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

Deliverable D4.2
Report on 1st generation of optical
devices

Programme:

H2020-ICT-2016-2

Project number:

761989

Project acronym:

5G-PHOS

Start/End date:

01/09/2017 – 31/08/2020

Deliverable type:

Report

Deliverable reference number:

761989/ D4.2/ Final | V.1

Deliverable title:

Report on 1st generation of optical
devices

WP contributing to the deliverable:

WP4

Responsible Editor:

LION

Due date:

30/08/2018

Actual submission date:

02/11/2018

Dissemination level:

Public

Revision:

FINAL

5G-PHOS – D1.1

1/47

Deliverable D4.2

Author List:
Organization

Author

LioniX International

Ruud Oldenbeuving, Chris Roeloffzen, Ilka Visscher, Robert
Grootjans, Roelof B. Timens, Caterina Taddei, Lennart
Wevers

AUTH

C. Vagionas, L. Georgiadis, G. Kalfas, Agapi Mesodiakaki,
Pavlos Maniotis, Marios Gkazianas, Nikos Pleros

III-V lab

Christophe Caillaud, Hélène Debregeas

ICCS/NTUA

Giannis Giannoulis

5G-PHOS – D4.2

2/47

Deliverable D4.2

Abstract: 5G-PHOS aims to develop and evaluate a converged Fiber Wireless (FiWi) 5G

broadband fronthaul/backhaul network for highly dense use cases based, where the
mmWave radio signal will be loaded directly on optical Intermediate Frequencies over
Fiber (IFoF), to be transported through fiber to long distances. This deliverable reports on
the 1st generation of optical devices, including the InP optical transceivers for the
electro-optic and opto-electronic conversion, as well as the TriPlex chips for the Optical
Beamforming Networks and the Reconfigurable Add Drop Multiplexers. Finally, using the
an early test structure of an Externally Modulated Laser, a multi-band Fiber Wireless Vband/IFoF fronthaul link was demonstrated across 7km of single mode fiber and m Vband distance, showcasing world record capacity for multi-band 5G fronthaul links. The
deliverable focuses on the design process and technology associated with the optical
chips.

Keywords: Photonic Integrated Chips, InP Externally Modulated Lasers, Photodiodes,
TriPlex Si3N4, Optical Beamforming
Multiplexer, Fiber Wireless transmission
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1

Executive Summary

This document covers the design and initial measurements of the first generation of
optical chips for the 5G PHOS project. The optical assemblies contain two general types
of optical chips, namely active (InP based) chips and passive (TriPleX based) chips. The
assemblies will be used to beam-form the RF signals received and transmitted by the
antenna array.
The InP based chips are Lasers, Detectors and Modulators, which are critical components
in electro-optic and opto-electric conversion. The TriPleX (Si3N4/SiO2) chips are passive
waveguides that provide processing of the RF signal in the optical domain.
The types of InP chips designed are:
-Lasers (light source)
-Fast Photodiodes (10 GHz and 60 GHz, for opto-electrical conversion)
-Modulators (for electro-optical conversion)
-SOAs (for optical amplification)
The types of TriPleX chips designed are:
-1x8 Optical Beam Forming Network (OBFN) for transmit, described in section 4
-1x8 OBFN for receive, described in section 3
-1x8 splitter, described in section 3
-1x4 multi-wavelength OBFN for transmit, described in section 5
-Reconfigurable Optical Add Drop Multiplexer (ROADM), described in section 6
Finally in section 7, the performance of the proposed analog Fiber Wireless link is
evaluated in a series of Intermediate Frequency over Fiber (IFoF) Fiber-wireless V-band
transmission experiments, employing a multiple (up to 6) carrier streams and advanced
modulations formats (up to 128-QAM for fiber- and 16-QAM for wireless-transmission),
modulated onto the 5G-PHOS InP Externally Modulated Laser (EML) chip, achieving highperformance and record capacity for EML-based multi-band 5G Fronthaul links over a
7km fiber distance.
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2

Introduction

2.1 Purpose of this document
The objective of this deliverable is to describe the first generation of optical chips, both in
InP and in the TriPleX platforms. This document focuses mainly on the design and
partially on fabrication of these chips. The structure of this document is chosen to focus
on the assemblies, rather than on the individual chip platforms. This means that each
chapter describes another assembly, e.g., the receive OBFN or transmit OBFN. This
choice has the downside that some chips that have large similarities between the
different assemblies will be described multiple times (once in each relevant chapter).

2.2 Document structure
First, we describe the receive system in Section 3. Secondly, we describe the transmit
system in Section 4 and an alternative transmit system in Section 5. In Section 6, the
ROADM is described, in section 7 the components for the FlexBox and finally, in Section
8, the initial results with measurements of the EMLs are shown.
This document describes the integrated optical chip hardware that was introduced in
Deliverable D2.2 “Initial Design of 5G-PHOS FlexBox and RRH system architecture and
component specifications including resource allocation and SND functions”.

2.3 Audience
This document is public.
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3

1x8 OBFN RX

3.1 System overview
The RX OBFN requires 8 RF inputs and one fiber-output, and the optical signal
transmitted from the fiber output during the uplink communication will go to the FlexBox
for further processing. The 8 RF inputs are connected to the antennas’ MIMO PCBs. The
schematic block-scheme of the whole system is shown in Figure 3.1.

Figure 3.1: schematic block-scheme of the whole system. The RX part is shaded
in blue, the TX part is shaded in green. The InP chips are colored purple, and
the TriPleX chips are colored gray.
In this figure, the light from the light source (InP Laser) is split into 8 branches using a
TriPleX 1x8 splitter, then light is amplified and modulated in two arrays of 4 InP
SOA+EAM devices. After this, light is coupled into the TriPleX RX OBFN and at the end of
the beam former, light is coupled into a single optical fiber, travelling towards the
ROADM to combine the signals from multiple MIMO PCBs into a single fiber towards the
FlexBox.
The RF signals are connected to the OBFN via the EAMs. The reason for applying multiple
chips in a row, is that on the InP layer stack for lasers it is nearly impossible to produce a
1x8 splitter. Therefore, the splitting is done on TriPleX, with the disadvantage of chip-tochip coupling loss. To compensate for this additional chip-to-chip loss, an SOA is added in
each optical path.

3.2 InP chips
InP lasers are meant to be used as a single chip, butt-jointed to Triplex 1x8 splitter. As
illustrated Figure 3.2, they are composed of a 500µm /4 phase shift Distributed
Feedback (DFB) laser section. The Bragg grating is written by ebeam with a pitch
corresponding to the expected emitted ITU wavelength of 1532.68nm (195.6THz) at
25°C operation. A small portion of DFB lasers are organized in arrays of 4 with 100GHzspaced ITU wavelengths ranging from 1532.68 to 1535.04 (195.6 to 195.3THz) in case
we would need to use a multi-wavelengths array.
The lasers wavelengths can be finely tuned over 1 to 2nm with a NiCr resistive heater
along the laser waveguide. A back section photodiode can be left not connected, or can
be reverse biased for power monitoring. The output waveguide integrates a spot-size
converter with waveguide width reduced from 1.5 to 0.5µm for easy fiber coupling, and
7°-tilted to reduce optical feedback, so as to be compatible with tilted Lionix waveguides.
The waveguide technology is semi-insulating buried heterostructure (SIBH) as illustrated
in Figure 3.2(b): waveguide is firstly etched, then laterally buried into semi-insulating InP
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(Fe doped), and finally buried into p-doped InP. This technology allows efficient current
injection, compatibility with high-speed modulation (>50Gb/s), efficient thermal
dissipation, and possibility of spot-size conversion by reducing waveguide width. As
explained in D4.1, the technology has been adapted to be compatible with passive optical
alignment on IZM platform: n-contact is recovered by etched vias down to n-doped
substrate, and all metallization contacts, as shown in Figure 3.2(a), are at the same
height on top of 2µm-thick SiO2.

Backside monitoring photodiode

2µm-thick SiO2

laser

500µm

Spot-size converter

InP p

Active material

InP nid

Resistive heater

Trench for n-contact

Output
light

InP n

960µm

(a)

(b)

Figure 3.2: (a) Schematic top view of the DFB laser, (b) scanning electron
microscope front view of SIBH technology waveguide
Concerning the SOA-EAM arrays, they are composed of 4 parallel devices with a 300µm
pitch, as depicted in Figure 3.3. Each SOA-EAM contains input and output 7°-tilted spotsize converters, an SOA section, and an electro-absorption modulator (EAM) section. Two
EAM lengths have been implemented – 100 and 150µm – to ensure optimum extinction
characteristics. The SOA section lengths are respectively 450 and 400µm.
Advantageously, these two SOA-EAMs possible geometries correspond to the same
device lengths and same contacts geometries, to be compatible with a single IZM
submount geometry.
The coupling of these devices will be very critical, as they need 4 couplings on both
facets, leading to 8 coupled waveguides. In order to reach maximum alignment
tolerances, we implemented two types of spot-size converters:
-

one with 0.3µm final width which should give even broader optical mode but is very
sensitive to technology process
one with 0.5µm final width with a slightly smaller mode but more process tolerance.

For both DFB lasers and SOA-EAMs which will be passively aligned to Lionix Si3N4
waveguides, we have chosen 7° tilted output waveguides to reduce optical feedback at
the interface, and the AR coatings with SiO2 / TiO2 multilayers adapted for an InP /
Si3N4 interface. Besides, we implemented alignment fiducials that will be facing IZM
submounts fiducials. Ideally, these fiducials should be in the waveguide level, but the
output waveguide is buried into about 6µm InP. Therefore, we have added a process step
of selective etching to bring up the waveguide alignment pattern. As a back-up in case
the waveguides would be damaged during this deep etching, we added fiducials in the
metallization layer.
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SOA

Ground
contacts

modulator

Intput
light

300µm

Modulated
output light

Alignment
fiducials

Input / output spot-size converters
1100µm
Figure 3.3: schematic top view of a 4-SOA-EAM array

3.3 TriPleX chips
In this section, the TriPleX chips for RX will be discussed. In detail, the optical Rx of the
RRH will deploy the 1x8 Rx OBFN, whose complete configuration and building blocks, e.g.
an 1x8 splitter, an 1x8 OBFN and an Optical Sideband Filter, are explained here. It
should be noted that the OBFN for RX and TX are almost the same in layout and
performance, so to avoid redundancy, many of the principles explained in this section will
not be explained again in other sections. As already discussed in Deliverable D2.2, the
RX OBFN configuration is schematically shown in Figure 3.4.

Figure 3.4: schematic design of the RX OBFN. The flow of light in this figure is
from left-to-right. The white-colored blocks are TriPleX based, the purple
colored blocks are InP based waveguide chips.
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3.3.1 The 1x8 splitter
For the 1x8 splitter (Figure 3.5), the angle of the input and output waveguide is adjusted
in such a way that light travels in a straight line. For this, we have the basis of the InP
chip which is angled under 7o, leading to a TriPleX waveguide angle of 15.3o, following
simple Snell’s Law. For all chips, only a TE00 mode is present. Since the InP chip is
supposed to have an MFD of 3x2 m, the TriPleX input and output waveguides are
tapered to match closely to this value. The calculated optimum waveguide has a physical
waveguide width of 2.5m and a layer thickness of 75 nm, resulting in an MFD of 3.77 x
2.65, with a corresponding minimum insertion loss due to modal overlap of -0.35 dB.

Figure 3.5: (top) schematic overview, with highlighted in red the part for which
the chip design is shown below. (left) Mask design overview of the 1x8 splitter.
The size of this chip is 6030 x 6030 m. The large gold pads can be used for flip
chipping. There are no electronic leads on this chip. The input and output
waveguides are tapered towards an MFD of 3.0 x 2.0 m (x-y direction, where
x-direction is in-plane, and y-direction is out-of-plane). Yellow color represents
the structures in the gold layer, red color represents the structures in the
waveguide layer. (right) Mask design overview of the 1x8 splitter, with in black
the waveguide path the light follows from 1 input to 8 outputs.

3.3.2 The 1x8 RX OBFN architecture
After the laser signal has been split into eight branches, each light path is amplified by an
SOA and modulated by an EAM. After this, the light is coupled into the 1x8 RX OBFN. The
OBFN consists of 8 branches, each containing a multitude of optical ring resonators, that
can provide an arbitrary true-time delay to the signal, up to a maximum value. After
combining the delayed signals from the 8 branches, the signal travels through an optical
side-band filter and a super-OBFN. For completeness, we first present the full chip design
in Figure 3.6. After this, the individual components and the reason behind choosing these
components are discussed.
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Figure 3.6: (top) schematic overview, with highlighted in red the OBFN part of
the assembly. (below) RX OBFN chip design. Red lines represent structures in
the waveguide layer, yellow represents gold and gray represents Pt heaters.

3.3.3 The delay element
Drawing from the expected maximum distance between separate antenna elements,
based on feedback from the mmWave designs of D3.1 by Siklu, the OBFN is designed for
a maximum RF delay of 350 ps. The OBFN should be able to provide a delay anywhere
between 0 ps and >350 ps. This delay should be provided over the full 2 GHz modulated
bandwidth, as described in D2.2.
The delay element consists of a set of cascaded ring resonators to provide true-time
delay functionality. A single delay element can be depicted as follows:

Figure 3.7: Example of a delay element based on cascaded ring resonators with
tunable couplers and phase shifters.
In Figure 3.7 each ring resonator is equipped with a tunable coupler (black rectangle) to
set the amount of light coupled from the bus waveguide to the ring and with a tunable
phase shifter (thick black curved block) to change the location of the resonance within
one free spectral range (FSR). Cascading multiple ring resonators allows to have a flat
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delay over a certain bandwidth, according to the requirements, without suffering much
from insertion loss.
To determine how many rings are needed to provide a maximum delay of 350 ps for a
total bandwidth of 2 GHz with a phase ripple smaller than π/16 within the 2 GHz
bandwidth. Having such a small phase ripple guarantees that the change in the radiation
pattern of the related phase array antenna is negligible.
The simulation is carried on using a customized Labview VI and before starting the
investigation, some decisions have been taken:




For the length of each ring resonator, it has been chosen to use the smallest
possible having full tunability over the coupling coefficient and the phase shifter.
The calculated FSR which corresponds to the smallest fully tunable ring in TriPleX’
standard ADS layer stack is around 35 GHz. From functionality point of view the
FSR is not influencing the delay element behavior as far as the FSR is much bigger
than the signal bandwidth. Nevertheless, the larger FSR, the smaller is the
occupied chip area.
Group Index = 1.77.

The outcome of the simulations results is that the number of ring resonators needed for
meeting the requirements for a delay element is >2. In Figure 3.8 the results of the
simulations considering 3 ring resonators for the delay element are shown. First in Figure
3.8 a) the Group Delay is shown, in comparison with the ideal flat group delay. The
related intensity response of the three rings, in Figure 3.8 c), when set to provide the
desired group delay shows that the insertion loss of such delay element is lower about
2.6 dB. Concerning the phase response in Figure 3.8 b), the behavior of the 2 cascaded
rings resembles the ideal phase response within the required bandwidth of 2 GHz. The
phase deviation from the ideal case is kept smaller than /16, as expressed in the
requirements. This is shown in Figure 3.8 d) where the phase error is plot.

Figure 3.8: Labview simulation results of a delay element with 3 cascaded ring
resonators for having 350 ps of delay
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With three ring resonators, the maximum achievable delay with a 2 GHz bandwidth and
< /16 phase ripple is calculated to be 757 ps. To be more flexible in the application of
the OBFN and to have redundancy build-in, per OBFN branch five rings were designed
instead of three. As example, a single ring resonator (with an FSR of 35 GHz) is
explained in Figure 3.9. The eight full delay lines are shown in Figure 3.10.
After light has passed through the five rings, all eight branches are combined using
tunable couplers. These couplers are used for two reasons: first, to efficiently couple the
light into a single output waveguide without significant optical loss and secondly, to
provide amplitude tapering (which is useful for the RF antenna beam-forming and sidelobe suppression in the RF radiation patterns).

Figure 3.9: (top) schematic overview with in red a single ring highlighted
(middle) chip mask-design with that same single ring resonator highlighted in
black. (bottom) (A) chip design and schematic of a ring resonator, (B) tunable
coupler part of the ring resonator, (C) resonant ring structure of the ring
resonator, (D) heaters applied to the ring resonator, (E) tuning the blackhighlighted heater changes the coupling coefficient of the ring resonator, (F)
tuning the black-highlighted heater changes the position of the resonant peak
in the spectral response of the ring resonator.
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Figure 3.10: (top) schematic overview with in different colors the eight tunable
true-time delay lines, (bottom) chip mask-design with in the same colors the
eight tunable true-time delay lines.
The eight true-time delay lines are combined using a 1x8 combiner comprised of tunable
couplers that can also provide amplitude tapering to the RF signal. The 1x8 combiner is
shown in Figure 3.11. Different OBFNs can be combined provide a >350 ps true time
delay by using the Super OBFN part of the chips, as highlighted in Figure 3.12.

Figure 3.11: (top) schematic overview with the 1x8 combiner highlighted in red,
(bottom) chip mask-design with the 1x8 combiner highlighted in black.
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Figure 3.12: (top) schematic overview with the Super OBFN highlighted in red,
(bottom) chip mask-design with the Super OBFN highlighted in black.

3.3.4 Optical sideband filter
Since the FSR of the ring resonators in the true time delay line is 35 GHz, one frequency
(band) can be delayed using these rings. After modulating the laser signal (using the
EAM) the laser signal, also called carrier, will have 2 side bands; one on the lower
wavelength side and one on the higher wavelength side, at the location of the modulation
frequency. The rings will only delay a single frequency (band), in practice this will be one
of the side-bands. If a delayed side-band, a non-delayed side-band and the non-delayed
carrier travel through to a photodetector, the beat frequency will have improper phasing
and as such, the delay cannot be retrieved. Therefore, one of the signals needs to be
filtered out by a broadband Optical Side Band Filter (OSBF). Based on the modulation
frequency (5 GHz) and the modulation bandwidth (2 GHz) the pass-band of the OSBF
should be 7 GHz, the transition bandwidth should be smaller than 4 GHz and the out-ofband rejection should be at least 25 dB.
The optical sideband filter is used to filter out one of the two sidebands when the optical
carrier will be modulated by the EAM intensity modulators. The goal of sideband filtering
is to reduce the bandwidth of the signal that has to be processed. The employed OSBF
consists of an asymmetric Mach-Zehnder interferometer (AMZI) where each branch is
loaded with a ring resonator, as illustrated in Figure 3.13. Adding a ring resonator per
branch boosts the selectivity of the overall filter when compared to a single MZI, in terms
of passband flattening and transition bandwidth steepness. Moreover, the AMZI is
equipped with two tunable directional couplers, κ1 and κ2, and a tunable phase shifter
(PS). The power coupling coefficients to the rings can be controlled as well as the phases
of the rings. The full tunability of the device facilitates extreme flexibility and
reconfigurability. By means of an iterative algorithm it is possible to calculate the optical
parameters to achieve the desired transfer response. The parameters used in the
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iterative algorithm are listed in Table 3-1 and can be taken as a reference in the tuning
process after fabrication. These parameters are independent of the FSR that will be used.

Figure 3.13: Functional design of the OSBF. Each black rectangle is a tuning
element. The ring resonators are tunable in coupling coefficient and phase, the
MZI is tunable in phase and the couplers of the MZI are tunable in coupling
coefficient.
Table 3-1: optical parameters of the OSBF
Parameter

Calculated value

κ1

0.5

κ2

0.5

κur

0.32

κlr

0.87

PSur

0.5

PSlr

0.5

PSMZI

0

Based on the simulation and the requirements, a free spectral range of 50 GHZ has been
chosen for the MZI and 25 GHz for the ring resonators. A passband of >20 GHz and with
25 dB suppression meets the system requirements as discussed in Deliverable D2.2.
The results of the simulation are shown in Figure 3.14. The intensity and phase response
have been plotted for the Through Port (in Figure 3.13 from Ei,1 to Eout,1 or from Ei,2 to
Eout,2) and the Cross Port (in Figure 3.13 from Ei,1 to Eout,2 or from Ei,2 to Eout,1).
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Figure 3.14: OSBF Simulations results: a) Intensity, b) Phase Response
In the mask design, the OSBF is located in the right bottom corner, as can be seen in Figure 3.15.

Figure 3.15: (top) schematic overview with the OSBF highlighted in red,
(bottom) chip mask-design with the OSBF highlighted in black.
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4

1x8 OBFN TX

4.1 System overview
The TX OBFN requires 8 RF outputs and one fiber-input. The fiber optical input data
streams will be generated by the InP EMLs of the FlexBox. The 8 RF outputs
(photodiodes) are connected to the antennas’ MIMO PCBs. The schematic block-scheme
of the whole system is shown in Figure 4.1. In this figure, the light source propagated
through the fiber, reaches the RRH, so as to travel through the OSFB to pass only the
carrier and one single side-band. This light is then split into 8 branches, travels through a
set of ring resonators and is fed into 8 separate photodiodes. The photodiodes are
connected to the MIMO PCB via RF lines.

Figure 4.1: schematic block-scheme of the whole system. The RX part is shaded
in blue, the TX part is shaded in green. The InP chips are colored purple, and
the TriPleX chips are colored gray.

4.2 InP chips
For the TX side, the OBFN requires two types of photodiodes arrays with 4 elements per
array: for the RRH antenna that is equipped with an upconverter to the V-band, 10 GHz
photodiodes are required whereas for the more innovative antennas with direct upconversion to the V-band using optical heterodyning at the photodiode, 60 GHz
photodiodes are required. For both applications, III-V lab will deliver waveguide
photodiodes to allow passive flip chip alignment between the OBFN and the photodiodes.
Our photodiodes are based on a planar multimode diluted structure [1] to allow a high
coupling efficiency between a lensed fiber and the absorption layer of the photodiode as
seen in Figure 4.2. Figure 4.3 shows the beam propagation simulation a Gaussian beam
(mode field diameter of 3 µm) into the photodiode. We can observe that, during the
propagation in the multimode waveguide, the light is confined into the top layer of the
waveguide in order to be efficiently absorbed in the photodiode. The multimode
waveguide is very short (20 µm) which is very interesting compared to the traditional
spot size converter which are complex to fabricate and several hundred microns long. As
multimode beating induces a periodic oscillation of the light into the waveguide, it is
critical to control precisely the length between the input facet and the photodiode
absorption region in order to have, at the input of the absorption region, the light at the
top of the multimode waveguide. To control this distance precisely, an input facet is
etched in the waveguide which allow a very high accuracy (better than 1 µm) due to the
high definition of lithography. Defining an input facet also allows us to integrate a lens
[2] to boost the horizontal alignment tolerance as we can observe in Figure 4.4.
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Multimode
waveguide

Figure 4.2: Schematic view of the
waveguide UTC photodiode.

Photodiode

Figure 4.3: Optical simulation of the
photodiode.

To allow high bandwidth and a wide dynamic range, we use an uni-travelling-carrier
(UTC) photodiode with a thin P-doped absorption layer in InGaAs and a thin collector
layer in InGaAsP. The band structure of the UTC-PD is represented in Figure 4.5. The N
contact of the photodiode is on the top of the multimode waveguide.
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electron
of
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Figure 4.5: Band structure of an UTC
photodiode

Within the frames of the 5G-PHOS project, it is critical to have a very high responsivity
(>0.65 A/W targeted) for very short photodiode to simultaneously achieve a high
bandwidth (60 GHz targeted). To allow an easy passive optical alignment with TriPleX
waveguide, broad alignment tolerances are also required. The lateral alignment tolerance
is intrinsically broad (>15µm at -1dB) due to the integrated lens [2]. For this first
fabrication run, we target an input mode field diameter from TriPleX waveguide of 3 µm.
We first simulate the performance (maximum responsivity, vertical alignment tolerances)
of our standard multimode waveguide with thin absorption and collector layers, for an
input MFD of 3 µm and 4 µm (respectively presented in Figure 4.6 and Figure 4.7). This
is done to estimate the improvement of alignment tolerances and to quantify the
degradation of responsivity with a larger mode in order to prepare the second TriPleX
fabrication run.
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Figure 4.6: Optical simulation of a
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Figure 4.7: Optical simulation of a
standard UTC photodiode with an
input MFD of 4 µm

We observe that with a “long” waveguide of 20 µm, as marked with a red line in the
plotted responsivity diagrams of Figure 4.6 and Figure 4.7, we reach a very high
responsivity value of 0.89 A/W with 1.5 µm alignment tolerance for 3 µm input MFD
compared to 0.83 A/W and 1.7 µm alignment tolerances for 4 µm input MFD. For a 15
µm long photodiode, the degradation is very low (0.82 A/W for 3µm MFD) which will
allow to have very high speed photodiode with very large responsivity. However, to
reach >60 GHz bandwidth, we might need even shorter photodiode (≈10 µm long). For
such a small PD, the responsivity decreases to 0.58 A/W with 1.4 µm alignment tolerance
for 3 µm input MFD, which is still very good for such a small diode targeting >60 GHz
bandwidth. For an input MFD of 4 µm, the responsivity is 0.54 A/W with 1.7 µm
alignment tolerance.
To boost the performance of the photodiode, we designed also an optimized multimode
waveguide targeting small photodiode and large alignment tolerance. For an input MFD of
3 µm, the result for 15 and 20 µm PD are similar but for 10 µm PD the responsivity is
significantly boosted to 0.73 A/W. The alignment tolerance is slightly improved to 1.5
µm. Moreover, it allows to use large MFD of 5 µm with still a very high efficiency for
small diodes (0.66 A/W) which allows to have an alignment tolerance of 2 µm.
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Figure 4.8: Optical simulation of a
optimized UTC photodiode with an
input MFD of 3 µm
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For risk management, we will process a wafer of UTC photodiodes with the standard
structure and one wafer with the optimized structure. Furthermore, we will process
several sizes of diodes for 10G and 60G applications (4×10, 4×15, 4×20, 4×25, 5×15,
5×20, 5×25, 5×30, 5×50 and 6×50 µm² photodiodes) on both diodes, in order to make
sure to find the best diode for each application.

Figure 4.10: View of the layout of the UTC photodiodes

4.3 TriPleX chips
The individual components in the TriPleX chip are the same as those in the RX OBFN
TriPleX design, with the exception that the output waveguides are not under an angle but
are straight, to couple to the photodiode array. The InP PD is designed to couple
efficiently to an MFD of 3.0x3.0 m. Based on simulations, the dimensions of the output
waveguide on TriPleX will be 75 nm waveguide layer thickness and a waveguide width of
2.5 m, resulting in an MFD of 3.62x2.82 m and a corresponding coupling loss due to
modal field overlap of -0.27 dB, for optimal alignment.
The mask design for the TX TriPleX chip is shown in Figure 4.11.
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Figure 4.11: TX OBFN chip design. Red lines represent structures in the
waveguide layer, yellow represents gold and gray represents Pt heaters.
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5

1x4 multi-wavelength OBFN TX

5.1 System overview
Because a multi-wavelength OBFN is very challenging to design properly, the first test
will be of a 1x4 multi-wavelength OBFN in TX configuration. Most of the building blocks in
this OBFN are equal to those in the RX and TX configuration of the single-wavelength
OBFN (Chapters 3 and 4). The differences are:
1) There are only 4 outputs instead of 8 to reduce complexity
2) The input will have 4 different wavelengths (carriers), spaced 100 GHz
3) Instead of a 1x4 splitter there will be a 1x4 DEMUX based on Mach Zehnder
interferometers
Each wavelength will be modulated with the same RF signal (from the same source).
Only the difference between carrier and signal will determine the direction of the beam.
The advantage for this approach compared to the single-wavelength OBFN is that the
amount of optical power that reaches the photodetector is much higher. For example, if
there was a 1x8 OBFN, the optical signal would be divided over 8 branches of the OBFN.
With a multi-wavelength OBFN, each RF signal has its own wavelength, and thus the
optical power that reaches the detector is 8 times higher. Because the RF signal coming
from the detector is a beat-signal from the optical signal, an 8 times higher optical signal
produces a 16 times higher RF signal.
The downside of this method is that the optical chip becomes more challenging and also
the system on the signal generation side becomes more difficult for two reasons:
1) More EMLs are required, each at very specific wavelengths
2) The RF modulation signal needs to be divided amongst the EMLs, so additional RF
amplification might be required.

Figure 5.1: schematic block-scheme of the multi-wavelength system. The TX
part is shaded in green. The InP chips are colored purple, and the TriPleX chips
are colored gray.

5.2 InP chips
The InP chips for TX have been discussed in Section 4.2.

5.3 TriPleX chip
The individual components in the TriPleX chip are the same as those in the TX 1x8 OBFN
TriPleX design, with the exceptions that there are only 4 outputs instead of 8, and
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instead of a 1x8 splitter there is a 1x4 DEMUX-like structure on-chip. The InP PD is
designed to couple efficiently to an MFD of 3.0x3.0 m. Based on simulations, the
dimensions of the output waveguide on TriPleX will be 75 nm waveguide layer thickness
and a waveguide width of 2.5 m, resulting in an MFD of 3.62x2.82 m and a
corresponding coupling loss due to modal field overlap of -0.27 dB, for optimal
alignment.
The mask design for the TX TriPleX chip is shown in Figure 5.2.

Figure 5.2: TX 1x4 multi-wavelength OBFN chip design. Red lines represent
structures in the waveguide layer, yellow represents gold and gray represents
Pt heaters.
Note, that instead of the 1x8 splitter/combiner as highlighted in Figure 3.11, there is now
a DEMUX consisting of a cascade of 3 MZIs, where the first MZI has an FSR of 200 GHz.
The two output ports of the first MZI are each connected to an MZI with an FSR of 400
GHz. This MZI cascade is capable of splitting the separated wavelength channels
consisting of a single-sideband and carrier signal, spaced 100 GHz apart.
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6

Mini-Reconfigurable Optical Add Drop Multiplexer

The complete system will have a series of antennas connected to 4 MIMO PCBs. Each
MIMO PCB will be connected to an OBFN (via a switch either to RX or TX). Each MIMO
PCB will be driven by a single wavelength OBFN (TX) or connected to a single-wavelength
laser (RX). The wavelengths of these systems have been defined in D2.1 and D2.2, to
have a frequency spacing of 100 GHz and a modulation frequency of 5 GHz and a
bandwidth of 2 GHz, as can be seen in Figure 6.1.
For RX, the FlexBox generates the four modulated wavelengths. These wavelengths have
to be separated via a multiplexer, called the Miniature Reconfigurable Optical Add Drop
Multiplexer (Mini-ROADM). The design restrictions for the ROADM are that it needs to
filter the carrier plus double side band, without significant attenuation difference over the
full 12 GHz bandwidth (signal-carrier-signal). This filter should be an add-drop type filter.
A filter was designed with a pass-band of (roughly) 32.5 GHz with a designed attenuation
over 12 GHz of <0.02 dB. The difference between the pass-band of one filter and the
stop-band of the other filters is designed to be at least 25 dB. A very basic schematic is
shown in Figure 6.2.

Figure 6.1: schematic representation of the carrier, signal bands and channel
spacing.

Figure 6.2: a very basic block-schematic representation of the ROADM. Input,
output, add and drop ports are all fiber-coupled. It should be noted that this
block schematic does not (necessarily) represents the flow of light.
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6.1 System overview
Similar to sections 3.1 and 4.1, the whole system overview is shown in Figure 6.3, now for
the full antenna system and all four wavelengths that drive the system.

Figure 6.3: schematic block-scheme of the whole system. The RX part is shaded
in blue, the TX part is shaded in green. The InP chips are colored purple, and
the TriPleX chips are colored gray.

6.2 TriPleX chip
The ROADM’s schematic is shown in Figure 6.4, with x being the x-th wavelength (with
x=1, 2, 3 or 4) that can be dropped and ’x is the x-th wavelength that can be added.

Figure 6.4: ROADM schematic overview. Blocks A and B both consists of 2
unbalanced MZIs and 3 balanced MZIs. Block A has an FSR of 200 GHz, while
block B has an FSR of 400 GHz. This figure is derived from [3].
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In this figure, the blocks A and B are the wavelength filters, which both can add or drop a
set of wavelengths, acting similarly to channel interleavers. Block A can add/drop
wavelength channels that are spaced by 200 GHz, allowing the intermediate wavelength
channels of the 100GHz grid to pass to the through port. On the other hand, B exhibits a
similar operation with an FSR of 400 GHz. Because there are 4 wavelengths, there are
four blocks B. As such, the first block A at the left-hand-side separates the four 100GHz
wavelengths, spaced by 100 GHz, into two groups of two wavelengths, each now with a
200 GHz spacing. This can be done when A has an FSR of 200 GHz. Subsequently, each
block B featuring an FSR of 400GHz will select only one of the two wavelengths of each
pair, allowing to selectively add/drop λ1,2,3 or 4.
To make sure that the system is flat-top, to avoid distorting the transported signal,
blocks A and B consist of a cascade of MZIs. For an optimum filter curve, the coupling
coefficients of the MZIs need to be chosen and fabricated very carefully, since a single
percent difference will cause a major error in the desired optical transfer function. For
this reason, the couplers of the MZIs are so-called tunable couplers (the same building
block as described in Figure 3.9b). The schematic of this single-wavelength add-drop
filter is shown in Figure 6.5. In this figure, it can be seen that the two sequential
unbalanced MZIs have a different arm-length difference, by a factor of 2, and if the first
MZI has its longer arm on the top-side, the other MZI must have its longer arm on the
bottom side to compensate for dispersion.

Figure 6.5: schematic overview of the blocks A and/or B. The red lines
represent waveguides, the gray blocks represent heaters and the yellow
represents gold connector pads. (top) overview, (bottom) schematic overview
with heaters.
Unfortunately, for large systems with many wavelengths, the power consumption of such
a ROADM becomes quite large, with each heater consuming about 0.5 W at maximum
and on average 0.25 W.
The amount of power consumed on average by the ROADM can be described as
2
𝑥 = 2(𝑛−1) ∙ (2 + ∑𝑛−1
𝑚=0 𝑚 ) ∙ 0.25
2

(1)

Where 2n represents the number of wavelengths to be added or dropped.
The power consumption can be reduced by using different attenuators, such as stressoptic or liquid crystal. For this first test, however, heaters will be used because they are
more reliable in fabrication.
As reference, for n=4, we expect an average electrical power of about 11.5 Watts. The
chip mask-design is shown in Figure 6.6.
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Figure 6.6: ROADM chip design. Red lines represent structures in the waveguide
layer, yellow represents gold and gray represents Pt heaters.
The ROADM has as input four wavelenghts, equally spaced with a frequency difference of
100 GHz with each other. As described in the operation principle previosuly, the design of
the ROADM involves the design of two different frequency-selective filters with different
FSR. The first filter that is going to be designed is having an FSR equal to 200 GHz, while
the second filter has an FSR of 400 GHZ. The two filters have the same structure, which
is based on a combination of 2 Mach-Zehnder interferometers as depicted in Figure 6.7.
The first MZI will have double differential length when compared to the second MZI. This
will allow obtaining a 3rd-order Infinite Impulsive Response (IIR) filter, having 2 zeros on
the transmission response for a wide stopband and a flat passband response, together
with a steeper transition response when compared to a single MZI. The total FSR is
determined by the shortest differential branch, that means FSRfilter= c/(ng L). In order to
calculate the optical parameters to have a frequency selective filter with a wide stopband,
flat passband and at least 25 dB suppression are calculated by means of a customized
Labview VI, starting from the Z-transform of such filter. The calculated parameters are
independent of the FSR, meaning that they are the same for both the filters.

Figure 6.7: 2-stage MZI filter
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Such a structure has 3 tunable couplers and 2 phase shifters, one per MZI. The
calculated parameters are shown in Table 6-1.
Table 6-1: Optical Parameters for the 2-Stages filter
Parameter

Calculated value

κ1

0.9248

κ2

0.28

κ3

0.50

PS1



PS2



The first and the last stages of the ROADM consist of the 2-Stages filter described earlier
with an FSR of 200 GHz. The second and third stages for the upper and lower branches
consist of two 2-Stages filter with and FSR of 400 GHZ. The corresponding frequency
response are shown in Figure 6.8 a) and b), respectively.

Figure 6.8: Frequency Response of the 2-Stages MZI filter with a) 200 GHz FSR
and b) 400 GHz FSR.
Thanks to the tunability of the couplers and phase shifters, the filters can also be used
differently. They can be used as simple directional couplers, therefore without frequency
selectivity, having all the wavelengths in bar or cross, depending on the need. This
means that the ROADM can be used as add-drop filter for a certain wavelength or it can
be used as an all-pass filter for a certain wavelength.
The combined transfer functions of the different add-drop filters is shown in Figure 6.9. in
this figure, it is clear that the flat-top response per add-drop channel is >32 GHz, while
the suppression towards the other channels is <-25 dB. The wide flat-top response is
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enough to accommodate the double-sidebanded signal for this project, which is 12 GHz
broad.

Figure 6.9: combined add-drop filter responses of the four channels of the
ROADM.
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7

FlexBox components

EMLs for FLEXBOX
For the FLEXBOX, we will use arrays of 4 externally modulated lasers (EMLs) that will be
coupled into output optical fiber arrays. Similarly to DFB lasers, most EMLs arrays are
designed to emit at wavelength of 1532.68nm (195.6THz) at 25°C operation. And a small
portion of EML arrays emit with 4 different 100GHz-spaced ITU wavelengths ranging from
1532.68 to 1535.04 (195.6 to 195.3THz), similar to that described in section 3.2.
As illustrated Figure 7.1(a), each EML is composed of a DFB section, a parallel NiCr
heater, a back-facet monitoring photodiode, an EAM, a booster SOA and an output spotsize converter. The output booster SOA aims at reaching the high-power specifications of
5G-PHOS (10dBm), while maintaining a moderate input power into the EAM section to
avoid saturation effects. As for SOA-EAMs, two lengths of modulators (100 and 150µm),
and for SOAs (200 and 400µm) have been implemented. The electrodes have been kept
at the same positions for these 4 designs, in order to be compatible with one single IZM
sub-mount geometry.
Furthermore, it was taken into account that EMLs require very low optical feedback (<40dB) to avoid any laser parasitic oscillations, and the booster SOA amplifies twice the
facet optical feedback. As these EMLs will be coupled into optical fibers, it is possible to
use an output waveguide with a window (see Figure 7.2). The output waveguide is
interrupted a few microns before the output facet, such that light is diffracted, and the
portion of reflected light at the facet is spread over a broad angle and doesn’t couple
back into the waveguide. This technique is highly efficient especially for a tilted output
waveguide, but it might be difficult to find commercial anti-reflection coated 23°-tilted
lensed fiber arrays. Therefore, we have designed EMLs with or without tilt to ensure the
possibility of fiber arrays alignments, while always keeping a standard commercial fiber
array pitch of 500µm (see Figure 7.1 a and b)
(a)

(b)

backside monitoring photodiode
DFB

EAM

booster SOA

output spot-size
converter

500µm

heater

1350µm

1350µm

Figure 7.1: schematic top view of an EML array for FLEXBOX (a) with tilted
output waveguide, (b) with straight output waveguide.

5G-PHOS – D4.2

34/47

Deliverable D4.2

Output
waveguide

Output
facet
Focalisation
point of lensed
fiber

Reflected
optical beam
Window area
Figure 7.2: scheme of the tilted window output waveguide
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8

First measurement results

8.1 Experimental demonstration of a 6-band 12Gb/s
IFoF/V-band Fiber-Wireless link on an InP Externally
Modulated Laser
By employing some early developed test structures by 3-5 lab, we deployed one EML in
the demonstration of a 5G fronthaul link, as described in this section, targeting to
evaluate performance in terms of capacity transport capabilities, and identified what are
the capacity requirements suggested by expert alliances. As the wide deployment of
smart mobiles has stimulated a wide variety of bandwidth hungry applications, e.g. 4K
Ultra-High Definition video, it is driving an insatiable demand for ubiquitous high
bandwidth mobile connectivity, while the first 5G trials and commercial deployments are
expected to be validated in hotspot and over-crowded areas [4],[5] such as stadiums,
where multiple users reside and simultaneously request Enhanced Mobile Broadband
(eMBB) services. Expert alliances have clearly defined Key Performance Indicators (KPIs)
with specific targets for high-quality user experience with up to 1 Gb/s user-downlink and
10 Gb/s peak data rates [4]-[6], while the co-existence of multiple users translates to
high connection and traffic densities of several parallel data-streams [6],[7].
To this end, Digital Signal Processing (DSP)-assisted analog Radio over Fiber (A-RoF) has
been heralded as key technology for spectrally efficient Fronthaul (FH) architectures, with
simple Intensity Modulation Direct Detection (IM/DD) schemes modulated onto linear
low-bandwidth Externally Modulated Lasers (EML) expected to bring in the much
anticipated bandwidth/cost/energy efficiency [7],[8],[9],[10],[11]. So far fiber-based FH
links have been demonstrated in early experiments to utilize mainly Directly Modulated
Lasers (DMLs) enabling single- and multi-band signal transmission [9],[10],[11],[12].
However, mmWave wireless transmission over fiber-based FH has been demonstrated at
the 28 GHz band with maximum aggregate data rates less than 4.56 Gb/s [13],[14]. On
the other hand, V-band wireless transmission over fiber-based FH has been enabled so
far mostly via Mach-Zehnder-based optical modulators [15],[16],[17], where multiband
operation has been constrained to a maximum number of 4 RF bands or a maximum
aggregate data rate of 8 Gb/s[16]. Higher than 10 Gb/s aggregate data rates in fiber-Vband wireless FH has been reported so far only for single-RF-band operation [15].
The 5G-PHOS A-RoF FH envisions a centralized architecture with all complex Baseband
signal processing performed on a DSP-engine placed at the Baseband Unit (BBU) at the
central office, where DAC/ADC units allow for transporting native wireless signals using
simple IM/DD schemes on Intermediate Frequencies over Fiber (IFoF) with relaxed e-o
bandwidth needs. These analog transmission schemes can then be implemented by linear
optical transceivers, circumventing the need for cost-expensive high-bandwidth optics.
Within the course of this project, we have used one of the early discrete test EML devices
that were fabricated by 35Lab to demonstrate high capacity 5G fronthaul links, achieving
12 Gb/s-capacity and 6-bands, transporting six 1 Gbaud QPSK data-streams over 7 km
of SMF and 5 m of wireless distance at 60GHz, which by that time formed the highest
reported capacity for a multi-band A-RoF fiber-wireless FH link. In order to achieve this,
we firstly characterized the EML chip as a discrete device, then evaluated its performance
in generating advanced modulation formats and then used it as the A-RoF transmitter in
the end-to-end Fiber-Wireless link, as will reported respectively in the sections below.

8.1.1 Monolithically integrated high power EML Transmitter
EMLs utilize such cost-effective optical transmitters for emerging mobile FH networks yet
electro-absorption performance typically degrades under high incoming optical power,
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due to saturation effects by sweep-out time of photogenerated carriers, as detailed in
[18]. Here, using a standard Phosphorus-based material, a linear high-power EML was
developed by 35Lab featuring a 500 um-long DFB laser and a 150 um-long EAM
monolithically integrated on InP substrate. The EML was assembled and wire bonded on a
Temperature Controlled (TEC) Printed Circuit Board (PCB) for testing at chipcharacterization probe stations. The device was then sent to ICCS/NTUA and AUTH for
characterization testing, where the chip was mounted on a chip characterization unit, as
shown in the photo in Figure 8.1(i). Two tungsten DC needles were used to power up the
DFB laser, while a 40 GHz RF tip with a GSG configuration was driving the modulation
operation of the EAM and a lensed fiber with 6 um mode diameter and Antireflection
coating was used to collect its optical outputs. A microscope image of the setup is shown
in Figure 8.1(ii).
As A-RoF optical FH applications are typically limited by the relatively poor linearity and
low output power [9], the EML was characterized as discrete device in DC and AC
measurements. The first DC measurement results are illustrated in Figure 8.1(iii) for the
VI curve and in Figure 8.1(iv) for the output spectrum. A maximum output power of 5.8
dBm was obtained, when the chip was operated at 20o C, emitting at 1557.32 nm. The
spectrum output of the laser features a Side Mode Suppression Ratio of 50 dB. By tuning
the temperature from 20oC to 21oC, the wavelength was changed by 0.03 nm.

Figure 8.1: i) Photo of the experimental setup of the mounted chip on a chip
characterization probe station, ii) microscope image of the chip under test with
DC needles, GSG tips and lensed fiber, iii) electrical V-I curve of the DFB laser
diode and iv) spectrum output and temperature drift of the laser.
The chip was also characterized in terms of power-versus voltage optical output and its
frequency response, as illustrated in Figure 8.2. The obtained P-V curve for increasing
voltage values reveals a linear response with more than 10 dB Extinction Ratio (ER)
between the -1 V and -2 V region, while the S21 frequency response of the EML when
biased at around -1.5 V reveals a 3-dB bandwidth of 17 dB. The red markers highlight
the linearity regime, where the EML can be directly driven by an electrical signal carrying
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advanced modulation formats and which were used in the experiment described in the
next section. The chip was also characterized in terms of power-versus voltage optical
output and its frequency response, as illustrated in Figure 8.2. The obtained P-V curve
for increasing voltage values reveals a linear response with more than 10 dB Extinction
Ratio (ER) between the -1 V and -2 V region, while the S21 frequency response of the
EML, when biased at around -1.5 V reveals a 3-dB bandwidth of 17 dB. The red markers
highlight the linearity regime, where the EML can be directly driven by an electrical signal
carrying advanced modulation.
The performance of the EML was then evaluated in two data scenarios: One OOK
transmission targeting Digital (D-RoF) scenarios and one A-RoF transmission with
increasing modulation formats. For the OOK scenario, a digital 12.5 Gb/s NRZ modulation
format was applied to the EML, and the obtained eye diagram is shown in Figure 8.2(iii),
exhibiting an Extinction Ratio of 9.2 dB and Amplitude Modulation less than 1 dB.
Regarding the A-RoF modulation scheme, the obtained constellation diagrams and eye
diagrams are shown in Figure 8.2(iv), using a QPSK, 8-PSK, 16-QAM, 64-QAM and 128QAM modulation formats, all with clear eye openings and well separated symbols.
Although it seems that higher modulation formats, e.g. QAM-256, seem feasible, the
current scheme occupies only 1.2 GHz RF span of the available RF bandwidth of the EML
with a central frequency of 5 GHz from -4.4 GHz up to 5.6 GHz. This was achieved by
using 1 Gbd and a Root Raised Cosine filter at the modulation/demodulation stage with a
Roll off factor of 0.2, while considering this corresponds to 7 Gb/s bitrate, enabling high
capacity transmission of 7 Gb/s and above with a spectral efficiency of 5.83 b/s/Hz.

Figure 8.2: Power versus voltage curve of the EML laser at the left inset and S21
frequency response at the right insert. The red markers highlight the operation
conditions, where linear performance was achieved for the fronthaul link

8.1.2 Single Optical Intermediate
transmission using an InP EML

Frequency

over

Fiber

The proposed EML-based A-RoF FH with IM/DD IFoF scheme was initially evaluated using
25 km SMF and the experimental setup depicted in Figure 8.4(i). The electrical singlecarrier IF signal was generated by an Arbitrary Waveform Generator (AWG) and along
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with the variable DC bias was interfaced to the GSG connection pad of the chip structure,
while the laser was operated with 100 mA current fed by an ILX diode-controller. Prior to
any transmission, a DSP-based channel estimation for amplitude and phase predistortion of the transmitted signal was performed. Initially we swept the frequency of
the transmitted Intermediate frequency of the fiber channel, to evaluate the transfer
function of the channel. In order to achieve this, we used a DFB laser with a laser
linewidth of 6 MHz and transmitted through several fiber lengths, including a the Back to
back configuration with a few meters only fiber length, a 7 km-, a 25 km- and a 50 kmfiber spool. The optical output of the IFoF transmission was then evaluated in terms of
received optical power and the results are illustrated in Figure 8.3(i). As it is clearly
shown, for relatively small fiber length up to 7 km (green plot), the obtained transfer
function is almost identical to the BtB configuration, revealing negligible distortion due to
fiber propagation. For increasing fiber lengths, as e.g. for the blue curve of the 25 km
and the red curve of the 50 km, some dips appeared in the received optical power at the
8.5 GHz and at 6 GHz respectively. This zeroing of the optical power can be attribute to
the chromatic dispersion-induced power fading effects during the transmission, which can
be estimated based on the following formula [19][20]:

PRF  cos2 [ cLD  (

f IF 2
) ]
fopt

(1)

Following the above result, we modulated the IF with a QPSK modulation format at 1
Gbaud, increased the Intermediate Frequency from 2 GHz up to 9 GHz and transmitted
the optical IFoF through 25 km of fiber, targeting to evaluate the impact of the increasing
IF. The received optical A-RoF IFoF signal was then evaluated at the received side
through EVM measurements and Signal to Noise Ratio, and the obtained results are
plotted in Figure 8.3(ii). As it can be seen by the blue curve representing the EVM value,
the increased IF results in additional signal degradation, with exponential increase of the
EVM value from 2.6% up to beyond 20%, and in turn a similar degradation of the Signal
to Noise Ratio (SNR) in the orange curve from 24 dB to less than 15 dB. As a result, the
use of frequencies up to 7 GHz and fiber lengths of 20 km seem a feasible choice. We
then evaluated the impact of the baud rate in terms of EVM degradation, to identify if the
5G-PHOS A-RoF transmitter can scale at higher bitrates. The modulation format used was
again a single carrier QPSK modulated at 500 Mbd and 1.25 Gbs respectively. The
received constellation diagrams and eye diagrams are shown in Figure 8.3(iii), both
featuring clear eye openings with EVM values of 2.66% and 5.5%, well within the
acceptable limits set by 3GPP, indicating also that the 5G-PHOS targets for higher order
modulation formats at 1 Gbd rates are feasible.

Figure 8.3: i) Transfer function of the channel using Intermediate Frequency
over Fiber transmission and ii) impact of the increase of the baud rate from 500
Mbd to 1.25 Gbd
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The degradation introduced by the 25 km fiber propagation was evaluated for all the
above-mentioned advanced modulation formats. The single-carrier 1 Gbaud QPSK
(pulse-shaped with a Root-Raised-Cosine filter and 20% excess bandwidth) was digitally
upconverted to a 5 GHz IF. The voltage swing of the AWG output was set at 700 mV,
while the EML was biased at -1.4 V, to ensure linear operation. The EML output was
transmitted over a 25 km SMF spool, followed by an optical power attenuator (Attn) and
99%-1% power monitor tap, before being o-e converted by a 10 GHz photoreceiver (APD
and TIA) with 0.7 A/W responsivity, where -9 dBm of optical power was received. The
final signal was acquired by a Real Time Digital Oscilloscope for demodulation and
performance evaluation using offline DSP. Figure 8.4(ii) depicts the obtained constellation
diagrams at the receiver using QPSK, QAM16, QAM64 and QAM128 respectively without
any additional equalization stage, featuring EVM values of 4.4%, 5%, 5.1%, 5.2%
respectively and meeting the EVM requirements by 3GPP [21]. Similar measurements for
the Back-to-Back (BtB) configuration without the 25 km spool, feeding the EML output to
the PD through small SMF, resulted in EVM values of 1.9%, 2.4%, 2.45% and 2.5%,
verifying negligible distortion due to the 25 km SMF with less than 2.7% EVM penalty, as
identified in similar fiber FH studies [10]-[12].

Figure 8.4: i) Experimental setup for the evaluation of the IFoF transmission
using the EML, ii) constellation diagrams of the received signal after 25 km fiber
and Back-to-Back (BtB) configuration without transmission through the spool

8.1.3 Uplink versus Downlink Comparison
The previously described setup used for the single optical IFoF transmission using the InP
EML was then extended with a pair of commercial V-band antennas, in order to
established a 57-64GHz wireless link, so as to evaluate the capabilities of the 5G-PHOS
Fiber Wireless link and compared the performance of the Downlink and the Uplink
transmission scenarios. The experimental layout for both transmission scenarios are
illustrated in Figure 8.5.
For the downlink scenario, we used the setup described in the previous section of the
IFoF transmission scenario, however, the output of the photoreceiver was then fed to the
pair of V-band Transmitter (Tx)-Receiver (Rx) radio equipment by Siversima for wireless
transmission across the 5m link, instead of the oscilloscope, as shown at the left inset of
Figure 8.5. More specifically, the IF signal was upconverted to the 57-64GHz band, which
featured a noise figure of 8, when operated, and fed to a directional horn Tx antenna
with a beam-width of 10o degrees and a gain of 23dBi, elevated to 1.4m above the
ground using tripods. After an inverse process at the Rx side, a similar horn antenna
hooked at a similar tripod received the mmWave signal, downconverted it back to the IF,
before feeding it to a Digital Real Time Oscilloscope with 33 GHz analog bandwidth and
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80 GSa/s sampling rate, that digitized the signal for offline Digital Signal Processing
(DPS) purposes.
For the evaluation of the Uplink scenario, an inverse setup has been employed as
illustrated at the right inset of Figure 8.5, with the signal being generated at the client
side to the right part for the setup and flowing towards the left side. More specifically, the
AWG was employed to synthesize the single- or six-band electrical IF signals, that was
directly fed to the Siversima Tx radio equipment, to upconvert the data in the 57-64GHz
band and transmit them across the 5m wireless link. At the Rx antenna side, after the
signal was received and downconverted back to the IF, the radio board provided the
driving signal for the MZI modulator, which was again biased to the linearity region by
the DC source and fed with the output of the DFB laser, loading the data to the optical
carrier. Following the 7km propagation through the SMF spool, the optical signal was
opto-electronically converted by the photoreceiver and fed to the Digital Real Time
Oscilloscope for monitoring and offline DSP processing. The
uplink
and
downlink
transmission experiments were separately evaluated, using the same equipment, yet
with slightly different biasing settings, as the input of the transmitting antenna had to be
operated at -10dBm input power.

Figure 8.5: Experimental setup for the downlink (left) and uplink (right)
evaluation of a single carrier FiWi link
Figure 8.6 illustrates an EVM bar diagram of the Single Carrier transmission performance
with two modulation schemes (QPSK and 16-QAM) comparing fiber/wireless transmission
for both fiber-wireless (DL) and wireless-fiber (UL) link. The EVM measurements reveal a
2.4% and 3.3% increase for the uplink direction is observed compared to the downlink
for QPSK and 16-QAM respectively. This could be explained to the non-optimum driving
conditions of the EML in the uplink, where the driving signal was impaired by the fading
effects of the wireless channel. Amplitude fluctuations of the driving signal could cause
non-optimum driving conditions of the EML. Nevertheless, in all cases, the measured EVM
values are well below the EVM threshold of 19% for QPSK and 14% for 16-QAM, as can
be found in the 3GPP specifications for systems that employ radio transmission at
frequencies >28 GHz.
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Figure 8.6: EVM measurements for the single-carrier IFoF link using EML-based
optical transmitter. Fiber/wireless transmission (7 km fiber / 5 m wireless).
QPSK and 16-QAM constellation diagrams for downlink and uplink directions

8.1.4 Six-band IFoF and V-band transmission of 12Gb/s
The optical FH was then extended to a multi-band transmission experiment over a
combined Fiber-Wireless link, using the experimental setup shown in Figure 8.7(i). More
specifically, six subcarriers of 1 Gbaud QPSK (excess bandwidth 20%) were upconverted
around a center-IF of 3.6 GHz and transmitted through 7 km IFoF link. V-band radio
equipment by Siversima upconverted the photo-detected RF signals to the 57-64 GHz
frequency band where an air-transmission over 5 m indoor environment was performed.
The pair of V-band directional horn antennas featured 23 dBi gain and 10o beam width,
aligned through tripods at around 1.4 m height. The received signal was down-converted
back to the IF and digitized by the oscilloscope. Conventional DSP processing was
performed including matched filtering, resampling and timing synchronization, whereas
equalization of the power fading effects and the response of the mmWave components
was performed using time-domain LMS equalizers.
The experimental results for the six IFoF and V-band transmission experiment are
shown in Figure 8.7(ii)-(iii). Figure 8.7(ii) shows the transmitted RF spectrum with the six
IFs centered at 0.6 GHz, 1.8 GHz, 3 GHz, 4.2 GHz, 5.4 GHz and 6.6 GHz. The
constellation diagrams of the received signals after DSP are shown in Figure 8.7(iii) with
1 Gbaud QPSK format and aggregate capacity of 12 Gb/s. The measured EVM values are
11.9%, 11%, 11.1%, 12.1%, 13.9%, 19% respectively, i.e. 11.3% EVM penalty
compared to the single QPSK channel in BtB setup, and satisfying the 3GPP requirements
[21][22]. A photo of the experimental setup during Fiber Wireless transmission
experiment is shown in Figure 8.7(iv), while Figure 8.7(v) shows a closer look of the
transmitting mmWave equipment used, comprising a 5 GHz to 60 GHz upconverter and
an 18 dBi Siversima horn antenna (which is foreseen to be replaced by the mmWave
equipment currently under development as being reported in D3.1).
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Figure 8.7: i) Experimental setup for the evaluation of the IFoF and mmWave
5G fronthaul using the EML, ii) transmitted RF spectrum including the six IF
bands iii) constellation diagrams of the received QPSK signals, iv) photo of the
experimental setup during the Fiber Wireless transmission and v) photo of the
transmitter mmWave equipment used comprising a 5 GHz to 60 GHz
upconverter and an 18 dBi Siversima horn antenna

8.1.5 Four-band IFoF and V-band transmission of 16 Gb/s
As a final evaluation step, SCM schemes were employed in order to utilize the high
performance of the EML in order to further increase the aggregate capacity using higher
modulation formats, i.e. QAM16. In this experiment, the experimental setup of the
previous section was utilized, and 4 sub-bands were digitally upconverted at respective
IF frequencies, namely at 0.625 GHz, 1.875 GHz, 3.125 GHz and 4.375 GHz. Each subcarrier was modulated at 1 Gbaud symbol rate and after predistortion filtering and pulse
shaping, each band utilized 1.2 GHz thus a total 5 GHz spectrum was occupied by the
multiplexed signal. The results for the EVM measurements obtained are shown in Figure
8.8(i). More specifically for this case of the 4×1 Gbaud 16-QAM, robust EVM performance
is achieved for the hybrid FiWi channel, since EVM was below 10% (EVM < 10%), as
required by 3GPPP, while the obtained constellation diagrams are illustrated in Figure
8.8(ii). This allowed increasing the channel rate up to 4Gb/s and the aggregate capacity
from 12 Gb/s up to 16 Gb/s. The top inset of Figure 8.8(iii) depicts the power spectrum
density at the photo-receiver output after the 7 km fiber transmission, which compared
to the spectrum at the Rx-antenna of the bottom inset after the combined fiber/wireless
transmission (7km SMF+5m wireless) reveals the degradation by the fading effects.
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Figure 8.8: (i) 4-band 16-QAM EVM measurements for each sub-band of the SCM
IFoF link using an EML-based optical transmitter for 7 km fiber and 5 m wireless
transmission, ii) the respective constellation diagrams at the receiver side, and
iii) Received Power Spectrum Density at the photoreceiver (top inset) and after
7 km fiber and 5 m wireless transmission at the Rx-Antenna (bottom inset).
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Summary and Conclusions

This deliverable describes the overall development process, including designs,
fabrication, assembly and first measurement results, of the 1st generation of optical
devices. These devices will undertake the fiber transportation of the 5G-PHOS data, as
well as the optical beamforming at the antenna site and the wavelength-reconfiguration
of at the ROADM devices. Therefore, the document described the development of the
FlexBox optical transceivers, i.e. the InP DFBs, EAMs, SOAs and PDs, as well as the
optical components and assembly for the single wavelength RRH configuration, the multiwavelength RRH and the ROADM devices. The performance of the 5G Fiber Wireless
optical fronthaul link of the project has been also evaluated using samples of the optical
transceivers, namely the EML, achieving channel rates beyond 1 Gb/s and peak rates
beyond 10Gb/s, meeting the requirements set by 5G KPIs.
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