5G integrated Fiber-Wireless networks exploiting
existing photonic technologies for high-density
SDN programmable network architectures

Deliverable D7.3
Fully assembled FlexBox-Pro-WDM
and 100 Gb/s 64x64 MIMO RRH
prototypes
Programme:

H2020-ICT-2016-2

Project number:

761989

Project acronym:

5G-PHOS

Start/End date:

01/09/2017 – 31/08/2021

Deliverable type:

Report

Deliverable reference number:

761989/ D7.3/ Final | V.1

Related WP(s):

WP7

Responsible Editor:

Mellanox

Due date:

30/04/2021

Actual submission date:

30/10/2021

Dissemination level:

Public

Revision:

Final | V1

5G-PHOS – D7.2

1/23

Deliverable D7.3

Author List:
Organization

Author

MELX

N. Argyris

NTUA

K. Kanta, P. Toumasis, K. Tokas

AUTH

A. Mesodiakaki, M. Gkatzianas, G. Kalfas, Ch. Vagionas

5G-PHOS – D7.3

2/23

Deliverable D7.3
Abstract: 5G-PHOS aims to architect and evaluate Fifth Generation (5G)
broadband networks for dense, ultra-dense and hotspot area use cases capitalizing
on the convergence of fiber wireless (FiWi) technologies and migrating from
Common Public Radio Interface (CPRI) to seamlessly integrated FiWi with support
to Millimeter Wave (mmWave) Multiple-Input Multiple-Output (mMIMO)
communications. This deliverable elaborates on the final design and
characterization of the 5G-PHOS A-RoF prototype transceiver the FlexBox module.
The two flavors of the assembled prototype are presented along with an
experimental evaluation covering Analog-over-Fiber optical transport scenarios
showcasing real-time video streaming services.
Keywords: Fifth Generation (5G), Remote Radio Head (RRH), 5G-PHOS,
Baseband Unit (BBU), Fiber-Wireless, Optical Technologies, Millimeter Wave
(mmWave),
MIMO,
Beamsteering,
Integrated
Photonic
Technologies,
demonstrator, FlexBox
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Abbreviations
3GPP

3rd Generation Partnership Project

5G

5th Generation

ADC

Analog to Digital Converter

A-IFoF

Analog-Intermediate Frequency over Fiber

A-RoF

Analog Radio-over-Fiber

BBU

Baseband Unit

CPRI

Common Public Radio Interface

DAC

Digital to Analog Converter

DFB

Distributed Feedback

DSP

Digital Signal Processing

E/O

Electro-optical

EAM

Electro Absorption Modulator

eMBB

Enhanced Mobile Broadband

EML

Externally Modulated Laser

EPC

Evolved Packet Core

ER

Extinction Ratio

EVM

Error Vector Magnitude

FH

Fronthaul

FPGA

Field Programmable Gate Array

IF

Intermediate Frequency

iFFT

inverse Frequency Fourier Transform

IFoF

Intermediate Frequencies over Fiber

MNO

Mobile Network Operator

OFDM

Orthogonal Frequency Division Multiplexing

PD

Photodiode

PtMP

Point to Multi Point

QSFP

Quad Small Form-factor Pluggable

RFSoC

RF System on Chip

RRH

Remote Radio Head

SDN

Software Defined Networking

SNR

Signal to Noise Ratio

TIA

Transimpedance Amplifier

VLAN

Virtual Local Area Network
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1

Executive Summary

This document presents the final assembled units as well as the performance
evaluation of the 5G-PHOS Flexbox components. The two flavors of the FlexBox
units (master and slave) are outlined. The overall architecture of the FlexBox is
followed by the assembly of the prototype focusing on the digital backend and the
electro-optical frontend. Moreover, the prototypes as a whole are showcased. An
experimental performance evaluation of Analog-Radio over Fiber (A-RoF) and mmwave (V-band) optical/wireless transmission concepts along with real-time video
streaming services are also presented in this document.
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2

Introduction

2.1 Purpose of this document
D7.3 presents the final FlexBox prototype assembled within 5G-PHOS and
concludes the activities of WP7. The main objective is to provide the necessary
assembly details of the prototypes which are based the architecture defined during
the project. Moreover, an experimental evaluation using the assembled device is
intended to provide the evidence that this protype Analog-Intermediate Frequency
over Fiber (A-IFOF) transceiver is in-line with the converged optical/wireless based
topologies as identified throughout 5G-PHOS and toward the beyond-5G era.

2.2 Document structure
The present deliverable is divided into five chapters, as follows:
 Chapter 2 is the introduction.
 Chapter 3 focuses on the architecture and the assembly of the FlexBox
prototypes of 5G-PHOS.
 Chapter 4 presents the evaluation physical layer performance of the
FlexBox units and the demonstration of real services on relevant network
topologies.
 Chapter 5 contains the summary and conclusions of this deliverable.

2.3 Audience
This document is public.

5G-PHOS – D7.3

9/23

Deliverable D7.3

3

FlexBox prototypes

3.1 Architecture
The functional block diagram of the FlexBox unit envisioned within 5G-PHOS is
illustrated in Fig. 1. The goal is to provide a common hardware architecture that
can act as an Ethernet (or other packet-based protocol, e.g., eCPRI) to
Intermediate Frequency over Fiber (IFoF) media converter that generates the 5GPHOS waveforms and the respective control and management channels of the 5GPHOS architecture, as defined in Deliverable D2.4 [1]. Each of the blocks
corresponds to specific commercial hardware and components developed within
the project. The FlexBox architecture provides a scalable solution to serve for the
Fiber/Wireless fronthaul Point-to-Multi-Point (PtMP) links connecting a centralized
BaseBand Unit (BBU) with a single or multiple Remote Radio Heads (RRHs) in
Dense/Ultra Dense and Hotspot topologies according to the 5G-PHOS Use Cases.
The FlexBox unit comes in 2 flavors:


Master FlexBox: which interfaces the BBU with the 5G core and



Slave FlexBox: which is located on the RRHs of the topologies.

The major difference between the two flavors is the absence of the Electro-Optical
(E/O) frontend on the Slave-FlexBox version. This is optional since the Slave
FlexBox is located on the Radio unit and there is no need to convert the link back
to the optical domain. The reference architecture of 5G-PHOS where the
connectivity between the FlexBox units is shown, it has been reported in
Deliverable D2.4 [1].
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Fig. 1: Functional block diagram of Master FlexBox and related
hardware.
As described in Deliverable D7.2 [2] the assembly prototype to be used also in the
Demonstrators of the project is a single channel A-IFoF transceiver as shown in
Fig. 2. In the remainder of the section we describe the 2 sub-assemblies of the
prototype:


The digital backend comprised by the BlueField Reference platform and the
RF System-on-Chip (RFSoC) device



The electro-optical frontend comprised by a C-band Externally Modulated
Laser (EML) based transmitter and receiver
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Fig. 2: Interconnection between the different components of a scaleddown version of FlexBox
The list of the building blocks used for the assembled FlexBox prototype is
summarized in Table 1.
Table 1: Demo FlexBox components count
Master FlexBox-1
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Component
Count

Bluefield Ref. Platform

1

Zynq Ultrascale+ RFSoC

1

Bias T

1

EML Drivers / TIAs

1/1

EML / PDs

1/1
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3.2 Assembly of FlexBox prototype
3.2.1 Digital Backend
As mentioned in the previous subsection, the digital backend of the FlexBox
prototype is comprised by a) one Mellanox Bluefield Reference platform and b) one
Xilinx Zynq Ultrascale+ RFSoC device. This part of the prototype is responsible to
act on one hand as the interface to any Ethernet-based Mobile Network Operator
(MNO) equipment and on the other hand to perform all the necessary modem
functions to translate the ethernet traffic to 5G-PHOS radio waveforms on an
Intermediate Frequency.
The interface towards the standard networking equipment (such as Ethernet
switches, or the Evolved Packet Core -EPC) is achieved by the Network Interface
card of the Bluefield chip. The Bluefield chip acts also as the mediator between the
Software Defined Networking (SDN) controller and the data plane. The Bluefield
Reference Platform is connected to the Ethernet networking equipment via a 1 x
10/25 GbE connection, while also connecting to the RFSoC via another 1 x 10/25
GbE connection. Both connections are done through Quad Small Form-factor
Pluggable (QSFP) ports with appropriate QSFP-to-SFP adapter modules used where
needed.
The second basic building block is a single integrated, power-efficient RFSoC
platform, which transfers the Ethernet digital traffic to the Analog/RF domain. The
10/25G Ethernet core of the Field Programmable Gate Array (FPGA) on the RFSoC
performs data link layer functionalities to map the incoming Ethernet traffic to the
5G-PHOS waveform Digital Signal Processing (DSP) engine, as well as, to recover
Ethernet frames from the received waveforms. These functionalities include basic
error handling, flow control for access to the physical layer, frames encapsulation
and Virtual Local Area Network (VLAN) tagging. The proposed A-IFoF/V-band
transceiver implementation which was based on the Xilinx Zynq Ultrascale+ RFSoC
device was hosted on a ZCU111 development board provided also by Xilinx [3].
The RFSoC’s FPGA engine is employed to generate the 5G-PHOS waveforms. The
DSP chain for both downlink and uplink directions are shown in Fig. 3. The
Orthogonal Frequency Division Multiplexing (OFDM) signals are generated using a
fixed length inverse Frequency Fourier Transform (iFFT) algorithm, with the FPGA
clock operating on the same MHz-scale clock frequency (256 MHz clock for 256
iFFT size) while Cyclic Prefix (CP) insertion completes the Tx processing chain. The
digital samples are introduced on the RFSoC’s Digital/Analog Converter (DAC) to
generate the upconverted analog signal. We mention this interface of the DAC
output as the Electrical analog-IF Tx interface (ETX). On the uplink, the analog IF
signal is digitized by the Analog/Digital Converter (ADC) on the Electrical Rx
interface (ERX). The OFDM waveform samples are processed using the block
depicted in Fig. 3 and fed back to the Ethernet core module.
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Fig. 3: DSP block diagram implemented on the RFSoC.
Two independent and identical transmitter/receiver side DSP block chains are
implemented using two pairs of DACs/ADCs, for the establishment of full-duplex
connectivity. Both ETX and ERX are interfaced through standard RF connectors
(SMA) to the electro-optical frontend of the FlexBox assembly. A picture of the
RFSoC module used for the assembly is depicted in Fig. 4.

Fig. 4: RFSoC on evaluation board used in the FlexBox module.
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3.2.2 Electro-optical Frontend
The components of the FlexBox electro-optical frontend are presented along with
their performance evaluation in the previous deliverable D7.2. For the Optical
Transmitter (OTX), a 10 GHz EML is employed, driven by a broadband RF driver.
The EML (NeoPhotonics model OL5158M) packaged in a butterfly housing consists
of an integrated Distributed FeedBack (DFB) Laser emitting at 1550 nm (according
to project specifications) followed by an Indium Phosphide (InP) Electro-absorption
Modulator. In addition, to properly feed the analog IF signal to the EML, an SHF
115AP broadband amplifier (15 GHz 3-dB bandwidth) was driving the signal from
ETX to the EML RF input. The electrical and optical performance of the driver and
the EML respectively is presented in D7.2.
On the receiver side, PIN photodiodes with Transimpedance amplifiers were
employed to detect and recover the optical signal which carries the analog IF
waveform. Specifically, 10 GHz Linear Indium Gallium Arsenide (InGaAs) PIN
photodiodes with a Transimpedance Amplifier (TIA) by Discovery Semiconductors,
DSC R402, with a responsivity of 0.7 A/W at 1550 nm and maximum RF output
power around 10 dBm was employed as the Optical Rx part (ORX in Fig. 3). An
additional RF amplifier was used in the case of very low power signal received by
the photodetector and in order to match the ERX RF requirements.
Both transmitter and receiver parts are integrated within a 3U rack box chassis as
shown in Fig. 5.

Fig. 5: Electro-optical components used in the FlexBox prototype.
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3.2.3 Master and Slave FlexBox variants
The two variants of the FlexBox assembly to be used in the 5G-PHOS
demonstrators are depicted in Fig. 6 and Fig. 7. In Fig. 6 the fully fledged Master
FlexBox with both the digital backend and the electro-optical frontend is assembled
within one 3U rack box chassis. In Fig. 7 only the RFSoC module is inside a 3U
chassis, without the electro-optical components, for the slave FlexBox variant to
be used in the remote radio unit. In Fig. 8 the front face view of both variants is
depicted along with the respective interfaces.

Fig. 6: Master FlexBox variant in 3U chassis box.

Fig. 7: Slave FlexBox variant in 3U chassis box.
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Fig. 8: Front panel of FlexBox units.
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4

Evaluation
of
environment

FlexBox

prototypes

in

lab

In this section an experimental evaluation of the prototype Analog IF-over-fiber
transceiver prototype – FlexBox – is presented. The platform is used both a
combined Ethernet bridge and DSP engine for 5G-PHOS waveforms. Three
alternative converged optical/wireless network topologies are showcased for the
connectivity between two FlexBox units (Fig. 9)
a) Fiber-Wireless connectivity between Master and Slave FlexBox (downlink
evaluation of the link A-B)
b) Wireless-Fiber connectivity between Slave and Master FlexBox (uplink
evaluation of the link A-B)
c) Fiber-Wireless-Fiber connectivity between 2 Master FlexBox units.

A

Converged
FiberB
Wireless
transport

Small Cell

EPC
FlexBox #1

MUE

FlexBox #2

Fig. 9: Optical/Wireless connectivity using FlexBox modules.
For
the
evaluation
physical
layer
performance,
metrics
on
the
modulation/demodulation of the OFDM reference waveforms have been employed
(eg. Error Vector Magnitude (EVM) measurements) while network quality was
validated by the successful delivery of services such as a 4K online video streaming
and a live Internet Protocol (IP) calls.

4.1 Experimental Setup
In Fig. 10 (a)-(c) the 3 different examined network topologies are presented in a
more detailed diagram. In all 3 cases the OFDM signals are generated at the ETXs
of either Master or Slave FlexBox units and terminated at the ERX of the Slave or
Master respectively, on the other end of the link.

a)

FlexBox-OTX

25km SSMF

RU #1

A
DRV

EML

A: Master FlexBox-ETX
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PD + TIA

RU #2
60 GHz OTA
transmission

B
B: Slave FlexBox-ERX
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b)

RU #1

RU #2

25km SSMF

FlexBox-ORX

60 GHz OTA
transmission

A

B
DRV

PD + TIA

EML

A: Slave FlexBox-ETX
c)

FlexBox-OTX

25km
SSMF

B: Master FlexBox-ERX
RU #1

A
EML

PD + TIA

RU #2
60 GHz OTA
transmission

A: Master FlexBox-ETX

25km
SSMF

FlexBox-ORX
B

EML

PD + TIA

B: Master FlexBox-ERX

Fig. 10: Examined Network topologies using the FlexBox prototype.
The Fiber-Wireless (Fig.10(a) – FiWi) and its symmetrical Wireless-Fiber (Fig.10(b)
– WiFi) layout intended to emulate a bidirectional Fixed Wireless Access scenario,
while the extended Fiber-Wireless-Fiber (Fig.10(c) – FiWiFi) layout served as a
wireless bridge, interconnecting terminals of two spatially separated fiber transport
segments [4], [5].
For the fiber transmission of the above topologies the signal was transmitted over
a 25 km fiber spool of Standard Single Mode Fiber (SSMF). For the radio
transmission a non-retimed/analog interface was considered in the radio unit
comprised of a photoreceiver and an IF-to-V-band radio board. An identical
Receiver-side antenna module located at 1 m horizontal distance was used to
receive the mmWave radio waveforms and direct them to the ERX or ORX of the
Receiver FlexBox unit. Both commercial V-band radio boards operated at 60GHz.

4.2 Physical Layer performance
For the physical layer performance evaluation EVM measurements on the signal
constellation diagrams are used. Fig. 11 (a) - (d) show the EVM results of the
received IF signal after converged FiWi, WiFi and FiWiFi transmission, and the
corresponding constellation diagrams after real-time processing. The initial signal
generated by the RFSoC exhibited an EVM of 2.7% (Fig. 11(a)), while the use of
the optical and RF modules through the FiWi setup introduced an EVM increase by
4.6%. As it was originally expected, the FiWi (Fig. 11(b)) and WiFi (Fig. 11(c))
transmission performance was similar, with an EVM offset of 0.2%. The identical
EVM measurements in both links, is a strong indication that the active
RF/optoelectronic units of the FlexBox units are operating at their linear region.
The extension of the FiWi link with an additional optoelectronic conversion stage,
was responsible for an increase of the EVM value by 2.3% (Fig. 11(d)) compared
to the FiWi case. Nevertheless, in all cases the transmission was well-bellow the
3GPP threshold of 17.5% EVM for successful demodulation of the QPSK modulation
[6], indicating the robustness of the proposed analog IFoF/V-band/IFoF transport
solution. A photo of the actual demonstration setup is depicted in Fig. 12.
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a)

ETX-ERX (back-to-back)

b)

EVM = 2.7%

c)

WiFi

EVM = 7.5%

FiWi

EVM = 7.3%

d)

FiWiFi

EVM = 9.6%

Fig. 11: Constellation diagrams and EVM measurements after (a) ETXERX back-to-back connectivity (b) FiWi scenario, (c) WiFi scenario and
(d) FiWiFi real-time transmission.

Fig. 12: Photo of the testbed used in the experimental evaluation of
FlexBox assemblies.
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4.3 Service performance
Finally, the capability of the proposed solution to support real services over an
MNO’s infrastructure was assessed. To this end, for all previously described
network layouts, a Mobile User Equipment (MUE) was used to perform Iperf
measurements, using Transmission Control Protocol (TCP) traffic, exhibiting
100Mbps stable connectivity (Fig. 13-a). Finally, 4K online video streaming (Fig.
13-b), uninterrupted live IP-video teleconferences and web browsing were
successfully demonstrated over the presented A-IFoF/mmWave network
configurations.

(b)

(a)
Fig. 13: (a) Iperf measurements on the FiWi scenario, (b) screenshot of
4K video streaming in FiWiFi scenario

5G-PHOS – D7.3

21/23

Deliverable D7.3

5

Conclusions

In this document we have presented the final 5G-PHOS FlexBox assembly and
performance evaluation. In Chapter 3 we have described the different components
and subsystems constituting the FlexBox modules splitting them to digital backend
and analog, electro-optical frontend. Finally, in Chapter 4 the experimental results
of various fiber-wireless links using the FlexBox assembly have verified its robust
operation both through physical layer performance metrics as well as through
demonstration of real-time applications such as iperf and 4k online video
streaming.
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