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Glossary of Abbreviations

	BER
	Bit Error Rate

	BERT
	Bit Error Rate Test set-up

	BCB
	Benzo-chloro-butene

	CMRR
	Common Mode Rejection Ratio

	CPM
	Clock Phase Margin 

	CPW
	CoPlanar Waveguide

	DC
	Direct Current

	DCF
	Dispersion Compensating Fibre

	DFB
	Distributed FeedBack laser 

	DFF
	D-Flip-Flop

	DEMUX
	Demultiplexer

	DER
	Dynamic Extinction Ratio

	DP
	Dual Polarisation

	DUT
	Device Under Test

	EAM
	ElectroAbsorption Modulator

	EML
	Electroabsorption Modulated Laser

	ESD
	ElectroStatic Discharge

	FWHM
	Full Width at Half Maximum

	HBT
	Heterojunction Bipolar Transistor

	HEMT
	High Electron Mobility Transistor

	IC
	Integrated Circuit

	MBE
	Molecular Beam Epitaxy

	MOVPE
	Metal Organic Vapour Phase Deposition

	MZM
	Mach Zehnder Modulator

	NRZ
	Non Return to Zero

	OEIC
	OptoElectronic Integrated Circuit

	OOK
	On Off Keying

	OSNR
	Optical Signal to Noise Ratio

	OTDM
	Optical Time Division Multiplexing

	PD
	PhotoDiode

	PDL
	Polarisation Dispersion Loss

	PIC
	Photonic Integrated Circuit

	PMD
	Polarisation Mode Dispersion

	PMMA
	Poly Methyl Metacrylate

	PRBS
	Pseudo Random Bit Sequence

	QAM
	Quadrature Amplitude Modulation

	QCSE
	Quantum Confined Stark Effect

	QPSK (D-, PM-)
	Quadrature Phase Shift Keying (Differential-, Polarization Multiplexed-)

	QW
	Quantum Well

	RMS
	Root Mean Square

	RX
	Receiver

	RZ
	Return to Zero

	SDH
	Synchronous Digital Hierarchy

	SMF
	Single Mode Fibre

	SIBH
	Semi Insulating Buried Heterostructure

	SP
	Single Polarisation

	TX
	Transmitter

	TWA
	Travelling Wave Amplifier

	WDM
	Wavelength Division Multiplexing

	3R
	Reamplifying, Retiming, Reshaping regenerator


1 Executive Summary
1.1 Introduction – Summary of project context and objectives
Due to the constant telecom traffic increase, a capacity growth by a factor of 30 to 100 will be required by the end of the next decade. Following an evolutionary path based on the simple introduction of additional channels will just not bring the appropriate solution [1]. New technological breakthroughs have to be proposed to face this challenge. This is why optical multilevel modulation formats coded in amplitude, phase and polarization, with both coherent and direct-detection, are presently receiving great attention as they provide a more efficient use of spectral bandwidth.  For example, four bits of information can be encoded per symbol when QPSK is used in conjunction with polarization multiplexing.  This is advantageous as a large increase in data rate can be obtained with minimal changes to the installed base of optical filters and chromatic and polarization mode dispersion mitigation devices. Moreover, multilevel coding can rely on more mature and lower speed electronics providing lower cost and energy consumption of transmission equipment.

100 Gb/s Dual Polarization QPSK (Quaternary Phase Shift Keying) is of special interest because of (i) its industrial developments already going on, taking advantage of the compatibility with the present standard 50-GHz WDM channel spacing [2,3], (ii) the current standardization work (OIF). At the same time, 400 Gb/s is discussed as a possible next deployment stage inducing intensive research on formats with a higher compression ratio such as 8-PSK and 16-QAM. 

However, increased spectral efficiency inevitably leads to optoelectronic transmitters and receivers of increased complexity and larger footprint, consumption and cost. Monolithic integration is known to help solving these problems typical of discrete components. Practical usable components should preserve high modulation performance specially while increasing the data rate. Therefore, MIRTHE is aiming at the integration of established photonic functions into InP chips (Photonic Integrated Circuits or PICs). This approach is expected to improve dramatically the yield of low complexity optical functions as found in DP-QPSK optoelectronic front ends and to reduce the number of costly package connections/interfaces.

The proposed development is motivated by the required reduction of power consumption and cost of 100GbE industrial equipment as well as by the definition of future-proof next generation terabit component technology. It primarily addresses Ethernet links which may use either coherent or direct detection. But MIRTHE is also providing attractive solutions for line applications where coherent technology is considered today as mandatory.

This project targets new multilevel-modulation all-monolithic integrated TX and RX Photonic Integrated Circuits (PICs)  able to achieve 100-400 Gb/s aggregated speed on a single wavelength. This project, in line with the Objective 2009.3.7 of the Work Plan, is motivated by:

· the reduction of cost and power consumption of 100GbE transmission equipment,

· increasing the bit rate to 100 G and higher, while still staying within a given 50 GHz channel grid

· the need of future-proof component technologies for next generation terabit networks. 

· The chips will be packaged and driven at 28 and then 56 GBauds in order to realize first PIC-to-PIC Terabit range transmissions. 

· It is expected that the innovation introduced by the monolithic integration of RX with low polarization loss and TX having novel vector EAM-based sources brings a real breakthrough to the cost, size and consumption of Terabit components.

The specific objectives are:

· Demonstration and mastering of a monolithic integration technology of InP-based TX and RX chips suitable for handling QPSK-type modulation formats for 100Gb/s transmission,

· Demonstration of a future-proof approach by enhancing the bit rate to 200 Gb/s and providing concepts up to 400 Gb/s on a single fiber and wavelength,

· Module packaging of the TX and RX PICs with driving electronics, 

· Demonstration of PIC to PIC transmission at 100 and 200 Gb/s,

· Simulations at the device and system levels to identify capabilities and limitations and to contribute to specifications.

 The innovations claimed are:

· Small size TX chips suitable for multi-level coding (QPSK, QAM), based on phase switching in EAM-based PICs,

· Fully integrated RX chips demultiplexing both polarizations of the incoming light signal (DP-QPSK),

· Evaluation and prototype fabrication of novel monolithic coherent receiver types, applying multiport approaches in the phase demultiplexing hybrid to increase the bit rate for a given baud rate (higher compression ratio),

· Demonstration of low-power low-footprint multi-level coding TX and RX,

· Coplanar coherent receiver package with gain-controlled linear electrical amplifiers.

· Demonstration of 200 – 400 Gb/s capability of InP-based TX and RX PICs 

· Integrated approach for photonic circuit numerical modelling and design.
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Fig 2.1 Overall strategy and objectives of the project

1.2 Work performed and achievements

The timeline of the Workplan has defined four major steps identified with progressing achievements (Table below):

· By the end of year 1, a single polarization 28 GB prototype will be available.

· 1 year later, the dual polarization prototype will be demonstrated, operating at 28 GB (112 Gb/s).   

· By Month 33, the packaged DP-QPSK TX and RX will be available working at 56 GB (224 Gb/s).

· A final ambitious step (end of MIRTHE) will see the 400 Gb/s demonstration, based on 16 QAM format and multi-level drivers. 

Steps 1 and 2 corresponds together to the first generation of PICs working at 28GB, the step 1 being a preparative work of different type for TX (single polarisation prototype) and RX (solution for polarisation management hybrid), and the single polarisation TX and RX prototypes. The technological work on the 1st generation PICs is to be achieved during 2Q2 and 3Q2. Its test-bed experimental evaluation is planned to be available by 4Q2 to 1Q3. 
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	Simplified workflow strategy of the project


After the first year of the project we are completing the preparative works consisting on 
· component designs

· state-of-the art version delivery

· design of polarisation management elements integrable on InP
· choice of packaging technology with its compatibility with PIC designs

· simulation software basis allowing first confirmations of the design choices
· providing preliminary system specifications of QPSK components 
We note also results which are well in advance on schedule such as a progress of 50GB multilevel electronics and successful delivery and system tests of monolithic single polarisation RX. These achievements reduce the risk as to the final objective completion.
WP1 (TX PIC): 

In this project step we designed the Single Polarization TX PC consisting of a DFB laser, 4 EAMs, 4 phase adjustment sections, 4 VOAs, an SOA, 3 MMI (1:4 and 2x2:1) and passive guide circuitry. In total this component has 18 different components realizing 6 different photonic functions. This design has been a complex process iteratively supported by several types of simulations: operational (VPItransmissionMaker/VPIcomponentMaker, Optisystem), propagation to optimise MMIs and optical phases (FimmWave, BeamProp, Alcor), active component based on our previous background on EMLs, modelling of current-index characteristics of phase shifters, technological for material gap engineering of different photonic components. We choose Selective Area Growth as the simplest technological approach for 4 different gaps included in PIC and because this technology removes issues with guide discontinuities and internal reflections.
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	Block diagram of monolithic TX PIC
	Actual view of on-going processing of TX PIC wafer


Very tight collaboration with packaging activity (WP3) led to assure the compatibility between final TX chip layout and agreed package with its own constraints. Finally, this activity was achieved by designing a mask set for technological realisation and mechanical/ceramic parts for chip mounting. 
We carried out a preliminary technological work to provide design support. Several passive elements as guides and MMI have been fabricated and studied. Two achievements are important for further work: experimental confirmations of low back-reflection MMI (-60dB) and substantial loss reduction of our buried guide structure (from 25dB/cm to 12dB/cm). All propagation loss figures have been found (guides, bends, MMIs) and allow us to estimate average output power of the TX PIC to -6dBm without on-chip amplification.

Finally, exchanges inside WP1 35Lab-VPI consisting of sending component data, constructing the PIC model and doing first simulations allowed to progress on realistic component modelling to be used in transmission simulations.

WP2 (RX PIC)
Within Y1 of WP2 (Receiver PIC Technology) novel waveguide-based devices for polarization manipulation and demultiplexing and 90° hybrid mixers based on multimode interference couplers (MMI) in monolithic InP were designed employing semi-insulating rib waveguide technology (UMA). Integration concepts for three types of dual polarization quadrature phase shift keying (DP-QPSK) receivers were established, employing up to three etching depths of waveguide heights with different guiding and coupling properties (HHI). First QPSK receivers with deeply-etched waveguides needed for compact design have also been fabricated. Selected QPSK receiver chips were passed to partner u2t for packaging (HHI). The work package was supported by system level simulations regards 90°-hybrid QPSK coherent photoreceivers applying module data from this project (VPI) and demonstrated favorable results compared against direct detection schemes.
A representative type of DP-QPSK receiver, comprising all integrated elements comprises one polarization beam splitter (PBS), one polarization rotator (PR) in the signal path and one beam splitter (BS) in the path of the local oscillator (LO).
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Schematic of DP-QPSK-Rx with PBS, PR and BS, schematic and the cross section of BS and different PRs.

Two alternative implementations of the waveguide rotator compatible with the integration scheme of the receiver are proposed.  The first one is based on a slanted wall and requires an additional wet etch step in the fabrication process. The second rotator design substitutes this step making use of the two dry etch steps that were already employed in the course of fabrication. Both designs exhibit a conversion efficiency and insertion loss similar to the state of the art. 

The receiver will be realized by two different etch depths for the 90° hybrids and the input waveguides to the photodiodes. By realizing 90° hybrids with an intermediate height a third depth is introduced. Considering the extremely strict device tolerances additional e-beam lithography steps are used to satisfy these conditions.

In the first year of the project, workpackage WP2 was to:

· complete the single polarization QPSK receiver chip,

apply several waveguide heights and deliver chips to partner u2t

· define a waveguide concept for taper, polarization beam splitter, 90° rotator, and beam splitter 

· design of the demultiplexing optical network components within the defined integration concept including mask set fabrication 

· fabrication of all optical network components and respective measurements and evaluation

The first three objectives have been fulfilled as scheduled in the DoW and documented within deliverables and milestone reports. Especially one pair of wafers with single polarization QPSK receivers with introduced third etching depth 1045 nm were fabricated and are now under measurement. The optical network components are under processing and are late for one quarter, because the novel polarization manipulating devices call for quite critical tolerances in fabrication; therefore additional e-beam lithography had to be used.  Until now 90° hybrid QPSK receivers using photolithography are produced. However, the delay will be repealed till M21 towards the subsequent deliverable D2.2 (first generation of DP-QPSK receiver).
WP3 (Packaging&Electronics)

In this project 28/56Gbaud Single- (SP) and Dual Polarisation (DP) QPSK transmitter modules together with the required driver electronic modules and 28/56Gbaud single and dual-pol. coherent receiver modules are being developed. The first task of this work package was to define the interface between the chip and the module, as well as to ensure compatibility of the module interface with the standardised Tx- and Rx-modules from the Implementation Agreement (IA) of the Optical Internetworking Forum (OIF). This will give the MIRTHE components the widest possible acceptance in the market and will allow for testing and use of these components in commercial 100G or future 400G systems with only minor adaptation. Afterwards the Tx- and Rx- package concepts for the 28Gbaud Single-Pol. modules were developed (see the left graph below for the Tx-package concept), the required packaging components designed and manufactured. In an initial packaging step, the first 28Gbaud SP coherent receiver modules were produced (see right graph) and tested on module level (WP3) as well as in a system test-bed (WP4). 
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  Tx-Package concept of the 28Gbaud SP-QPSK module 
    First packaged 28Gbaud single-pol. coherent receiver module
The work on InP-HBT electronics achieved technology improvements allowing a very clean 56Gb/s signal for binary driving of EAMs. Also, an important progress on 50GB multilevel drivers has been obtained and 4-ASK 20GB EML modulation showed open eye.  This result constitute an important decision element on 16-QAM towards two 4-ASK drivers per polarization state versus 8 independent (4  data/inv.dat) binary data driving.

WP4(Tests&Simulations)

The scope of WP4 is:

· to provide accurate specifications concerning the transmitter and the receiver PIC based on numerical simulations and experimental test bed. 

· to evaluate in back-to-back the performance of each individual PIC realized within the project and to compare its performance with a state of the art non integrated subsystem. 

· to evaluate the performance of transmitter and receiver PIC in the frame of a WDM transmission scheme, i.e. including nonlinear effects, filtering elements.

Two deliverables were planned for the first year. The first one (D4.1, scheduled for T0+9) concerns the concepts, specifications and standardisation. The second one in turn (D4.2, scheduled for T0+12) deals with the comparison between coherent and direct detection by means of numerical simulations. The two deliverables were finished and shared with partners in time.

Deliverable D4.1 reports on concepts, specifications and standardisation of PDM-QPSK transmitter and coherent receiver. This document specifies the main electrical/optical characteristics of optical transmitter and coherent mixer which will be studied and manufactured by the actors of the project. Step by step, we provide the specifications of all the main building blocks. Proposal for mechanical characteristics of packaging are given in order to follow as closed as possible the OIF recommendation. The specifications of each building block have been proposed to the project participants in order to help the realization of each part of the dual polarization planar coherent mixer. During project duration, these specifications will be reviewed taking into account of the difficulties to meet the targets, the increase in baud rate (56 instead of 28) and the study of 16 QAM signals.

Deliverable D4.2 in turn elaborates on the differences of concepts for direct detection and coherent detection by means of analytical review and numerical simulation studies. Even though the general industry focus over the past two year pointed already very clearly towards transmission concepts utilizing coherent detection schemes, the presented material helps to support the decision of the partners in the MIRTHE project to focus solely on coherent solutions.

On top of that, the interactions between MIRTHE partners have allowed the availability and test of the first single polarization receiver module. This work was realized in advance with the scheduled plan. The single-polarisation receiver module showed remarkable performances. The tests were done in back-to-back configuration to evaluate the sensitivity to optical noise with 28-Gbaud QPSK signals (totalizing 56 Gbit/s) and with 28-Gbaud PDM-QPSK signals (totalizing 112 Gbit/s). The module realised within MIRTHE frame was compared with un-integrated state-of-the-art modules showing the same performance while having all the advantages of the integration.
1.3 Assessment of final objective
All preparative work performed during the first year of the project confirmed and solidified the technology choices for all integrated InP-PICs. Their impact remains in line on maintained industrial expectations of substantial saving in power and material while growing the transmission capacity. This is specially confirmed by releases of first 100 Gb/s QPSK equipments in 2011, the evolution of which is a one important target of the new expertise in MIRTHE. 
The work performed up to now on PIC packaging in MIRTHE showed the possibility to maintain and enter our technology in the presently recommended standards. But also, it showed that reduced size PICs may lead to a much smaller component package size. This is especially important if the 100 Gb/s QPSK technology penetrates markets of shorter transmission distances with a strong share of terminal equipment cost (trunks, metro, access). In particular, first MIRTHE system experiments using our single polarisation packaged RX PIC chips confirmed their very high performance equivalent to bulky discrete components.
In that context, the work already performed on professional and academia simulation tools, taking into account new types of components, supports MRTHE final objective. In particular, it brings the first PIC design confirmation as to the operational predictions. It also emphasizes the direction taken to realize more realistic transmission simulations with the complexity of actual multi-functional components. 
Finally, MRTHE fulfil also its scientific contribution foreseen for this first step which allows maintaining our final expectations as to the knowledge increase and its dissemination. 

In conclusion, in its first phase MIRTHE reduced the risk as to the final objectives but encounters also first difficulties due to the complexity and innovative nature of our engagement.  These difficulties are managed to be dissipated during the first two project steps
1.4 Dissemination activities

MIRTHE website was set-up and can be found at URL http://www.ist-mirthe.eu/ It is hosted on a server at the facilities of the Grupo de Ingeniería de Comunicaciones, University of Málaga which is the leading partner of the dissemination task. The private area of MIRTHE website is maintained on a server at the coordinator’s laboratories (III-V Lab).
Besides the technical research and development activities planned in the corresponding WPs, an important dissemination of the project results has been carried out by means of several instruments. 

The project coordinator has presented the project at the Photonics Concertation Meeting in Brussels in October 2010 and a press release was delivered to inform of project approval.  A web page has been settled down which has the appropriate menus allowing dissemination of project results and main achievements in a continuum manner. Besides, major scientific achievements have been submitted for publication in high standing technical journals (3) and conferences (17), this including (4) invited presentations at major Optical Communication events as OFC, ECOC, Photonics West and Photonics North which, with no doubt, will have a great impact for project dissemination throughout the world.

In addition, MIRTHE partners have also contributed to standardization through their attendance to the Optical Internetworking Forum. A formative work is being carried out in the framework of the project where 3 master theses and a PhD (1) have partially been developed. 

1.5 Partners and WP leaders tables

The names of all partners are on the Website at http://www.mirthe-eu.org/
6 partners are included in the project see below

	Participant Number
	Participant name
	Participant

short name
	Country

	1
	ALCATEL THALES III V LAB
	ATL
	France

	2
	FRAUNHOFER-GESELLSCHAFT ZUR FOERDERUNG DER

ANGEWANDTEN FORSCHUNG E.V
	HHI
	Germany

	3
	u2t Photonics AG
	U2T
	Germany

	4
	ALCATEL - LUCENT BELL LABS FRANCE
	ALBLF
	France

	5
	VPISYSTEMS GMBH
	VPI
	Germany

	6
	UNIVERSIDAD DE MALAGA
	UMA
	Spain


Participants

The table below gives the organisation short name and the name of each WP leader. 

	Workpackage
	WP leader

	WP 1 Transmitter PIC technology
	ATL
	Christophe KAZMIERSKI

	WP 2 Photoreceiver PIC Technology
	HHI
	Heinz-Gunter BACH

	WP3 Packaging & Specific Electronics
	U2T
	Andreas STEFFAN

	WP 4 Specifications, Modelling & Test
	ALBLF
	Oriol BERTRAN-PARDO

	WP 5 Management, Dissemination & Exploitation
	ATL

UMA

VPI
	Christophe KAZMIERSKI

Inigo MOLINA-FERNANDEZ

Andre RICHTER


Workpackage leader list 
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