCB azimuth (o). 

 

 
Figure 57: VCO Model | Average Bitrate (Gb/s) per PCB vs. PCB azimuth (o). 
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Figure 58: AVC Model | Total #PCBs vs. PCB azimuth (o). 

 
Figure 59: AVC Model | Total #R-RRH sites vs. PCB azimuth (o). 

 
Figure 60: AVC Model | Total #MNO-RRHs vs. PCB azimuth (o). 

 



 Deliverable D2.4   
 
 

 
5G-PHOS – D2.4              72/106 

 

 

 

 

 
Figure 61: AVC Model | PCB and MNO-RRH range (m) vs. PCB azimuth (o).  
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4. 5G-PHOS Demos & Trials  

This Chapter provides the description, goals, implementation details and planning for the 
5G-PHOS Lab Demos and Trials.  

4.1 Lab Demos 

This Section provides a brief description of the organization of the experiments already 
conducted or planned until the end of the project. Detailed technical information and result 
assessments will be provided in the lab trial report. 

4.1.1 Lab Demo #1: (Lannion): Multicarrier FiWi Evaluation 
and First SDN Control Plane Assessment  

This Lab Demo was completed at Lannion, France in November 2019. Since this was the 
first complete experimental assessment for the Dense UC, we focused on a rather 
conservative topology, where the A-RoF segment consists of a relatively short (≤ 1 km), 
point-to-point (PtP) link. This scenario showcases a topology where the A-RoF interface 
would be located at the antenna site or its immediate cell-site aggregation zone.  

4.1.1.1 Scope, objectives, layout/implementation setup 
The first lab trial of the project showed the progress made with respect to the experiments 
presented in Berlin during the project’s second review meeting. Its main objective was to 
provide an assessment of the 5G-PHOS FiWi interface transmission using the largest 
possible number of optical, electrical and software components developed in the framework 
of the project. With this in mind, the lab trial was organized in four main stands, namely: 

• Stand 1: Real-time 5G-PHOS Data Plane generation with offline demodulation. 
- Participants: NTUA, ORAN. 

Description: The main objective of the experiment was to show, for the first time in the 
project, real-time 5G-PHOS Data Plane (DP) signal generation with an FPGA. The 
transmission was restricted to the fiber segment, with a few meters of a Standard Single 
Mode Fiber (SSMF) using a commercial EML emitter and PIN photodiode + TIA. The 
transmitted signals were OFDM modulated signals, generated using a fixed 256-tap Inverse 
Frequency Fourier Transform (IFFT) algorithm. The FPGA clock can be adjusted in real time 
at 256 MHz or 500 MHz, corresponding to the transmission of 204 MHz or 398 MHz of 
useful bandwidth, after zero-padding (52 out of 256 sub-carriers). Since the FFT size was 
kept fixed, the sub-carrier spacing was adapted to the clock frequency, resulting in 1 MHz 
of sub-carrier spacing for 204 MHz bandwidth and 2.1 MHz spacing for 398 MHz bandwidth. 
The modulation format of the sub-carriers could be adjusted to QPSK or QAM16 in real 
time. A cyclic prefix of length 64 samples was inserted to the signal before the Digital to 
Analog Converter (DAC). Employing a digital up-conversion stage of the complex signal 
through a pair of the RFSoC’s DACs, a complex OFDM-based radio waveform at an 
Intermediate Frequency (IF) of 750 MHz was generated at the output of the DAC. 
Demodulation was performed offline, with the help of the Analog to Digital Converter (ADC) 
of a Digital Sampling Oscilloscope (DSO) and further post processing performed with 
Matlab. Ethernet packet-to-serial-bitstream conversions, which is expected to be 
performed by MELX’s Bluefield chip, was not demonstrated. Instead, Pseudo Random 
Binary Sequences (PRBS) were generated by the FPGA itself. NTUA was the major 
contributor for this experiment, with the development of the FPGA transmission chain and 
offline demodulation procedures. ORAN provided the DSO as well as its interfacing code, 
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which allowed continuous acquisition and demodulation of the received signals. Two 
different OFDM signals were tested, with their characteristics being shown in Table 5. 

Table 5: Generated OFDM signal characteristics 

 

 

- Achieved results: Demonstration of transmission of two different types of OFDM 
signals. Transmission assessment consisted of EVM measurements, yielded values 
below 12.5% [1]. 
 

• Stand 2: SDN abstraction of a real-time FiWi transmission chain with lab equipment and 
demonstration of the integration of PHY layer service classes in 5G-PHOS network. 
- Participants: ORAN, AUTH, SIKL. 
- Description: The objective of this experiment was threefold.  Firstly, we performed 

our first FiWi DP transmission attempt using OFDM signals, which were generated 
and analysed by lab equipment. Since the main challenge of this experiment 
concerned the transmission over the mmWave segment, different signal 
numerologies were tested to investigate the impact of the wireless channel and 
compare it with the transmission performed exclusively over the fiber. We started 
with OFDM signals with 15 kHz sub-carrier spacing from a downlink LTE signal 
generator and then tested 30, 60 and 120 kHz subcarrier spacings using a 5G NR 
signal generator. Since performance with a III-V lab laser has already been 
demonstrated in Berlin, transmission over the fiber link was performed using a 
packaged, commercial DML and PIN photodiode with embedded TIA for the sake of 
simplicity. This commercial optical transceiver was provided by ORAN and had a 
bandwidth of 2.5 GHz. As far as the mmWave segment is concerned, a 32-element 
Tile from SIKLU was used at the TX side with a horn antenna at the RX side. The 
second objective of this experiment was to demonstrate the abstraction of the 
underlying network equipment thanks to an SDN framework developed by ORAN. 
The main objective of this software component is to transparently translate the 

 Signal type A Signal type B 

Parameter Value Value 

Sampling rate 2 GSa/s 4 GSa/s 

Bandwidth 204 MHz 398 MHz 

IFFT size 256 256 

Useful subcarriers 183 183 

Cyclic prefix size 64 64 

Modulation QPSK/QAM16 QPSK/QAM16 

Gross bit-rate Up to 800 Mb/s Up to 1.6 Gb/s 

Useful bit-rate (post FEC) No FEC applied No FEC applied 

FEC type - - 

Intermediate frequency 750 MHz 750 MHz 

Subcarrier spacing 1 MHz 2 MHz 
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Southbound interfaces used to configure the signal generators and analysers into a 
high-level RESTconf Northbound interface that can be used to specify the behaviour 
of the entire experimental setup. A distinct feature of this experiment was that real-
time transmission of the Control Plane (CP) information, used to carry the 
Southbound interface, would be demonstrated over the FiWi link. Last but not least, 
the third objective of this experiment was to perform a lab-scale demonstration of 
implementing service classes in the framework of the 5G-PHOS project. Indeed, 
thanks to the network abstraction allowed by the SDN controller, different PHY layer 
parameters of the link such as RF power, number of aggregated carriers, 
intermediate frequencies and modulation of the signals can be easily setup and 
associated to one or more slices of the underlying network. This would allow an 
implementation of a multi-tenancy application where the 5G-PHOS network would 
be able to cope with different demands from different clients (e.g., network 
operators) for the used FiWi link such as bit-rate, latency, reliability by simply 
changing the transmission parameters in the PHY layer. The SDN controller 
developed by ORAN is in-line with the developments by INCE, which will be 
implemented in the actual Flexbox units at the end of the project.  

- Expected and achieved results: Demonstration of the FiWi transmission using 
one/several OFDM numerologies and dynamic creation and deletion of two service 
classes (High Quality and Best Effort) using a slice management frontend which 
communicates with the SDN controller. The SDN controller would associate each 
slice to a specific set of PHY layer parameters of the underlying FiWi link according 
to the client profile. For instance, the High Quality client would have more carrier-
aggregated bands on the FiWi link and would always be associated to the ID 
associated to the best transmission performance. Although all of the above results 
were obtained when TX and RX were connected via fiber only, we were unable to 
achieve OTA transmission when the mmWave segment was added. As described in 
more detail in the separate lab report, the culprit was identified as high phase noise 
in the mmWave antenna, which prevents signal synchronization. 

 
• Stand 3: 5G-PHOS SDN controller and network orchestrator live demonstration using 

network emulation. 
- Participants: INCE, NTUA, MELX. 
- Description: This demonstration showed the capabilities of the SDN controller and 

5G-PHOS network orchestrator/NPO being developed by INCE, as well as the 
integration between the SDN controller and the Bluefield processor. The SDN 
controller uses Openflow and OVSDB as the Southbound Interface (SBI) protocols 
and RESTCONF as the Northbound Interface (NBI) protocol. The objective of this 
experiment was to show in a real-time demonstration, for the first time in the 
project, the NPO/SDN controller and its capabilities (such as dynamic sub-band 
allocation through VLAN tagging, creation of QoS types etc.). However, instead of 
managing lab equipment, the SDN controller managed an emulated 5G-PHOS 
network as developed in T6.4 by NTUA and INCE. By assigning VLAN tags to 
incoming packets using the Openflow protocol and by creating a number of QoS 
types and rate limits to the emulated Flexboxes using the OVSDB protocol, the SDN 
was capable of creating, updating and deleting different rules associated to the 
different MVNOs. Moreover, the SDN SBIs are compatible with the Bluefield board 
developed by MELX as well as the bandwidth allocation algorithms developed in 
T6.2, led by INCE and NTUA. 

- Achieved results: Demonstration of NPO/Orchestrator (followed by network KPIs 
monitoring) and SDN controller functionalities. 
 

• Stand 4: 5G-PHOS components exhibit.  
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- Participants: LIONIX, IMEC, FRAU, ORAN. 
- Description: This last stand was dedicated to the exhibition of the components still 

under development in the project in the open seminar organized by ORAN. These 
components include LIONIX’s OBFNs and IMEC’s TIAs.  

- Achieved results: Dissemination activity only: 5G-PHOS main objectives and top-
notch optical and electrical technologies. 

4.1.1.2 Action Plan & Timeplan 
Table 6 shows the planned actions and due dates. Each partner was responsible for 
providing the required components and supporting the consortium and the demo-leading 
partner to define and provision alternatives in case of unavailability of demo elements.  

Table 6: Lannion lab trial planned actions and time plan 

 

 

4.1.1.3 Risks & Mitigation 
The following list enumerates the possible risks of the lab trial and how we counted on 
circumventing them.  

• Unavailability of Flexbox prototype: this is a risk that has already been 
confirmed in our last plenary meeting. Our solution was to create the 5G PHOS 
interfaces by means of existing laboratory equipment. This was done by means of 
either an LTE signal generator and analyzer or with an Arbitrary Waveform 
Generator (AWG) and Digital Sampling Oscilloscope followed/preceded by an offline 
OFDM modulator/demodulator.  

• Unavailability of OBFN: our first target was to be able to provide optical 
beamsteering using an OBFN. Since such devices were not available for the first lab 
trial, the beamsteering/beamforming was demonstrated electrically using the phase 
shifters of the mMIMO antenna. This could be achieved without loss of generality 
for the project. Indeed, the implemented real-time control interface provided by the 

Action Due Date 

A-RoF DP implementation with carrier-aggregated OFDM signals May 2019 

A-RoF CP-RT implementation May-June 2019 

Real-time control of computer device using CP-RT interface June 2019 

DP+CP-RT A-RoF link characterization using off-the-shelf optical 
transceivers July 2019 

Confirmation of bill of materials with other partners Beginning of 
September 2019 

Control of mMIMO antenna elements using different computer End of November 2019 

FiWi link assessment End of November 2019 

Live demo End of November 2019 
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CP-RT signal will allow us to pave the way to the 5G-PHOS PHY layer parameters 
optimization and settings that should be realized by means of SDN control in the 
future. 

• Mismatch between DP OFDM signal numerology and mmWave propagation 
channel: whereas transmission through the optical link was attained without much 
effort and for conventional LTE numerology, this could not be the case for 
propagation through a mmWave segment. This was mainly because the OFDM 
signal parameters are chosen according to the propagating channel characteristics 
(coherence time and frequency). To solve a possible propagation problem, a set of 
5G NR evaluation licenses was acquired, which would allow the creation and 
demodulation of OFDM signals with 30, 60 and 120 kHz subcarrier spacing. Another 
possibility would be to merge Stands 1 and 2 and use real-time OFDM signal 
generation with the FPGA and offline demodulation. However, the demodulation 
chain is not yet finished and carrier/sampling frequency offset and phase noise 
reduction algorithms are under development. Although the transmission through 
the mmWave segment proved to be impossible with the available signal 
numerologies, the SDN capabilities of Stand 2 could still be demonstrated, albeit by 
limiting the link to the fiber segment. 

• Operating RF frequency range: the optical and electrical components of the test 
bench for Stand 2 were bound to a specific operating frequency. This limited the IF 
frequencies of both DP and CP-RT interfaces and also imposed the specific 
characteristics of the needed electrical filters in the transmission chain. In order to 
circumvent possible problems related to malfunctioning of some devices, at least 
two transmission chains were set up. Different operating IF frequencies for both DP 
and CP-RT interfaces were also characterized for both chains. 

4.1.2 Lab Demo #2: 5G-PHOS optical subsystem/ 
components performance evaluation 

4.1.2.1 Scope, objectives, layout/implementation setup 
The goal of this Lab Demo and testing activity is to demonstrate the performance of 5G-
PHOS optical subsystem and its components. In particular, EMLs, Photodetectors and mini-
ROADM will be demonstrated. 

The 5G-PHOS technology will be configured to coexist with commercial E2E 4G/5G Ericsson 
Radio Systems sharing the same optical infrastructure. Benchmarking with 5G-ready 
Ericsson fronthaul transponder equipment based on DWDM SFP+ opto-modules will be 
possible. 

For this purpose, Ericsson can make available the following lab infrastructure: 

1. A complete E2E 4G/5G mobile infrastructure including C-RAN equipment, Backhaul 
and EPC, as shown in Figure 62. The C-RAN section is based on Ericsson’s DWDM 
fronthaul commercial system FH6000 in both its active (transponder-based) and 
passive (WDM multiplexer/demultiplexer) variants and includes the latest Ericsson 
Baseband and Radio Units supporting the CPRI and eCPRI fronthaul protocols. 
Internet connectivity of the EPC enables the demonstration of end-user applications 
(e.g., video streaming). 
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Figure 62: 4G/5G E2E lab infrastructure in the Ericsson Genova lab. 

 

Ericsson FH 6622 (shown in Figure 63) will be part of the setup and provide transponder 
functionalities to serve CPRI/eCPRI/Ethernet clients by means of a proprietary low latency 
TDM framing including FEC for performance enhancement and measurement. It uses 
DWDM SFP+ modules as line interfaces (upgradable to 25G SFP28 interfaces). The same 
modules are used on Remote Radio Units (RRUs). It supports up to 48 wavelengths from 
1528,773 nm to 1566,314 nm along with the passive WDM infrastructure described below.  

 
Figure 63: The Ericsson FH6622 fronthaul transponder unit. 

 

2. Integration and Validation Lab 

This environment provides Ericsson’s passive DWDM infrastructure to build different 
fronthaul topologies including PtP and PtMP such as trees or bus chains. Testing and generic 
lab instrumentation is available as well, with some examples being shown in Figure 64. 
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Figure 64: Ericsson DWDM passive infrastructure modules. 

 

Given the above considerations, the suggested WDM testbed layout would follow this 
scheme: a PtMP DWDM fronthaul scenario contains a DWDM AWG Multiplexer (E///OMD-
24-S) at the main site followed by a fiber trunk section down to a splitter site used to 
create a tree topology if necessary. One of the splitter outputs is connected to a chain of 
remote sites where fixed WDM Add/Drop Units (E///OAD-3-S module) are used to add/drop 
the desired wavelengths per node. One of the Optical Add/Drop units will be replaced by a 
5G-PHOS Mini-ROADM to verify remote site re-configurability and performance of the 
device (which will be a key aspect of the Hotspot trial at PAOK stadium). 

The fronthaul segment depicted in Figure 65 can be connected to the E2E Ericsson lab 
infrastructure shown in Figure 62. Ericsson’s active indoor and remote fronthaul 
transponder units are used to transport CPRI/eCPRI traffic along the DWDM infrastructure. 
The signal output by the 5G-PHOS Master Flexbox (orange unit in bottom right of Figure 
65) is coupled to the same OMD-24-S passive multiplexer together with traffic coming from 
Ericsson’s fronthaul equipment. At the remote sites, the 5G-PHOS wavelength is dropped 
either at one OAD filter or at the mini-ROADM and used to feed the mmWave fronthaul air 
connection and be terminated at the receiving Slave Flexbox (orange unit in bottom left of 
Figure 65). 

 

 
Figure 65: WDM fronthaul testbest layout. 

 

The Demo is expected to provide evidence on the performance of 5G-PHOS electro-optical 
components compared to current DRoF SFP+ based fronthaul equipment, to show 
coexistence with current DWDM fronthaul topologies and configuration and to prove the 
added flexibility of the 5G-PHOS architecture compared to the rigid DWDM solutions 
available today. Distance, Latency and Power Budget will be addressed as well. 
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The results will provide valuable inputs to Ericsson and other partners for their exploitation 
plans of the 5G-PHOS architecture as a whole and as individual components. 

4.1.2.2 Action Plan & Timeplan 
The Lab test is planned around M32 and is expected to cover a one-week joint activity at 
Ericsson labs in Genova. A 1-2 week lab preparation period will be required: this will be 
the responsibility of TEI verification engineers, whose availability has been already 
confirmed. In addition to the TEI personnel, expert personnel from AUTH will be required 
to operate the mini-ROADM module, as well as frοm NTUA if Flexbox units are available for 
the test. 

4.1.2.3 Risks & Mitigation 
In case of delay or issues with the Flexbox units, the optical performance of 5G-PHOS 
devices can still be evaluated in the described setup by driving EML lasers with a 
programmed AWG and using Instrumentation to test received signal quality through 
Ericsson DWDM fronthaul infrastructure. 

4.2 Field 
Trials/Demos  

According to the statements in the Description of Work, 5G-PHOS will carry out a series of 
scalable demonstrations across all of its targeted prototypes and high-density network 
scenarios. Starting from lab-scale demonstrations already described in the previous 
Sections, different field-trials have been planned in a step-wise approach according to each 
targeted Use Case, as summarized in Figure 66 and expanded in the following Sections. 

 
Figure 66: Overall view of the three demos according to the associated Use 

Cases.  

4.2.1 Demo #1: Dense Area 
Demo #1 is focusing on a network use case that will serve Dense areas via PON optical 
access networks, identifying PON-overlaid and compatible 5G network deployment as the 
closest to realization (and as such to market).  
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Regarding the 25 Gb/s PON-overlaid 5G network for dense city areas, a lab-scale 
demonstration at Orange Lab facilities will be followed by a first field-trial demo at the 
testbed facilities of Italian telecom operator TIM in Turin, Italy, followed by one on the PON 
infrastructure of Greek telecom operator COSM.  

Demo #1 is scheduled to begin in February 2020, after the Pilot Lab-scale demonstration 
in ORAN. Considering the short interval between the two events, no major improvements 
are expected with respect to hardware and software project deployments. 

According to what was successfully tested in the Pilot Lab-scale demonstration and 
considering the reasons that caused the architecture change already described in this 
document, Demo #1 is going to showcase the following aspects: 

o Real-time transmission: 

o TX Flexbox functionalities: An NTUA FPGA-equipped TX module integrated with 
Mellanox’s Bluefield will demonstrate real-time transmission and allocation of 
Ethernet traffic over a fiber link. Offline demodulation is achieved after 
detection. 

o FiWi link over in-field infrastructure: real-time transmission and allocation of 
Ethernet traffic over a FiWi link including the SIKLU mmWave antenna. Offline 
demodulation is used.  

o TX and RX Flexbox functionalities: Real-time detection will be demonstrated by 
configuring NTUA FPGA TX and RX modules in back-to-back configuration.  

o SDN controlled network architecture: 

o Controller developed in WP6 will interface with Orange’s SDN controller through 
a common manager component in the Network Planning and Operation (NPO) 
Tool.  Connection to lab equipment is performed remotely between Turin and 
Lannion, classes of services are added/deleted/changed and the whole 
procedure is filmed to allow real-time visualization through Skype.  

Considering the availability of 5G-PHOS modules at the time of the trial and substituting 
unavailable 5G-PHOS components with commercial components with the same or 
eventually reduced functionalities, 5G-PHOS Demo #1 enables:  

1. a faster average service creation time cycle, being deployed over an already 
installed infrastructure. 

2. a secure, reliable fronthaul section with a "zero perceived" downtime for service 
provision, being flexible and versatile in terms of supporting various services, and 
reconfigurable to up-scale in terms of capacity.  

4.2.1.1 Scope, objectives, layout, block diagrams, 
implementation setup 

Scope/objectives 

The main objectives of Demo #1 are: 

• To validate the proper operation of 5G-PHOS hardware (Proof of Concept) with 
analog FiWi fronthaul. 

• To verify co-existence over a deployed infrastructure with limited optical budget 
and coexistence with legacy PONs for residential users. 

• To prove 5G-PHOS ability to meet strict fronthaul latency constraints. 
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To test the above, the initial goal was to employ an LTE C-RAN architecture, also because 
of the foreseen unavailability of 5G devices in the market. However, the first 5G devices 
are available at the time of this report and 5G NR has been licensed with the use of 3.6-
3.8 GHz bandwidth and TDD access. In addition to the fact that 5G 60 GHz mmWave 
operation is not licensed yet, analog transport of a TDD signal over a unidirectional optical 
link is quite tricky and is not contained in the proposed target 5G-PHOS architecture, where 
analog optical signals should be transmitted over legacy infrastructure.  

 

Conventions used in the demo:  

The 5G-PHOS analog signal has a proprietary format (due to the need for distinct Control 
Planes for Rooftops and Lampposts) that is created from the Master and Slave Flexboxes. 
Clearly, this approach requires full functionality on the part of the Flexbox units, which are 
not available yet according to the project timeline. So, considering device availability at 
the time of this deliverable, the Flexbox units will be replaced by commercial equipment 
and lab instrument to achieve a complete E2E chain demonstrating 5G PHOS architecture 
over legacy in-field optical PON infrastructure  

Thereby, as soon as 5G-PHOS modules become available, they can be inserted at any time 
in the architecture substituting lab components and demonstrating the full bandwidth and 
complete functionalities of the 5G-PHOS solution.  

Layout Description 

• Signals corresponding to different services (voice, data and video) are transferred 
from a CU to a RU, by Ethernet and an analog mapping and transport, through the 
5G-PHOS fronthaul Master Flexbox, including the Mellanox Bluefield NIC and NTUA 
FPGA.  

• All communication is conveyed through TIM’s existing legacy deployed PON 
infrastructure. Various legacy services and competitive technologies will be 
concurrently provided over the same demo infrastructure. 

Block Diagram 

Figure 67 presents a block diagram of the Demo #1 setup with the proposed new 5G PHOS 
architecture. Traffic is provisioned between a commercial BBU and a small cell with a 
fronthaul transport based on Ethernet. The Ethernet signal is mapped into an analog signal 
by the Master and Slave Flexboxes. Transmission between the two Flexbox units is 
achieved optically and over the mmWave radio link. Rooftop RRH and Lamp-post RRH 
perform separation of downlink and uplink signals via FDD towards two unidirectional 
optical links propagating with two different wavelengths over a single fiber. 
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Figure 67: Concept diagram of Demo #1 following the layout of the new 5G-
PHOS proposed architecture. 

Operation with a single wavelength per direction is requested for dense area use case and 
slicing options for traffic segregation can be achieved by using VLAN tagging and service 
class definitions as described in previous Sections. 

Actual Demo Implementation Setup  

The actual demo implementation setup includes instrumentation to perform throughput 
and latency measurements, as well as offline acquisition and processing for comparison of 
in-field data with lab tests measurements; the relevant bill of materials is provided in Table 
7.  

Table 7: Bill of material for Demo #1. 

Component Responsible partner 
CU/DU/BBU TEI/TIM 

Master Flexbox MLNX/NTUA 
EML TIM 

WDM filters TEI 
5G PHOS Transmitting Antenna SIKLU 

Commercial RX Antenna AUTH 
Slave Flexbox MLNX/NTUA 
Oscilloscope TIM 

Tester and lab instruments TIM 
SDN Controller - Network Planning and 

Operation (NPO) Tool INCELLIGENT/ ORANGE 

Control channel testbed ORANGE 
 

The optical legacy infrastructure in TIM is a part of the deployed optical access network, 
which mainly consists of FTTC or FTTH architectures. Two levels of optical splitters are 
included in the ODN, usually two 1:8 power dividers, which allow for up to 64 users per 
OLT PON. Fronthaul is deployed in the first section of the link, because the second level of 
splitting is usually dedicated to residential services and it is installed inside buildings to 
reach home premises.  

The set up for the optical in-field demo, including legacy equipment, is shown in Figure 68. 
Figure 69 describes in detail the set-up specifying 5G-PHOS items. The EML and the 
photodiode have been replaced by commercial components; the uplink direction is 
operating at the proper wavelength but has no traffic on-board. 

Figure 70 shows the setup including the wireless section. Unidirectional transmission is planned. 
Figure 71 describes in detail the SDN – NPO architecture regarding the control channel 
implementation focusing in the frameworks/libraries employed in the application layer, its 
various functional components and the interfacing options used. All of the functional 
components that have been used in each layer (application, control or infrastructure layer) 
are depicted. 
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Figure 68: Setup diagram for Demo #1 optical section according to component 

availability shown in Table 7. 

 
Figure 69: Detailed diagram of the optical section setup of Demo #1. 

 
Figure 70: Detailed diagram of Demo #1 setup including wireless section. 
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Figure 71: Detailed diagram of the control channel implementation. 
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4.2.1.2 Scenarios to be evaluated 
With the implementation setup previously described, the following scenarios will be 
evaluated: 

1. An architecture with increasing complexity (from dedicated to shared infrastructure) 
will be defined and tested. 

2. Link reliability will be checked by monitoring real traffic over legacy equipment and 
promoting traffic segregation.  

3. Coexistence of all alternatives over the same fiber infrastructure will be checked. 

4. Comparison of technological alternatives (eCPRI over PON/WDM PON, 5G PHOS 
signal) in terms of bandwidth, distance, latency will be performed. 

5. Regarding latency requirements, they should be calculated for each segment of the 
network independently and added afterwards to get the overall value.  

6. Configuration of the SDN-controllable PHY layer parameters using the NPO. The 
NPO operation will be evaluated by measuring EVM in the receiver side as well as 
other metrics like number of used bands, RF power, bitrate etc. 

4.2.1.3 Action Plan & Timeplan 
Demo #1 will be held in the third year of the project in M30. Results from lab tests have 
contributed to decide what to include in the trial to set the goal of Demo #1. Components 
that will be used in Demo#1 are provided by partners of the Consortium and are strictly 
related to the proposed architecture. Due to time evolution of the set-up, the list changed 
along the time. The bill of materials was updated after lab test completion and is now 
almost settled. 

Partner Responsibilities 

Each partner is responsible for providing the required components and supporting the 
consortium and the demo-leading partner to define and provision alternatives in case of 
unavailability of demo elements. Unavailability should be announced at least two months 
in advance in order to take proper countermeasures. 

4.2.1.4 Risks & Mitigation  
Any experimental activity can be affected by risks, either foreseeable or unexpected. In 
the following, a forecast of possible risks has been performed and some realistic 
countermeasures are listed. 

• Risk 1: Signal degradation. 

The long signal processing chain and multiple signal format conversions could 
degrade the signal quality to the point that the signal may not be 
detected/recognized at the endpoint. 

Countermeasure: Fix modulation format, reduce the over-the-air distance, 
simplify the setup, including characterization of the performance of separate 
sections of the chain (optical versus Ethernet versus mmWave). 

• Risk 2: Synchronization. 

Depending on the setup options, synchronization may be an issue during the 
system’s operation. 
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Countermeasure: Use test instrumentation to evaluate some functionalities and 
perform offline processing. 

• Risk 3: Availability of network resources. 

Legacy OLT and PON units are shared resources and could be booked or under 
maintenance during the Demo’s period. 

Countermeasure: Proper scheduling in advance to book network resources. If not 
available, test instrumentation will be used instead. 

• Risk 4: Unavailability of fiber link. 

Cable loss or maintenance jobs or other issues can cause fiber link unavailability. 

Countermeasure: Use of fiber spools in lab environment. 

• Risk 5: Unavailability of remote connection with Orange. 

Network issues can cause the remote connection link to become unavailable. 

Countermeasure:  A demo video will be prepared in advance where the relevant 
work is presented. 

4.2.2 Demo #2: Ultra-Dense Area 
This demo refers to the Ultra-Dense area Use Case, where a variety of 5G services/apps 
will be made available to a high number of subscribers and therefore a huge amount of 
traffic shall be supported by the 5G-PHOS infrastructure. The field trials will take place in 
Athens and, more specifically, at two sites (ICCS/NTUA and COSMOTE premises) 
interconnected over a (dark) fiber link. At both sites, lots of mobile services such as voice 
(VoLTE) and data services (4K real-time streaming, FTP, web-browsing and IoT 
applications) will be demonstrated over an A-RoF centralized 5G-PHOS fronthaul topology. 
Lab trials will be conducted in advance to verify the smooth operation of the field 
trials/demos. In terms of KPIs, throughput, latency, jitter and other QoS/QoE 
characteristics will be evaluated. 

4.2.2.1 Scope/objectives, layout, block diagrams, 
implementation setup 

Scope/Objectives 

The main objectives of Demo #2 are: 

• To demonstrate the performance of the complete 5G-PHOS technology platform, 
including DSP algorithms implemented on the FPGA-based engine, maximum 
fronthaul capacity, E2E performance and SDN capabilities. 

• To demonstrate improved mobile broadband experience of various services over an 
A-RoF centralized 5G-PHOS fronthaul topology: VoLTE calls (including handovers), 
real-time 4K video streaming, web browsing, IoT applications, (S)FTP, etc. 

• To prove that the integration of the 5G-PHOS solution has no impact on the 
(currently) offered QoE. 

Conventions used in the demo 

Due to the unavailability of 5G NR mmWave gNBs and mobile devices in the market, an 
E2E 4G mobile network (EPC from ATHONET, commercial NOKIA Small Cells and 4G/4G+ 
smartphones) will be utilized. The successful transmission of the multi-Gbps aggregate 
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stream coming from multiple services (including delay-sensitive applications) over the 5G-
PHOS infrastructure will demonstrate its potential to meet 5G capacity and latency KPIs. 

Layout Description 

• Two sites/locations have been defined: the “server site”, containing various service 
nodes (EPC, Video-on-demand servers, iPerf server, etc.) and the “client site” that 
contains the respective service terminals (4G Small Cells, video streaming clients, 
iPerf client, 4G/4G+ smartphones, etc.). 

• All servers are connected to a 5G-PHOS Master Flexbox unit through an Ethernet 
switch. 

• The Master Flexbox unit modulates the incoming traffic to the proper 5G-PHOS 
analog format and feeds it to the 5G-PHOS mm-Wave massive MIMO antenna. The 
latter is wirelessly connected to two 5G-PHOS lamppost units. 

• The 2 lamppost antennas are connected to an FPGA module that converts the 
signals from the 5G-PHOS format to Ethernet and feeds the clients, through a 
Bluefield chip and an Ethernet switch, used to map the received traffic to the 
corresponding small cells. 

• The server side and the client side reside at COSMOTE and ICCS/NTUA buildings 
separated by ~25.5km of fiber. 

 
Block Diagram 

In Figure 72, the block diagram of Demo #2 is depicted, including both the uplink and 
downlink when two lamppost antennas are used. 
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Figure 72: Block diagram for Demo #2. 

 

Real Demo Implementation Setup 

The Demo #2 testbed will be located in Athens. The server side and the client side will 
reside at COSMOTE and ICCS/NTUA buildings, respectively. The real implementation setup 
will include all the individual elements shown in Figure 72. The bill of material related to 
this demo is depicted in Table 8. 

Table 8: Bill of materials for Demo #2. 

Uplink & Downlink 
Component Responsible partner 

Service nodes (4G core, Iperf server, 4G eNBs, etc.) COSM 
Bluefield unit (Flexbox) MLNX 

FPGA processing unit (Flexbox) ICCS/NTUA 
Flexbox optical front-end III-V labs/IZM 

Optical consumables ICCS/NTUA 
5G PHOS Receiving Antenna with OBFN/EAMs SIKLU/LIONIX/III-V labs/IZM 

5G PHOS Transmitting Antenna with OBFN/PDs SIKLU/LIONIX/III-V labs/IZM 
SDN controller and NPO INCE 

4.2.2.2 Scenarios to be evaluated  
Service-related Field-Trials 

These will include (on both NTUA and COSM sites): 

• VoLTE calls (along with handovers). 

• 4K real-time video streaming. 

• Web-browsing. 

• (S)FTP transfers. 

• (NB-)IoT applications such as temperature/humidity, air-quality, on/off 
plug/socket, power/energy consumption of 5G-PHOS elements, etc. 
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• SDN/Network-related functionalities: (a) dynamic sub-band allocation for uplink as 
well as downlink traffic, (b) slicing functionalities (rate limiting based on QoS 
requirements [i.e., throughput]  and isolation as a fixed number of sub-bands to a 
specific  small cell) and (c) (re)configuration (i.e., turning on/off) of 4G Small Cells 
and links for traffic steering. 

Performance-related Field-Trials 

These will include: 

• Throughput measurements (average and maximum data rates that can be achieved 
on the uplink and downlink direction), latency (average and minimum delay that 
can achieved) and jitter-related measurements.  

• QoS/QoE-related measurements for the offered services (e.g., VoLTE, video 
streaming, web browsing, ftp).  

• FiWi link performance evaluation; specifically, evaluation of 5G-PHOS analog IFoF 
transport scheme enhanced with centralized DSP capabilities. 

4.2.2.3 Action Plan & Timeplan  
Preliminary connectivity and equipment compatibility tests for the complete Demo #2 run 
have already started since M24. First versions of the SDN controller and NPO are available. 
Deployment efforts will intensify after M28, given that the majority of the individual 5G-
PHOS developed technologies/HW required for Demo #2 will become available after that 
time. The Demo #2 testbed is expected to be completed by M36, when the project’s final 
demonstration activities will take place.  

COSM, ICCS/NTUA, MLNX and INCE are the main contributing partners of Demo #2, while 
all other involved 5G-PHOS partners (see Table 8) are responsible for providing the 
required technology blocks and supporting the demo-leading partner to define and 
provision alternatives in case of unavailability of demo elements. Unavailability should be 
announced at least two months in advance in order to take proper countermeasures. 

4.2.2.4 Risks & Mitigation  
Any experimental activity can be affected by risks, either foreseeable or unexpected. In 
the following, a forecast of possible risks has been performed and some realistic 
countermeasures are listed. 

• Risk 1: Signal degradation. 

The long signal processing chain and multiple signal format conversions could 
degrade the signal quality so that the signal may not be detected/recognized at the 
endpoint. 

Countermeasure: Fix modulation format, reduce over-the-air distance, simplify 
the setup, including characterization of the performance of separate sections of the 
chain (optical versus Ethernet versus mmWave). 

• Risk 2: Synchronization. 

Depending on to the setup options, synchronization may be an issue during the 
end-to-end system operation (i.e., up and down separation, control channel 
latency). 

Countermeasure: Use test instrumentation to evaluate some functionalities and 
perform offline processing. 

• Risk 3: Availability of 5G-PHOS optical front-end. 
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The optical components required for the implementation of the 5G-PHOS Flexbox 
units are currently in development and possible fabrication/integration delays may 
not allow their integration to the final Flexbox prototype. 

Countermeasure: Use of commercially available components for the demo 
activities. Performance of the 5G-PHOS developed elements will be evaluated 
through a series of lab tests.  

• Risk 4: Availability of the OBFN. 

The 5G-PHOS OBFN unit is currently in development and possible 
fabrication/integration delays may not allow its integration to the final 5G-PHOS 
MIMO antenna unit. 

Countermeasure: The OBFN unit will not be used in Demo #2 activities. Its 
performance will be evaluated through a series of lab tests. 

4.2.3 Demo #3: Hotspot Area 
This demo refers to the Hotspot area Use Case, where a high number of end users is 
connected and, therefore, the successful transmission of a high amount of data is needed. 
Existing WiFi clients operating at 5 GHz will be employed and will be combined with 5G-
PHOS modules to offer extended coverage and capacity. The field trial will take place in 
PAOK stadium at Toumba, Thessaloniki, Greece, while some lab trials will take place 
beforehand at AUTH premises to ensure the smooth operation of the field trial. In terms of 
KPIs, throughput, latency, and other QoS metrics are going to be evaluated. 

4.2.3.1 Scope/objectives, layout, block diagrams, 
implementation setup 

Scope/objectives 

The aim of this demo is twofold: i) to prove 5G-PHOS ability to offer WiFi service (in the 5 
GHz band) to WiFi clients in an extended range, and ii) to test 5G-PHOS optical 
beamforming technologies and ROADM modules. 

Conventions used in the demo 

We employ the 5G-PHOS architecture to interconnect a 5 GHz WiFi Access Point (AP)/router 
to 5 GHz WiFi clients. By showing the successful communication of 5 GHz WiFi AP and WiFi 
clients through our A-RoF architecture, we demonstrate the 5G-PHOS Proof-of-Concept as 
well as the high scalability of 5G-PHOS solution. It is worth noting that the performance of 
the demonstrated network is limited only by the constraints imposed by the employed 
commercial products. 

Layout description 

• We extract signals from an Edimax OAP900 WiFi AP/router through an SMA 
connector.  

• Signals from the router are distinguished between uplink and downlink using a 
circulator. For the downlink, the 5 GHz signal is transported through the 5G-PHOS 
A-RoF architecture without changing its format and is transmitted through the 5G-
PHOS massive MIMO mmWave antenna at the 60 GHz band.  

• In the receiving massive MIMO antenna, the mmWave signal is down-converted 
back to the 5 GHz WiFi and connected to a commercial SMA antenna for wireless 
retransmission. 
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• The uplink received by the commercial SMA antenna is transmitted to the 
centralized AP by a separate uplink channel through the circulator. 

• In the PAOK F.C. stadium testbed, signals are passed and optically reconfigured 
through the 5G-PHOS ROADM modules as well.  

 

Block Diagram 

In Figure 73, the block diagram of Demo #3 is depicted, including both the uplink and 
downlink when a single mmWave antenna pair is used. Respectively, Figure 74 refers to 
the case where multiple links are used, each one of them comprising multiple antenna 
pairs. 

 

 
Figure 73: Block diagram for Demo #3. 

 

 
Figure 74: Multi-beam, multi-point block diagram for Demo #3. 
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Real Demo Implementation Setup  

The real implementation setup that will be located at Toumba stadium is depicted in Figure 
75, while the bill of material related to this demo is depicted in Table 9. 

To demonstrate the ROADM functionalities, at least two 5G-PHOS antenna pairs will be 
employed, which will be connected with SMA-extended remote antenna units, thus offering 
5 GHz WiFi coverage in an extended range. 

 
Figure 75: Demo #3 field-trial setup at Toumba Stadium, Thessaloniki. 

 

 

 

Table 9: Bill of materials for Demo #3. 

Uplink & Downlink 
Component Responsible partner 

EDIMAX routers AUTH 
Flexbox MLNX/NTUA 

5GHz WiFi clients AUTH 
Circulators AUTH 

5G PHOS Receiving Antenna with OBFN/EAMs SIKLU/LIONIX/III-V labs/IZM 
5G PHOS Transmitting Antenna with OBFN/PDs SIKLU/LIONIX/III-V labs/IZM 

SDN controller INCE 

 

4.2.3.2 Scenarios to be evaluated 
• Scenario Description 

o Scenario 1: Normal operation of 5 GHz WiFi clients connected to the network 
will be verified. 
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o Scenario 2: In case of high traffic, neighboring APs or 5G-PHOS antennas 
will be activated to improve the network performance. 

• Evaluation scenario 

o Measure throughput, latency and other QoS characteristics:  

 Use iPerf software (requires an iPerf server hosted in a PC attached 
to router). 

 Throughput is capped to the router’s maximum limit of 900 Mbps. 

o Transfer file from Internet to 5 GHz WiFi client: 

 Showcase proper connectivity and delay within limits (no time-outs). 

 Identify maximum fiber link and wireless range coverage. 

 Test bi-directional video transmission. 

o Especially for scenario 2, a higher amount of data will be demanded by the 
active 5 GHz clients, causing deterioration in the experienced client 
performance. To deal with the increased demands, when the performance 
metrics reach a threshold value, neighboring APs/5G-PHOS antennas will be 
activated, to offer load balancing and consequently better service to the 
clients. 

4.2.3.3 Action Plan & Timeplan 
Demo #3 is expected to be executed at month 34. Intermediate lab trials will take place 
at AUTH premises the months before month 34, as explained below. 

The initial test includes the test of the bi-directional 5 GHz WiFi direct connection between 
the Edimax AP/router and clients, as shown in Figure 76. 

 
Figure 76: 5 GHz WiFi direct connection test. 

 

At a second step, the connection will be tested using the SMA remote antenna. For this 
purpose, circulators will be used to separate the uplink and downlink streams, as depicted 
in Figure 77. 
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Figure 77: 5 GHz WiFi connection test with the SMA remote antenna unit 

employed. 

 

Then, the previous setup will be augmented, by using fiber for the interconnection of the 
components, as depicted in Figure 78. 

 
Figure 78: 5 GHz WiFi connection test with the SMA remote antenna unit 

employed, using an optical link for the interconnection of the components. 

Subsequently, a 5G-PHOS antenna pair operating at 60 GHz will be included in the chain, 
as shown in Figure 79. 

 

 
Figure 79: 5 GHz WiFi connection test with a 5G-PHOS antenna pair employed 

operating at 60 GHz. 

 

Upon successful operation of the previous test, the connection of the previous setup with 
the FlexBox will be tested, as depicted in Figure 80. 
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Figure 80: 5 GHz WiFi connection test with Flexbox and a single 5G-PHOS 

antenna pair employed. 

 

The next test includes the use of multiple multi-beam 5G-PHOS antenna pairs instead of a 
single one, as shown in Figure 81. 

 
Figure 81: 5 GHz WiFi connection test with Flexbox and multiple multi-beam 5G-

PHOS antenna pairs employed. 
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As a final test to this direction, the previous setup will be scaled-up in the presence of 
multiple links, each one containing multiple multi-beam 5G-PHOS antenna pairs, as shown 
in Figure 82. 

 
Figure 82: 5 GHz WiFi connection test with Flexbox and multiple links consisting 

of multiple multi-beam 5G-PHOS antenna pairs employed. 

 

Another test that will take place refers to the coexistence of 5 GHz WiFi with the 5G-PHOS 
equipment, as depicted in Figure 83. 

 
Figure 83: Test of a co-existence scenario between 5 GHz WiFi and 5G-PHOS 

components. 
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Finally, the actual field trial will take place, according to the setup depicted in Figure 84. 

 
Figure 84: Final field-trial setup for Demo #3. 

 

4.2.3.4 Risks & Mitigation  
As already stated, any experimental activity can be affected by risks, either foreseeable or 
unexpected. In the following, we include a number of possible risks as well as effective 
countermeasures that can be taken in each case. 

• Risk 1: Timers of 5 GHz WiFi may not suffice for the long FiWi 
interconnection. 

The delay imposed by the long FiWi interconnection to the signal may cause the WiFi 
timers to expired before the signal reaches the destination point. 

Countermeasure: The timer values could be changed by gaining access to firmware. 
In case this is too challenging, wireless range extender could be used to avoid the 
timers expiring while the signal is transmitted in the air.  

• Risk 2: Signal quality degradation limiting data rate transmission of WiFi 
channel. 

The long signal processing chain and multiple signal format conversions could 
degrade the signal quality, making the signal difficult to be detected/recognized at 
the endpoint 

Countermeasure: The modulation format could be fixed while reducing the distance 
between transmitter-receiver so as to increase the SINR at the receiver side. A 
wireless range extender could be also used in the middle of the wireless link to 
amplify and forward the received signal and thus improve the SINR of the 5GHz 
client.  
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5. 5G-PHOS KPIs 

5G-PHOS KPIs have been updated to comply with the 5G-PPP standards and requirements. 
In particular, the KPIs that will be studied in the project, as well as their applicability in 
each Demo, are discussed in the following paragraphs. 

5.1 Capacity Density  

Target value 
1.7 Tbit/s/km2 in dense areas 
28 Tbit/s/km2 in ultra dense areas 
>1.5 Tbit/s/km2/wavelength in Hotspot areas 

Definition of KPI The total traffic throughput that can be served by the network per 
geographic area, measured in bit/s/km2. 

Context/Use case Providing ultra-high bandwidth mmWave eMBB fronthaul for dense, ultra-
dense and Hotspot areas over a converged FiWi network. 

Enhancement work 

5G-PHOS currently produces HW capable of using only 2 GHz out of the 7 
GHz available spectrum in the mmWave 60GHz ISM band. Producing HW 
that utilizes the entire 7 GHz band can triple the KPI capacity figures. Also, 
current FPGA HW enables the use of modulation schemes up to QAM16. 
However, enhanced HW design would enable better noise 
cancellation/compensation, and hence, higher modulation formats towards 
increased bitrates. 

Where to measure 

In all demos, throughput will be measured in bits per second of the payload 
bits of the Ethernet frames received either at the Master or Slave FlexBox. 
Thereby, the total traffic throughput will be measured in each case, i.e., at 
Demo 1 for dense areas, Demo 2 for ultra-dense and Demo 3 for Hotspot 
areas. 

How to measure 

Maximum achieved capacity will be measured through the use of iPerf 
software connection established between a server located in the BBU side 
and a client PC located in the user area, or vice versa. Also, in order to have 
a practical display of the 5G-PHOS capacity density, very high definition 
video with high frame rate (such as 4K at 60 FPS) will be streamed, e.g. in 
Demo 3. Given the achievable transmission range of the employed 
antennas, the results will be translated to area capacity density. 

How to evaluate Achieved results produced by the demonstrator platforms will be measured 
and evaluated against the ITU 5G specification targets.  

 

5.2 Energy Efficiency 

Target value 55 nJ/bit in dense areas  
12 nJ/bit in ultra dense areas 

Definition of KPI The energy consumed per useful bit transferred from the MNO’s Central Office 
to the user area using the 5G-PHOS analog Radio-over-Fiber solution.  

Context/Use case Providing ultra-high bandwidth mmWave fronthaul for dense and ultra-dense 
areas over a converged FiWi network. 
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Enhancement 
work 

Currently 5G-PHOS employs only 2 GHz out of 7 GHz of the available 
mmWave bandwidth in the 60 GHz band, but the same hardware is capable 
of transmitting up to 8 parallel data streams. Using additional antenna panels 
tuned to different parts of the 60 GHz spectrum would increase power 
consumption only by a small factor (due to the added RF equipment) but 
would multiply the data transmission, therefore increasing the energy 
efficiency metric.  

Where to 
measure 

In Demo #1 and Demo #2 the energy consumption of the 5G-PHOS solution 
will be measured for the Dense and Ultra-Dense area scenarios, respectively. 

How to measure 

Power meters will be deployed in every active element of the network, starting 
from the centralized unit that contains the transceivers, FPGA and network 
processor, down to the lamppost antennas that contain the transceivers, RF 
equipment and FPGA module. The derived results will be combined with the 
results obtained by the “Capacity Density” KPI in order to derive the energy 
consumption per bit. 

How to evaluate 
Achieved results produced by the demonstrator platforms will be measured 
and evaluated if they abide by NGMN’s energy efficiency success criteria for 
the 5G pre-commercial field trials. 

 

5.3 Latency 

Target value 

<100 μs eCPRI user plane latency across the 5G-PHOS network for splits E 
and ID, IID and IU.  
<1 ms eCPRI control plane latency across the 5G-PHOS network for splits E 
and ID, IID and IU.  

Definition of KPI 

The 100μs and 1ms targets refer to the one-way latency experienced by the 
eCPRI packets as they traverse the 5G-PHOS FiWi link. This KPI specifically 
attests to the system’s capability to support LLS eCPRI traffic fronthauling. It 
is imperative to note that if this KPI is achieved, then all higher layer splits 
will also work under the 5G-PHOS infrastructure, since they all have more 
relaxed specifications.  

Context/Use case This KPI will test the analog Fronthaul capability of the 5G-PHOS solution to 
support eCPRI fronthaul traffic (100 μs and 1 ms targets). 

Enhancement 
work 

5G-PHOS employs A-RoF technology which produces latency gains due to 
lack of intermediate digitization processes. If 5G-PHOS latency targets are 
not achieved, 5G-PHOS will try to employ a) faster DSP to reduce the latency, 
and b) debug the whole network to find where the majority of the latency is 
introduced and address it. If none of the above works, then the Lowest 
Functional Split supported with the required latency will be identified. 

Where to 
measure 

All 3 5G-PHOS demos will measure latency in the 5G-PHOS fronthaul between 
the Master and Slave Flexboxes.  



 Deliverable D2.4   
 
 

 
5G-PHOS – D2.4              101/106 

 

How to measure 

In all Demos, the elapsed time between the ingress of an Ethernet frame at 
one point of the network (e.g., Master FlexBox) and its delivery at the other 
end of the 5G-PHOS FiWi infrastracture (e.g., transmission to the eNodeB or 
equivalently in the output of the Slave Flexbox) will be measured, through 
the use of tools such as iPerf. 

How to evaluate Achieved results produced by the demonstrator platforms will be measured 
and evaluated against the e-CPRI targets for splits E and ID, IID and IU.   

 

5.4 Network Reconfiguration Delay 

Which KPI Network resources provisioning and reconfiguration delay 

Definition of KPI 

Time needed for the network to perform actions ranging from the one-time 
configuration of devices to the runtime reconfiguration of algorithms, 
adapting the operation of previously configured devices with respect to 
resource allocation management (i.e., dynamic sub-band allocation) and rate 
limiting based on QoS requirements. The reconfiguration time is based on 
the data plane effective delay, i.e., from the instant of sending the 
reconfiguration command until the effect is visible on the data plane. 

Context/Use case This KPI will test the capability of the SDN controller to perform 
(re)configuration to the 5G-PHOS fronthaul network. 

Enhancement 
work 

5G-PHOS aspires to contribute in SDN for FiWi networks through the 
development of a joint optical and wireless Network Planning and Operation 
tool (NPO), implemented through an SDN platform. The Flexbox units (Master 
and Slave) will interface the SDN commands, enforced by the 5G-PHOS SDN 
control framework, and coordinate and orchestrate the FiWi C-RAN resources 
using advanced analytics to ensure resource provisioning. NPO will be able to 
setup, manage and optimize various aspects of the converged FiWi network 
infrastructure, with data analytics being a critical part (e.g., providing 
information on which sub-bands were used, when and by which devices). 

Where to 
measure 

At Demo 2 for ultra-dense and at Demo 3 for Hotspot areas where the 
completed (regarding HW capabilities) Flexbox units will be provided. 

How to measure 
The measured delay starting from pushing an OpenFlow rule that enables 
VLAN tagging until the first packet leaves the switch with a VLAN tag. 
Measurements will be measured through the use of tcp-dump or Wireshark. 

How to evaluate 
Achieved results produced by the demonstrator platform will be measured 
and compared against the SDN controller-related reconfiguration delay found 
in the literature. 

 

5.5 Packet Loss Ratio 
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Which KPI <10-7 control and user plane packet loss for Dense, Ultra-Dense and Hotspot 
areas for splits E and ID, IID and IU.  

Definition of KPI 

This KPI refers to the ratio of eCPRI packets that are lost divided by the total 
number of eCPRI packets that are sent. It is imperative to note that if this 
KPI is achieved then all higher layer splits will also work under the 5G-PHOS 
infrastructure. 

Context/Use case This KPI will test the analog Fronthaul capability of the 5G-PHOS solution to 
the eCPRI standard.  

Enhancement 
work 

If packet loss targets are not achieved, lower modulation and coding schemes 
will be employed to make the links more robust. 

Where to 
measure 

All 3 5G-PHOS demos will measure packet loss ratio in the 5G-PHOS fronthaul 
that occurs between the Master and Slave Flexboxes. 

How to measure 

In all Demos, packet loss between the input of an Ethernet frame at one point 
of the network (e.g., Master FlexBox) and its delivery at the other end of the 
5G-PHOS FiWi infrastructure (e.g., transmission to the eNodeB or equivalently 
in the output of the Slave Flexbox) will be measured, through the use of tools 
such as iPerf or tcp-dump. 

How to evaluate 
Achieved results produced by the demonstrator platforms will be measured 
and evaluated against the targets set by the e-CPRI standard for splits E and 
ID, IID and IU.   
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6. Summary and Conclusions 

The 5G-PHOS solution aims at efficiently addressing the 5G NR densification by combining 
the high capacity of the analog Radio-over-Fiber transmission with the flexibility provided 
by wireless links at the last-mile of the 5G networks enhanced by Optical Beamforming 
Networks and massive MIMO mm-wave antennas. After a number of revisions and 
iterations, considered as necessary for optimization reasons towards its potential 
exploitation and commercialization, the 5G-PHOS architecture has transformed the current 
all-digital fiber-based PtP fronthaul to a PtMP digital and analog converged FiWi fronthaul. 
In addition, 3 architectural variants of the 5G-PHOS solution for fronthaul implementation 
are proposed, each one corresponding to each of the 3 Use Cases (Dense, Ultra-Dense and 
Hotspot) envisioned by the project. At this point, it must be noted that although the project 
and the current document are focused on the 5G-PHOS solution for the fronthaul, the 5G-
PHOS architecture can also support backhaul or midhaul implementations, by enabling all 
3 possible placements of the 5G-PHOS stack within the 3GPP’s split, e.g. the Centralized 
Unit residing at the MNO’s Central Office, the Distributed Unit (Base Band Unit) residing at 
the base station site, and the Radio Unit (Radio Remote Head) including the radio elements 
being closest to the mobile users. In brief: 

• The 5G-PHOS architecture involves a number of entities developed in the context 
of the project that are “intervened in” and “cooperate with” the current MNO’s 
infrastructure: the Master Flexbox, the Rooftop RRH (R-RRH), the Secondary 
Lamppost RRH (SL-RRH) and the Slave Flexbox. 

• The dense and ultra-dense architecture variants are quite similar, with the 
differences lying in the number of supported R-RRH modules and, consequently, in 
the number of MNO RRH equipment that can be deployed in an area to cover the 
traffic demand, while the Hotspot architecture differentiates itself in the default 
employment of a WDM approach to increase capacity (as supported by the 5G-PHOS 
ROADM modules placed in a bus topology with a single optical fiber running along 
the hotspots).  

• In the 5G-PHOS architecture, the eCPRI traffic makes up the Data Plane (DP), 
whereas the C&M and Synch traffic are transferred via the Control Plane (CP). 

• Regarding the DP, the 5G-PHOS solution employs the mmWave band (57-66 GHz) 
to wirelessly connect the R-RRH to the SL-RRHs, mainly for its abundant bandwidth, 
and can support a flexible channelization framework, e.g. 100, 200 and 400 MHz 
channel bandwidths and respective UL/DL channels (at least one for establishing 
communication with a SL-RRH) and guard bands. All the DL DP channels are 
broadcasted simultaneously through a multi-lobe beam created by the 5G-PHOS 
mMIMO antenna (R-RRH), with the lobes targeting the SL-RRHs with high-gain 
pencil beams. After the reception of the DL beam, the Slave Flexbox retains the 
packets that are destined to it and instructs on the use of the UL channels.  

• Regarding the CP, the 5G-PHOS solution operates CP out-of-band from the DP 
frequencies so as to distribute the C&M and sync information to/from the SL-RRHs, 
as well as additional packets utilized by the Slave Flexbox about which UL/DL 
channels to employ for transmission and reception. The CP channel is broadcasted 
to the lampposts through a wide beam that covers all the served lamppost 
antennas. In the DL direction, the communication is PtMP (only one R-RRH 
broadcasting and several SL-RRHs receiving) and the opposite occurs in the UL 
direction, where 5G-PHOS employs the Code Division Multiple Access (CDMA) 
scheme and narrower beams from the SL-RRHs to the R-RRH. One additional signal, 
purely optical, the Control Plane Rooftop (CP-RT) is transmitted by the Master 
Flexbox to the R-RRH, carrying the necessary control signals to manage the OBFN.  
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• The 5G-PHOS architecture also provides a multi-wavelength/multi-beam capability 
which multiplies the spatial capacity of the network by reusing spectrum in different 
physically distinct sectors, thanks to the modular design of the massive MIMO 
OBFN-enabled antenna that can support a variable number of MIMO PCBs producing 
various data rates and parallel narrow beam combinations. 

• At the 5G-PHOS architecture level, the flexibility in resource allocation is mainly 
based on the sub-bands assignment to the lamp-posts and the beam 
steering/forming. This flexibility is planned and handled by the SDN controller 
through the dynamic VLAN tagging mechanism. Characteristic scenarios of this 
flexibility are the multi-tenancy, multi-operator and multi-domain applications that 
the 5G-PHOS architecture can support. 

Three architectural instantiations validate the 5G-PHOS architecture by depicting the 
manner in which the 5G-PHOS solution can fulfill the needs of the main stakeholders, 
through respective representative scenarios:  

1. MNO providing access to other “local” MNO(s). 

2. MNO adopting 5G-PHOS solution at dense/ultra-dense areas (support of multi-
tenancy and multi-domain applications). 

3. 5G Infrastructure Owner (IO) serving own and tenant (broadcasters, first 
responders, MNOs’) needs. 

The network layouts on a per use case basis are provided as a result of a network 
dimensioning analysis, which is based on a fully parameterized and expandable 
dimensioning tool that has been developed for the 5G-PHOS solution needs, allowing for 
deeper study of the 5G-PHOS solution and better understanding useful deployment 
aspects, potentially for any geographical area type, traffic demand scenario deployment 
approach or deployment strategy (e.g., aggressive, moderate). The results and conclusions 
depend on the UC scenario and the selected variable factors; therefore they cannot be 
exhaustive. The tool:  

• models the architecture of the 5G-PHOS solution and reflects its dimensioning rules, 
while taking into account the offered traffic demand and the deployment 
aspects/restrictions for the specific area/UC; 

• is capable of automatically calculating/selecting the (optimal) number of 5G-PHOS 
elements/nodes required for the area/scenario under study, among a set of valid 
configurations (in terms of PCB azimuths) for a specific traffic demand, i.e., 
configurations satisfying both the capacity and the coverage requirements of the 
area under study, without violating the limitations/restrictions of the 5G-PHOS 
architecture and network planning (either given as input or resulting from 
calculations); 

• provides, as output, figures and graphs regarding the number and range of 
coverage of 5G-PHOS elements required to be deployed over time (i.e., #R-RRH 
sites, #PCB (total and per R-RRH site), #MNO-RRHs, #Master and Slave 
Flexbox(es)), as well as throughput statistics, so as to satisfy the evolving traffic 
demands (from low to high). Therefore, it could be utilized for the projection of the 
network (configuration) evolution path, as the offered services multiply and the 
traffic grows, and  

• can also be utilized for 5G-PHOS techno-economic studies, after appropriate 
expansion with pricing information/input and financial calculations to provide cost-
revenues balance, payback periods, cost as the network evolves being aware of the 
imminent network evolution/upgrades (thus mitigating risky investments and 
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installations that may prove obsolete), etc., as well as for techno-economic 
comparison of different 5G-PHOS like solutions.  

Additionally, in this deliverable the lab and field trials/demos are described, and more 
specifically: 

• Lab Demo #1: Multicarrier FiWi Evaluation and Rooftop Control Plane Assessment 
(Lannion, Nov/2019), comprising the first complete experimental assessment for 
the Dense UC using the largest possible number of optical and electrical components 
developed in the context of the project and focusing on: (a) the feasibility of FiWi 
link with real-time control of beamforming/steering of rooftop antenna using CP-RT 
channel, (b) PHY layer assessment of DP, and (c) PHY/Layer 2/Layer 3 assessment 
of CP-RT. 

• Lab Demo #2: 5G-PHOS optical subsystem/components performance evaluation 
(Genova, Apr/2020), referring to EMLs, Photodetectors and mini-ROADMs in co-
existence with commercial E2E 4G/5G Ericsson Radio Systems and 5G-ready 
Ericsson fronthaul transponder equipment for benchmarking, to prove the added 
flexibility of 5G-PHOS architecture compared to the rigid DWDM solutions available 
today. The setup will be also capable of demonstrating end-user applications (e.g., 
video streaming).  

• Field-Trial Demo #1: Dense Area (TIM premises, Turin, February 2020), to 
showcase real-time transmission (TX/RX Flexbox functionalities, FiWi link in the 
field) and SDN controlled network architecture. 

• Field-Trial Demo #2: Ultra-Dense Area, (ICCS/NTUA and COSMOTE premises, 
Athens, June 2020), to evaluate the performance of the complete 5G-PHOS 
technology platform, including DSP algorithms on the FPGA-based engine, 
maximum fronthaul capacity, E2E performance and SDN capabilities, through the 
demonstration of VoLTE calls (including handovers), real-time 4K video streaming, 
web browsing, IoT applications, (S)FTP, etc., and validate that the integration of 
the 5G-PHOS solution has no impact on the (currently) offered QoE. 

• Field-Trial Demo #3: Hotspot Area (PAOK stadium, Thessaloniki, Greece, June 
2020), to prove 5G-PHOS ability to offer WiFi service (at 5 GHz) to WiFi clients in 
an extended range and test 5G-PHOS optical beamforming technologies and ROADM 
modules. 

Last but not least the KPIs, metrics and measurements and evaluation procedures to be 
adopted in the final phases of the project have been updated focusing on the performance 
KPIs (capacity density, latency, energy efficiency, network reconfiguration delay, packet 
loss ratio), while the business-related ones (CAPEX/OPEX) could be investigated through 
dimensioning and techno-economic studies by means of related customized tools. 
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