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Abstract: 5G-PHOS aims to architect and evaluate Fifth Generation (5G) broadband 
networks for dense, ultra-dense and hotspot area use cases capitalizing on 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 design and characterization of the 5G-PHOS hardware components that 
will be employed as the remote radio head (RRH) and FlexBox modules. Furthermore, an 
experimental evaluation of the Analog-over-Fiber optical transmission based on 
commercial devices is described. 

 

Keywords: Fifth Generation (5G), Remote Radio Head (RRH), 5G-PHOS, Baseband Unit 
(BBU), Fiber-Wireless, Optical Technologies, Millimeter Wave (mmWave), MIMO, 
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Disclaimer: The information, documentation and figures available in this deliverable 
are written by the 5G-PHOS Consortium partners under EC co-financing (project H2020-
ICT-761989) and do not necessarily reflect the view of the European Commission. The 
information in this document is provided “as is”, and no guarantee or warranty is given 
that the information is fit for any particular purpose. The reader uses the information at 
his/her sole risk and liability. 
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Abbreviations 

3GPP 3rd Generation Partnership Project  

5G 5th Generation 

ADC Analog to Digital Converter 

BBU Baseband Unit 

DAC Digital to Analog Converter 

DFB Distributed Feedback  

DSP Digital Signal Processing 

EAM Electro Absorption Modulator 

eMBB Enhanced Mobile Broadband  

EML Externally Modulated Laser 

ER Extinction Ratio 

EVM Error Vector Magnitude 

FH Fronthaul 
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GSG Ground-Signal-Ground 

IF  Intermediate Frequency 
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SNR Signal to Noise Ratio 
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1 Executive Summary 

This document covers the design and initial experimental measurements of the 5G-PHOS 
project demonstrators. Firstly, the design of a 64x64 MIMO antenna mmWave circuits is 
covered where the concept of a massive MIMO antenna is reviewed. It then proceeds to 
the reviewing of each one of the components constituting the entire system. Here we will 
cover the design and functionality of several PCBs (TILE FEED PCB, MIMO PCB, SPLIT 
PCB and Tile controller). Next, we cover the assembly issues of the Optics PCBs where 
several chips such as InP EMLs, InP PDs, TripleX Splitters or TripleX OBFNs are 
assembled on a common Si carrier platform to provide the electro-optical and optical-
electrical conversion, which is then used in the overall FiWi 5G system. 

The deliverable also summarizes the detailed design information and first experimental 
results of the Narrowband Trans-Impedance Amplifiers (NB-TIA) working together with a 
PD on a wire-bond based package, which support the option for direct conversion of a 
mmWave-modulated optical signal to an electrical one.  

An experimental performance evaluation of the Analog-Radio over Fiber (A-RoF) optical 
data transmission on Intermediate Frequencies over Fiber (IFoF) based on commercial 
devices is finally described in the last part of this document. 
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2 Introduction 

2.1 Purpose of this document 
 

D7.2 is intended to provide the initial performance evaluation as well as benchmarking of 
the 5G-PHOS hardware components that compose the first generation of prototypes of 
the FlexBox and Remote Radio Head (RRH) modules. The FlexBox is a complex, 
innovative 5G baseband unit made of several different components from distinct 
partners. The main objectives are firstly to experimentally evaluate the performance of 
the available hardware components needed to implement the FlexBox and RRH 
prototypes, secondly to benchmark and validate their functionality and thirdly, to address 
the experimental end-to-end transmission evaluation for different networking setups of 
the 5G-PHOS Analog Intermediate Frequency-over-Fiber (A-IFoF)/V-band Fiber Wireless 
(FiWi) system. 

 

2.2 Document structure 
 

The present deliverable is divide into six chapters, as follows: 

 Chapter 2 is the introduction. 

 Chapter 3 focuses on the RRH modules and the mmWave radio frontend of the 
MIMO antennas and the optical beamforming network envisioned in the project. 

 Chapter 4 presents the 60 GHz RRH receiver component assembly and 
characterization, and specifically, the 60 GHz NB-TIA evaluation.  

 Chapter 5 focuses on the FlexBox architecture as well as on the experimental 
results of FlexBox TX and RX built exclusively with commercial devices 

 Chapter 6 contains the summary and conclusions of this deliverable 

 

2.3 Audience 
 

This document is public.  
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3 mmWave Radio frontend of MIMO antenna (RRH) 

The overall architecture of the considered system is described in detail in the 
deliverables D3.1, D3.2 and D3.3. In this document we will be focusing on the 
fabricated prototypes of all the different modules that are conforming the RRH 
demonstrators 

3.1 RRH Prototype with MIMO antenna rradio frontend  

3.1.1 MIMO RRH Antenna Module 

The MIMO RRH antenna is based on an aggregation of 8 antenna tiles (TILE 
PCB), each containing 32 radiating elements, for a total of 256 radiating 
elements. Up to 16 such antennas can be used in a synchronized manner for an 
antenna with up to 4096 radiating elements. 

The antenna is shown in Figure 1 below, while the antenna details were reported 
in [1], [2] and [3]. 

 

  

Figure 1: Antenna construction based on flexible mechanical tile 

 

3.1.2 MIMO Tile PCB 

The TILE PCB, which is the basic building block of the antenna, operates in the 
60GHz spectrum and consists of an array of 32 TX/RX channels, where each 
channel goes to a dedicated antenna element. Each channel may be assigned a 
phase shift of 0/90/180/270 to control the beam direction generated by the 
array. The array utilized a ceramic laminate substrate rather than soft laminate 
material and belongs to the LTCC family (Low Temperature Co-fired Ceramic). 
The radiating elements themselves are dipoles designed to cover the band of 57-
64GHz. 

Each of the TILE PCB independent radiating elements has its own analogue phase 
shifter. Each phase-shifter granularity is 90 (2 bits of phase shift configuration), 
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and the whole array has an associated up/down conversion from and IF around 
16GHz to the RF frequency around 60GHz. The block diagram of the beam-
former is shown in Figure 2 below. 

RF/IF
Conversion

IF 
(14.5-16GHz)

RF 
(57-64GHz)

 

Figure 2: Beam-former block diagram 

 

The TILE PCB is designed to enable close packing of tiles to support large 
antennas. The tile design to be as small as possible to lower cost and volume, 
but also multiple tiles need to be packed as close together as possible to 
minimizing array grating lobes. The TILE PCB design details and measurement 
results were reported in [1], [2] and [3]. 

 

3.1.3 TILE FEED PCB 

The TILE FEED PCB aggregates up to 8 TILE PCB units. The PCB has two 
variants, in one the TILE PCBs are used in the TX mode (hence TX TILE FEED 
PCB) and in the other all tiles used in the RX mode (RX TILE FEED PCB). The 
separation between TX and RX direction is imposed in order to ensure no self-
interference at the PCB level. Both TILE FEED PCB variants multiplex the data 
signal, LO signals and a control signals onto a single coaxial wire, such that each 
TILE PCB may be fed using just that one coaxial wire to ease the mechanical 
assembly and reduce the cost of the antenna module. The block diagrams of the 
TILE FEED PCB variants is shown Figure 3 in below. 
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Figure 3: TILE FEED PCB (TX and RX) block diagrams 
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The layout of the TILE FEED PCB variants is shown Figure 4 below. The TILE PCB 
design details and measurement results were reported in [1], [2] and [3]. 

 

TX tile feed PCB RX tile feed PCB 

  

Figure 4: TX and RX TILE FEED PCB 

3.1.4 MIMO SPLIT PCB 

The SPLIT PCB provides common control and LO signal to all the MIMO PCBs and 
has provisions to compensate for phase differences. In order to provide 
additional flexibility for the precise control of the delay (in addition to the cable 
lengths), the Split PCB contains a provision to delay one of the LO signals, 
thereby controlling the delay of the entire MIMO PCB it feeds. The SPLIT PCB 
further distributes the control and configuration signals for the MIMO PCB units. 
The block diagram and the detailed functionality of this module is described in 
D3.1. Figure 5 shows the fabricated SPLIT PCB which is under evaluation. 

 

 
Figure 5: SPLIT PCB 

 

3.2 Optical Beamforming Network in the RRH 

The complete RRH with the mmWave radio frontend and RF circuitry of 
the 5G-PHOS project was initially envisioned to be interfaced with the 
optics PCB assembly in a 3D construction, that has been described in 
detail already in D3.1, concluding to a compact and flexible design. The 
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main feature of the design is that the antennas are connected by short 
coax cables, which provide flexibility in the position and arrangement of 
the antenna tiles and mmWave components. On the other hand, the 
optics PCB is expected to host the ΙΙΙ-V components as well as the TriPleX 
Optical Beamforming Network (OBFN) SiN chip by LioniX. The 
development of each III-V photonic chips by 3-5 lab, namely the EMLs and 
PDs, and the development of OBFN SiN chips by LioniX have been 
described in D4.4 for each technology separately, while in this section 
their assembly in the optics PCB is described. During the project, there 
have been significant delays in the development of the III-V opto-
electronic components, namely the EMLs and PDs that would form the 
optical transmitter and receiver components of the experimental layouts. 
However, there have been significant delays in the development of the III-
V opto-electronic components (EMLs and PDs) that have impacted the 
optics PCB assembly. Therefore a back-up OBFN approach was initiated 
and implemented by LioniX, enabling the use of a fully packaged OBFN 
solution for introducing this functionality to the RRH. Both developments 
are presented here. 

3.2.1 Optics PCB assembly procedure  

Multiple chips shall be assembled onto one substrate to form a functional device 
for transmitting light between them. Those dies must be aligned with high 
precision in x, y and z to get minimal loss. Whereas the positioning in x and y is 
mainly determined by the technical condition of the bonding tool, the remaining z 
is additionally influenced by the bump properties. The alignment in z must be 
controlled by a precise deformation of the electroplated gold bumps. A bonding 
temperature of T = 180 °C in combination of a bonding pressure of at least 
p = 150 MPa gave good results for sufficient shear strength concerning operation 
issues. A recent task is to proof the homogeneous deformation properties of 
bumps for die positions with a different area to be bonded as well as the 
influence of the multiple heating. Therefore, intense investigation on the 
deformation behaviour in relation to a thermal treatment and the application of 
compression was executed.  

The effort required to determine the final z-position after assembly is high, so it 
was decided to first determine the resulting bump heights on the individual 
positions of the chips to be assembled using deformation tests. To determine the 
percentage change in height h after bonding parts of the bump array per chip 
position were measured before and after pressure testing by confocal 
measurement (Figure 6) method. The silicon oxide surface was used as the base 
plane, so that the stack of RDL and bump is determined here and not the actual 
bump height. However, if the RDL layer was used as the base plane, it would 
result in too great inaccuracy due to the rough surface of the plated gold. Since 
the parts used for these tests are also the components that will be assembled 
later, this selection represents the true deformation character.  
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Figure 6 schematic cross-section of the principle to determine the bump height 
before (crosshatched) and after (full coloured) deformation test 

 

As we know, that the flip chip bonders accuracy to reach small forces down to 
100 g is limited, we choose the PD dies as first test samples, as they require the 
smallest bonding forces that is still feasible to reach.  Results for the relative 
height change of the PDs bumps after the compression at a constant 
temperature of T = 180 °C and various pressures values (100 MPa, 150 MPa, 
200 MPa) are shown in Figure 7. 

 

Figure 7 Summary of the deformation values of the bumps per substrate divided 
for the first and second PD position for different bonding pressures at the same 

temperature, PD1 PD2 

It is obvious, that the values for the deformation of the bumps for the first and 
second PD position do not vary dramatically. Already the application of a bonding 
pressure of 100MPa @180 °C results in a deformation of about one percent, 
which is an absolute value of about 300nm. However, this parameter set did not 
produce sufficient shear results, so this will be shown here for completeness 
only. As expected, significantly higher deformations are recorded for higher 
bonding pressures. Although a little amount of tests were done, a linear 
correlation between the increase of pressure and the resulting deformation can 
be assumed.  As already mentioned, the deformation of bumps itself is no point 
of issue. Is must be made sure that the deformation is repetitive regarding 
multiple chips and homogeneous all over the bump array. This correlation is 
given in Figure 8. Only for a low pressure of p= 100 MPa no derivation is visible. 
The increased pressure results in a deviation of approximately 2 % for a bond 
pressure of 150 MPa and 2-3 % for 200 MPa. Furthermore, a repetitive tilting in 
one direction can be seen with the PDs. Taking into account the width of 1.7 mm 
from bump one to twelve, that is more than half a micron as an absolute value. 
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This could become an issue regarding the optical coupling with the waveguide of 
the Triplex chip.   

 

Figure 8 detailed view on deformation values for each bump, 200 MPa: PD2 
PD1, 150 MPa: PD2 PD1, 100 MPa: PD2 PD1 

 

Concerning the bumps of the chips A of Triplex, the maximum derivation 
between the deformed bumps partly from one corner to the other one reaches a 
value of more than 2 % which is small concerting a distance of about 8.7 mm 
and should be within the maximum accuracy that can be reached here. Attention 
was always paid to keeping the orientation of the substrate comparable when 
pressing a dummy Si-Chip with a polished surface against the bumps using a flip 
chip bonder.  

As a next step, it is necessary to take a closer look at the point where light is 
transmitted from one die to the other one. Our results show that applying the 
same nominal pressure at the same temperature result in a higher deformation 
for the PD bumps compared to those of the Triplex chip ( 4 % [Triplex]  
 5.4 % [PD]) in the region of the critical area. So, choosing the right and 
probably an adapted parameter combination for each chip type is indispensable.  

Many assembly tries had been done. As only limited "hot" material was available 
from project partners, dummy chips were fabricated at IZM to get used to 
handling and alignment procedure. The alignment of components to each other is 
done by simultaneous viewing of the surfaces on which special fiducials are 
located. These are taught to the vision program of the flip chip bonder and the 
components are adjusted to each other via their automatic recognition. A partial 
section of the assembly in top view can be seen in Figure 9. Special tools were 
ordered so that the support surface of the pedestal and the vacuum hole are 
suitable for the size of the respective chip. 

1 12 
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Figure 9 assembly of RRH_TX substrate (first run) with Chip A (dummy) and 
two PDs (dummy) 

Post bond inspection of the alignment of these fiducials to each other is not 
possible without special preparation because they are covered by the silicon 
material. However, only the alignment of the chip structures to each other is 
important, since the substrate only serves as a carrier in the alignment step. 
Therefore, it is necessary to get rid of the substrate to expose the desired 
structures on the chips for evaluation. Figure 9 shows such an exposed view on 
the structures for the Triplex dummy chip on the bottom and the PD dummy chip 
on top.  

 

Figure 10 view on chip surfaces after assembly to check post bond accuracy 

The PD has four positions (red circle in Figure 10) where light enters the active 
region. A detailed view on such a position is shown in Figure 11. The left image 
taken with a light microscope is showing an assembly with dummies as shown in 
Figure 9, whereas the right image was taken with an SEM from an assembly with 
chips from Triplex (chip A, top) and III/V lab (PD, bottom). The vertical line in 
the left picture is demonstrating the waveguide from where light will be 
transmitted to the PD. Since the waveguide is trapped under the passivation 
layer, it is not possible to seen due to poor material/topographic contrast.  
Therefore, we continue using the dummy material and transfer the setting to the 
hot PD from III/V labs. As it can be seen in Figure 11 (left), the position of the 
dummy waveguide is already less than one micron away from the middle part of 
the corresponding taught PD structure, what already is a promising indication as 
a starting point for a good alignment. 

PD 

Chip A 

PD PD 

Chip A 
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Figure 11 detailed view on alignment after assembly, left) Light microscope 
image: Triplex dummy chip (bottom) to PD dummy chip (top) measurement of 

position of dummy waveguide corresponding to PD structure, right) SEM image: 
Triplex chip A (top) to III/V PD chip (bottom) 

In Figure 12 can be seen, with which issue we had to struggle when using the 
hot PDs and Triplex chips. Due to the geometric dimensions and the bonding 
tools required for this, the PD was placed first and then the Triplex Chip A. Some 
when in the placement process, the triplex chip A touched the edge of the PD, 
which is why it straightened up. As a first result to that issue we increase the gap 
between the chips slightly to continue on proper alignment.  

 

Figure 12 stereomicroscopic image after assembling PD and triplex with 
straightened up PD after assembly 
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3.2.2 Back UP OBFN 

This section described a short summary of the developments of D4.4 on the back 
up option of the OBFN. The 1x8 transmit OBFN is designed to receive light from 
an EML from a fiber, go through a single-side-band filter to prepare the 
modulated light for single-side-band true time delay, split the light into eight 
branches and each branch contains ring resonators to provide a unique and 
required flat-top broad-band delay to the signals. The output of the OBFN is 
coupled to 8 photodiodes, where the modulated light is converted into an 
electrical RF signal. The OBFN is designed, such that it is capable to process light 
that is modulated at 5 GHz, while also being able to process light modulated at 
60 GHz, with only a few heater-settings different. This backup design is also 
packaged by LioniX.  

A photo of the fully packaged back-up OBFN is shown in Figure 13, along with its 
controlling electronics and an experimental measurement of its single sideband 
filtering. The SaboX is a piece of electronics, in-house designed and build by 
LioniX International, to drive optical chips, such as OBFNs. The SaboX has the 
capacity to drive chips with up-to 320 heaters simultaneously. In the original 
proposal, no driving electronics was taken into account. However, since the chips 
are very complex to control, LioniX offered to provide 3  one SaboX for the 
ROADM, one SaboX for the RX OBFN and one SaboX for the TX OBFN. The TX 
backup OBFN has been characterized by LioniX, before it was shipped to AUTH 
for integration into the complete system. More details are given in D4.4 

   

 

Figure 13 Photo of the assembly of the Back-up OBFN by LioniX (top left), photo 
during its operation and control by the sabox electronics (top right) and 
experimental response of its Single Sideband filtering.    
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4 60GHz NB-TIA/NB-PhoRX 

4.1 Context and motivation 

To minimize the power consumption and signal processing in the RRHs, the 
concept of narrow-band photoreceiver (NBPhoRx) has been explored. To alleviate 
the need for up-conversion in the RRH, the radio signal, modulated at 60 GHz, 
will be transported over fiber. However, traditional optical receivers are designed 
to operate on broadband data communication signals. Especially the TIA, which 
amplifies the received photocurrent, requires high power consumption to 
simultaneously ensure linear and low-noise operation while maintaining a very 
wideband operation. Instead, a narrow band configuration of the TIA is explored 
(NB-TIA). In order to efficiently extract photopower from a photodiode and 
amplify it with minimal added noise, IMEC has designed the NB-TIA as a 60GHz 
transimpedance low noise amplifier (TILNA), optimized together with the InP uni-
travelling-carrier (UTC) photodiode from III-V Lab. The 60 GHz NBPhoRx concept 
utilizing a TILNA is show in Figure 14. 

The photodiode is characterized to the pads using a VNA and this data is used to 
extract the impedance as seen from the pads at 60 GHz. This is the signal source 
for which the TILNA provides a conjugate matched load. The interposer and flip 
chip bumps form part of the input network which dominates performance and 
must be designed and modelled accurately. 

 

Figure 14 A NBPhoRx with a TILNA 

 

4.2 60 GHz NB-PhoRx characterization 

The design of the NB-TIA/TILNA and initial link experiments with the NB-PhoRx 
are covered in D3.3, further link experiments conducted since then that improve 
the performance are covered here. Τhe initial assembly was done using 
wirebonds for quick verification of the proposed ideas. The TILNA was designed 
for a specific inductance in the input network that was expected from the 
substrate based on electromagnetic modelling as well as verifying the modeling 
using a manufactured test substrate. Therefore, in order to mimic the minimal 
inductance that was expected and designed for – really short wirebonds were 
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needed. These were achieved by placing the photodiode on a spacer and using 
Ball-stitch-on-ball wirebond shape at the input and can be seen in Figure 15. 

 

 

Figure 15 Wirebond assembly of NB-PhoRx 

 

To solve the problem of poor modulation depth that limited performance in D3.3, 
the testbench was extended with an erbium doped fiber amplifier (EDFA) and an 
optical tunable filter (OTF) as shown in figure 16. The OTF was used to filter out 
a large portion of the carrier power and a sideband leading to the receiver 
getting a signal with better modulation depth. This also had the added benefit of 
making the signal single sideband and limiting dispersion based impairment. 

 

Figure 16 Testbench with improved modulation depth and NB-PhoRx under test 
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The improvement of modulation depth provided by the test transmitter increased 
performance. Obtained constellations using QAM32 are shown at (a) 
1Gbaud/5Gbps with 9% EVM and (b) 4Gbaud/20Gbps with 11.5% EVM. The 
current performance is still limited by the test transmitter.  

 

 

Figure 17 Obtained constellations with QAM32 (a) 5Gbps (b)20 Gbps 

 

4.3 Assembly 

For the final assembly, two test substrates were designed. The first test 
substrate was designed to be measured using a GSG probe at the output for 
verifying if the input network did behave as predicted. The second substrate was 
designed to be an easy to use assembly with the output wirebonded to a 50 ohm 
line and connectorized. The two designs are shown in Figure 18 and a 3D 
representation of the second design is shown in Figure 19. 

 

 

Figure 18 Two substrate designs for probing and final connectorized assembly 
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Figure 19 3D representation of final assembly 
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5 FlexBox devices 

5.1 Architecture 

The functional block diagram of the Flexbox unit envisioned within 5G-PHOS is 
illustrated in Figure 20. The goal is to provide a common hardware architecture 
that can act as an Ethernet (or other packet-based protocol, e.g., eCPRI) to IFoF 
media converter that generates the 5G-NR waveforms and the respective control 
and management channels of the 5G-PHOS architecture, as defined in 
Deliverable D2.4. Each of the blocks corresponds to specific commercial 
hardware and components developed within the project (as shown also in Figure 
20). The Flexbox architecture provides a scalable solution to serve for the 
Fiber/Wireless fronthaul PtMP links connecting a centralized BBU with a single or 
multiple RRHs in Ultra Dense and Hotspot topologies according to the Use Cases 
envisioned. The Flexbox unit come 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. 

 
Figure 20 Functional block diagram of Master Flexbox and related hardware. 

 

In the remainder of the Section we will provide details for the Electro-optical 
assemblies of FlexBox towards the final demonstrator to be presented in D7.3. 
The cartoon interconnection between the different components of a scaled-down 
version of FlexBox which is under development is depicted in Figure 21: 
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 Figure 21 interconnection between the different components of a scaled-down 
version of FlexBox 

The assembly contains single elements of all the building blocks of the 
architecture. In particular: 

Table 1: Demo Flexbox components count 

Master Flexbox-1 
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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5.2 Commercial components for FlexBox TX and RX 

The main purpose of the demonstrator is to employ a FlexBox unit, placed at a 
centralized location and acting as a Baseband unit, with multi-wavelength IFoF 
data streams modulated on Externally Modulated Lasers (EMLs) and opto-
electrically received by Photodiodes (PDs), with data-traffic being exchanged 
between the FlexBox and two MIMO antennas. The optical fronthaul architecture 
can be reconfigured using a TriPleX ROADM. The proposed architecture can 
support the widely varying traffic needs of several emerging 5G use cases, 
including FWA in dense urban areas or eMBB in hotspot areas, e.g. stadiums, 
malls or concert halls etc, as has been thoroughly described in the Deliverable 
D2.4. The schematic diagram of the two demonstrators, i.e. Demonstrator #2 
and #3, envisioned within the project have been detailed in the 2nd Intermediate 
Deliverable entitled “Demonstrators Report,” that was submitted in April 2020, as 
it has been requested following the results of the interim review meeting in 
Turin, in February 2020. The complete layouts of the demonstrators have been 
identified and constructed based on the premise of hardware availability, and 
specifically on the availability of one Master and one Slave Flexbox unit, as 
described in that document, including also a complete bill of materials that will 
be used. 

In the transmit mode, the FPGA is capable of generating multiple data streams. 
Each data stream is upconverted to a different RF frequency. Next, using EMLs 
each RF frequency modulates a slightly different optical carrier, while an AWG 
will optically multiplex the two different wavelength in a 2λ WDM downlink data 
stream. After fiber propagation, each of the two optical IFoF data stream will be 
wavelength routed and dropped to a photoreceiver. At the photoreceiver, the 
signal will be opto-electronically converted before being upconverted to 60 GHz 
for wireless transmission. Equivalently for the uplink, the data stream will be 
optically modulated on an EML at the antenna side, before transmission towards 
the FlexBox, where it will be opto-electrically received by a 10GHz Photodiode. 

5.2.1.1 Decision for replacing missing 5G-PHOS components with 
commercial devices 

During the project, there have been significant delays in the development of the 
III-V  opto-electronic components, namely the EMLs and PDs that would form the 
optical transmitter and receiver components of the experimental layouts. These 
were initially foreseen to be fabricated within the project, targeting to form cost-
effective, low-bandwidth analog optical components. However, due to delays in 
the fabrication process, the developed components were not delivered and thus 
tested on-time. Thus, it was decided to identify and obtain commercially 
available components with performance as close as possible to the required 
characteristics, in order to allow implementing the experimental setups of the 
Demonstrators. The performance of these devices were was verified in laboratory 
measurement setups, as described per component below  

5.2.1.2 Four Externally Modulated Lasers (EMLs)  

Four commercial EMLs were obtained by NeoPhotonics (model OL5158M), 
assembled in a butterfly-packaging. The acquired EMLs are hosting an integrated 
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DFB Laser emitting around 1550 nm as foreseen by the project followed by a 40 
Gb/s Electro-absorption Modulator. The EMLs are currently being assembled on a 
box with cooling element to assist in easier laboratory testing, as shown in Figure 
22 and are being characterized using the setup shown in Figure 23. The DFB are 
being driven by an ILX diode controller and injected with an electrical current 
supply of increasing current up to 80 mA. The measurements results of the two 
EMLs under test exhibit satisfactory performance metrics, while the 
characterization is ongoing. 

 

    

Figure 22 Photos of two packaged EMLs by Neo Photonics  

 

Figure 23 Setup for the EML characterization 

 

Initially, the PIV curves of the DFBs of two EMLs were characterized. The 
measured curves are plotted in Figure 24 (a). The operational current range for 
both EMLs is 30-80 mA, which is close to the range given in the specification by 
the manufacturer 35-90 mA. The measurements revealed typical optical powers 
above 0 dBm measured at the output of the attached fiber-pigtail for currents 
above 35 mA, while an optical output power above ~6.5 dBm.  

Moreover, the modulation of the EML was statically characterized by providing a 
negative biasing DC Voltage to the EAM section and recording the optical output 
power. The transfer function of the EAM section is shown in Figure 24 (b) (the 
polarity of the bias voltage has been plotted as positive for re-presentation 
purposes only). As it can be clearly seen in the plot, for small biasing voltages of 
-1V or higher values at -3V the EAM section provide relatively low absorption, 
while the highest slope is identified between -1 V and -3 V, termed as the 
linearity region of the EML. The measurements indicate that the optimum biasing 
voltage value would reside at around -1.5 to -1.7 V.      
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Figure 24 a) Characterization of the EML PIV curves and b) of the modulated 

output power and the biasing voltage of the EAM.  

 

The EMLs have been evaluated in terms of wavelength and tunability. 
Specifically, Figure 25 (a) and (b) shows the recorded spectra of the emitted CW 
output wavelength of an EML, when tuning the external injection current of the 
laser diode or the temperature respectively. As it can be clearly seen in the first 
figure, when increasing the injection current from I=30 mA up to I=80 mA, the 
wavelength is shifted by 0.4 nm from 1539.7 nm to around 1540.1 nm, while the 
output power was ranging between ~6 dB. A similar shift between the 1538.1 
nm to 1538.6 nm was recorded for the second EML.  Moreover, when tuning the 
temperature of the EML from T=19 oC to up to 25 oC, a wavelength drift of 0.56 
nm was recorded as shown in the right figure. Equivalently for the second EML, 
for a temperature variation between [20,30]°C, a wavelength tunability of 1.12 
nm was observed. 

      

Figure 25 Wavelength shift of the EML for increasing a) injection current 
between 15 mA and 80 mA and b) temperature levels between 19 °C and 25 °C. 

 

5.2.1.3 Two (2x) pin Photo-receivers  
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In order to implement a cost-effecting photo-receiver, commercial photoreceivers 
were also identified for use as low-bandwidth analog components at the FlexBox 
Rx side. Specifically, two pin photoreceivers were selected based on the 
evaluation of laboratory devices tested during the Turin Demonstration of Fiber 
Wireless IFoF transmission through field deployed fiber of TIM. These are the 10 
GHz Linear InGaAs PIN with a TIA Optical Receiver by Discovery Semiconductors, 
DSC R402, which has a responsivity of 0.7 A/W at around 1550nm and an 
operational wavelength range 1064 - 1650 nm. The RF bandwidth of the 
photoreceiver is at least 10GHz according the specifications and the maximum RF 
power according to the datasheet is expected to be at around 10 dBm.   

The photoreceiver available at the lab was evaluated in terms of responsivity 
using a 500 Mbaud 16QAM signal as shown in Figure 26, where it can be seen 
that for an optical analog input at around -2 dBm, an electrical RF output power 
of -10 dBm was measured, generating ~550 μm current at its monitor. 
Equivalently, for an optical input of around -7 dBm, an electrical RF output power 
of -20 dBm was recorded with around 180 μA electrical current being monitored.   

Currently two photo-receivers are being obtained by Discovery Semiconductors 
to be used as the Rx optical components of RoF links.    

 

 

Figure 26 Measurement of the responsivity of the pin photoreceiver using 
500MBaud 16QAM at 1GHz IF 

 

5.2.1.4 Three (3x) linear Driver-Amplifiers 

Finally, a set of three driver-amplifiers were also obtained, allowing to provide 
amplification of the electrical RF signal at the FlexBox Tx/Rx side allowing to 
compensate any losses of the discrete components. Specifically, three SHF 115 
AP Broadband Amplifier were obtained, featuring a flat gain up to 15 GHz and a 
1dB Compression at 13 dBm. Similar devices were used in the Turin 
Demonstration of 5G-PHOS with modulated A-RoF/IFoF data-streams for fiber 
wireless transmissions.   
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5.2.1.5 Analog IF over Fiber link using the Demo-components    

Following the above initial characterization of the commercial electro-optic 
components, a typical Intermediate Frequency over Fiber link was implemented 
using the above commercial components, aiming to experimentally benchmark 
its performance against the targeted specifications of the 5G-PHOS III-V 
components. The performance of early 5G-PHOS III-V components with test 
structures had been initially evaluated in RoF and Fiber Wireless links at the 
beginning of the project and are described in detail in D8.1 “Experimental 
demonstration of the FlexBox and 25Gb/s RRH prototypes”. 

Towards this RoF benchmark-test, the following experimental setup-layout 
shown in Figure 27 was implemented using the characterized components. 
Specifically, the commercial EML was driven by an ILX laser source and supplied 
with a negative DC biasing voltage as described previously in Section “5.2.1.2 
Four Externally Modulated Lasers (EMLs)”.  After properly biasing the EML, an 
analog waveform was modulated on the EAM signal in order to generate an 
optical IFoF data stream. The radio data stream was digitally synthesized by an 
Arbitrary Waveform Generator, before being fed to the EML, where it is loaded on 
an optical carrier for fiber propagation towards a photoreceiver, where the signal 
was opto-electrically converted back to the RF domain, as described in “5.2.1.3 
Two (2x) pin Photo-receivers”  

Multiple modulation formats were generated and transmitted through the o-e-o 
IFoF link, before being captured and analyzed at a signal analyzer, for evaluation 
purposes. The received spectrum and constellation IQ diagram for various 
modulation formats are shown in Figure 27. For these measurements, a 3 GHz IF 
frequency carrying an 625 MBaud symbol rate were used. For this experiment, 
increasing modulation formats from 64QAM up to 1024QAM were utilized, 
corresponding to bitrates of 3.75 Gb/s up to 6.25 Gb/s transported on a single 
optical carrier and single IF-subcarrier. By modulating 4 radio signals, sub-carrier 
multiplexed on four IFs (e.g. spaced by 1 GHz) of the same optical wavelength, 
an aggregate 25 Gb/s data stream can be modulated and transported by a single 
pair of EML and Photoreceiver. Moreover, it can be seen that all constellation 
diagrams were clearly demodulated, featuring Error Vector Magnitude (EVM) 
values between 0.95 – 1.2 % (for fiber lengths of a few hundreds of meters), 
being constantly below the EVM threshold values of 3GPP.  
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Figure 27. i) experimental setup implemented for testing the IFoF RoF link 
using commercial components with fiber spools of 1 or 25 km length and ii) 
Recorded IQ constellation diagrams and respective RF spectrum of the received 
analog signal for 625 Mbaud data streams and a 3 GHz IF.  

5.2.1.6 Benchmark comparison with the targeted specifications 

Base on the previous characterization and transmission experiments, a 
comparative study between the achieved performance metrics of the commercial 
opto-electronic components and the 5G-PHOS components is presented in Table 
2 for the EML, Table 3 for the Photoreceiver and Table 4 for the analog IFoF link.  

In a nutshell, the comparison reveals that the performance of the selected 
commercial components is very close (and sometimes even better) to the initially 
foreseen specs of the 5G-PHOS project, especially in the recorded EVM values of 
A-RoF/IFoF transmissions of analog streams of the baudrates and modulation 
formats, verifying the suitability of the components as opto-electronic Tx Rx 
interface.   

Table 2: Performance specifications of Externally Modulated Laser. 

Performance Metric Targeted Specification Value  Measured Value or 
Datasheet  

Bandwidth 15 GHz 30 GHz 

Output power 6-10 dBm 6.5 dBm 

Dynamic ER@2Vpp 10 dB 10 dB 

Linear modulation 
range 

10dB linear extinction for V=0V 
to -1,3V 

10 dB linear extinction 
ratio for V=-1V to -2.2V 
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Transient chirp ±2GHz - 

Adiabatic chirp 0GHz - 

RIN -140dB/Hz - 

Power consumption Laser and SOA: 200mA with 
1,6V = 0.32mW 

Modulator: Vbias=-1,2V, 
Vpp=2V 

DFB Laser:  80mA @ 1.3V 

             &  30mA @1.05V 

Modulator: Vbias = -1.7  
             &   Vpp    = 0.7 V 

Wavelength drift  <30 GHz - 

Linewidth <10 MHz - 

Wavelength tunability 0.5 nm 0.56 nm 

Power consumption <0.15 W 0.104 W 

 

Table 3: Specifications of the 10G photodiodes. 

Performance Metric Targeted Specification 
Value  

Measured Value or 
Datasheet  

Responsivity >0.8 A/W 0.7 A/W 

Dark current <100 nA  

Bandwidth >10 GHz 10 GHz 

Saturation current >20 mA 1.8 mA 

Supply voltage <3V  

 

Table 4: Analog IFoF link  

Performance Metric Targeted Specification 
Value  

Measured Value or 
Datasheet  

QPSK 1.9 % <2   % 

16QAM 2.4 % <2   % 

64QAM 2.45% 1.19 % 

128QAM 2.5 % 0.97 % 

256QAM - 1.18 % 

512QAM - 0.99 % 

1024QAM - 1.28 % 
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6 Conclusions 

In this document we have covered the 5G-PHOS demonstrators. In Chapter 3 we 
have described the different prototype modules conforming the mmWave 
architecture as well as the assembly procedure of the Optics PCBs and the back-
up OBFN solution.  In Chapter 4 we have shown the experimental results of the 
60 GHz NB-TIA working together with the 60GHz III-V Lab PDs. Last, we have 
covered the FlexBox architecture and an experimental demonstration of the 
system capabilities based on commercial components as a contingency plan due 
to the significant delays in the fabrication of the devices developed within 5G-
PHOS.   
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