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1. Final publishable summary technical report 

 

1.1. Executive Summary 

The last five years have seen major advances in photonic integrated circuits (PICs) fabricated on 

generic platforms.  In 2010 the PARADIGM partners were taking their first steps to define generic, 

InP-based, process platforms which could be run in industrial fabs, in an initiative which was unique 

in the world.  Now in 2015 it is possible for interested users to access multi-project wafer (MPW or 

‘shuttle’) runs on a semi-commercial basis, accessing InP based platforms at the Fraunhofer HHI 

(Berlin), SMART Photonics (a spin off from PARADIGM Coordinator TU Eindhoven), and, shortly, at 

Oclaro in the UK.  In 2010 supporting software tools were almost non-existent, now the PARADIGM 

partners can provide photonic design kits tailored to the capabilities of each fab, and a variety of 

simulation tools for active and passive circuit level modelling.  

PARADIGM has also moved ahead strongly in the public domain, under the JePPIX banner, with its 

brokering operation now supporting user access beyond PARADIGM. JePPIX is hosted by TU 

Eindhoven. 

The core of the generic manufacturing paradigm is open access to a few highly standardized, high-

performance, photonic integration processes offering a variety of building blocks. In this 

environment it becomes possible to design complex circuits with high performance without having to 

understand the details of the underlying chip technology; designers can base their designs on the 

functional description that is provided in the photonic design kits. Further, a set of standardized high-

performance packages will lead to a large reduction of packaging costs. 

PARADIGM is fundamentally a technology development programme and there are many aspects to 

the PARADIGM technical programme; generic platform technology for photonics, software tools 

(process design kits), packaging and PIC test amongst others.  The consortium has made great strides 

forwards, creating new platform building blocks for 40GHz operation and trialling fully integrated 

transmit and receive platform functionality, ahead of second generic platform technology releases 

planned for 2016/2017.  One of these technology developments is a process building block based on 

selective area growth (SAG) and capable of offering 150nm wavelength operating range across a 

wafer.  

The PARADIGM platforms offer a leading edge InP-based PIC technology which is unmatched by 

other photonics platform technologies in terms of content and capability, the newly published JePPIX 

road map for 2015 explains how we believe this technology, and access to it, will develop in the next 

few years (www.jeppix.eu ).  

PARADIGM has been able to put in place a first release of this platform technology which can be 

readily accessed by users on a semi-commercial basis, and although there is plenty of work left to be 

done, for example in qualification and test and verification, these platforms are sufficiently mature to 

enable Universities, SMEs and larger companies to access the technology at reasonable cost and try 
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out their ideas quickly, now.  It has enabled Europe to consolidate a strong lead in this field, and the 

ecosystem now contains application users from all over the world who have used the PARADIGM 

platforms to design their PICs and have them fabricated. So far, more than 100 PIC designs have been 

fabricated over the seven full MPW runs carried out in the project; 

 

PARADIGM has set the standard amongst photonics platforms worldwide; it has led the way in its 

move towards pilot-line production, in its road-mapping, in its training and in its PDK building. 

PARADIGM has: 

• Reinforced European leadership and industrial competitiveness Europe has a significant lead in 

the elaboration of the new generic platform paradigm for InP Photonics. 

• Provided opportunity for new applications and new products: Cost reduction by more than an 

order of magnitude will lead to PICs swiftly gaining competitive advantage over discrete, hybrid 

or even micro-optic solutions; creating a business case for a wide range of products.   

• Provided cost-effective access: Users can now develop circuits in a “frozen” technology and 

those willing to make the change will find it brings new freedoms; designing complex circuits 

with sophisticated design tools and a powerful component library in a high performance 

technology. These developments make it possible to provide cost-effective access for fabless 

companies through the mechanism of shared MPW runs. 

• Established an integrated production path from design to volume manufacturing: By adding a 

generic packaging capability (with compatibility ensured by standardised design rules) 

integrated with the chip process, PARADIGM has put together for the first time a truly 

integrated end-to end process for photonic PIC production. 

We believe PARADIGM to be one of the most successful of EU-funded projects; within a period of 

just five years it has turned a novel concept in PIC manufacturing into a rapidly growing, coherent 

and maturing eco-system of PIC manufacturers, technology developers, chip designers, software 

developers, packaging companies and companies active in broad range of applications areas. This 

novel paradigm will cause a revolution in PIC manufacturing, and early evidence of this is clearly 

there to see.  
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1.2. Summary description of project context and objectives  
 

Introduction 

PARADIGM is an integrating project focusing on platform technology for photonic integrated circuits 

(PICs).  It has worked to create a paradigm shift in the development and manufacturing of photonics. 

It is developing an open-access, industrially based, generic foundry production capability for 

integrated circuits based on Indium Phosphide (InP).  This is expected to lead to a dramatic reduction 

of fabrication, packaging and testing costs as well as the development time of Photonic ICs, and so 

pave the way for the breakthrough of the large-scale application of photonics in our daily lives.   

To do this PARADIGM has brought together a strong cross-European consortium of expert partners, 

19 in all, consisting of a mix of SMEs, industry and academic partners in the fields of component 

manufacturing, PIC design and applications, photonic CAD, and packaging. It has a total budget of 

~13M€, with €8.75 million funding from the EU Seventh Framework Programme to effect a 

fundamental change in the way applications based on InP-based photonic integrated circuits are 

designed and manufactured in Europe.  

Project Objectives  

• To bring the application of photonic integrated micro-systems with a high added value in 

advanced products within reach for a broad class of SMEs by reducing the entrance costs 

dramatically by more than one order of magnitude. 

• To enable the emergence of a new field of research in circuit-based photonic devices with 

ever increasing complexity and performance. To demonstrate this, a number of target 

application PICs will be produced and some of these will constitute “hero” experiments, with 

a record combination of complexity and performance realized in a vastly reduced 

development time. 

• To investigate novel technologies for extending the functionality supported by a basic 

manufacturing process. 

• To shorten the R&D cycle time significantly by developing a software design kit with accurate 

models of the basic building blocks and their performance. 

• To develop a generic test methodology that allows for a significant reduction of the effort 

required for testing and qualification, by testing the basic building blocks rather than specific 

PICs. 

• To develop a generic packaging approach that allows for packaging a variety of different PICs 

with a small set of standardized packages. 

• To develop a business model for a rapid but evolutionary introduction of the generic foundry 

approach in a number of application fields, mainly by and for SMEs. 
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After the first year the consortium brought in an extra partner, Politechnika Warszawska, through an 

extension programme, with the intention of extending the outreach of the PARADIGM project to 

Eastern Europe by establishing a Design Hub, first of its kind in Europe, to offer state-of-the-art 

expertise in design, development and characterization of ASPICs to large companies, SMEs and 

research institutes from the Eastern part of Europe. 

Against these objectives PARADIGM has made great strides forward and been in large part 

successful, creating the foundations for a powerful, cost effective and versatile foundry platform 

operation in Europe as is evidenced by the semi-commercial multi-project wafer runs (MPW) runs 

which began in 2014 under the JePPIX banner; it is in part a second generation technology project, 

and in part a business opportunity on a European-scale which aims to exploit the depth of experience 

available in Europe in integrated III-V based photonics.  This second aspect has grown significantly in 

importance during the life of the project, and the project partners have benefitted greatly from the 

experience of running MPW batches on early platform technology releases, and of working with a 

global user base.  Nonetheless there is plenty still to do if the generic platforms, currently at 

technology readiness levels 4 or 5, are to reach fully qualified product status (technology readiness 

level 8) and make a timely market intercept.   

 

In meeting its objectives, PARADIGM has:  

In Technology: 

Moved towards Technology convergence: Two highly capable, stable and convergent technology 

platforms have been created covering the major part of application areas today and for the future.  

Partner FhG-HHI has developed the technology for a new photonics platform with transmit and 

receive capability (Platform I) and expects to launch it semi-commercially soon.  It has been able to 

trial both its first receive-only platform and this new platform through MPW runs offered to users 

around the world. Partner Oclaro in the UK is close to completing its first 40GHz foundry platform 

MPW run using BBs for transmission (Platform II). This highly capable platform can become combined 

transmit and receive capable in the future.  Platforms I and II can address a wide range of 

applications operating ~1.55μm wavelength range, including fibre optic sensors, metrology, medical 

applications and signal processing as well as telecommunications and data communications systems.   

 

Created methods and software tools: New working methods and tools have been developed to 

decouple the design work from the fabrication technology and to bring the design of photonic 

integrated components to a higher (circuit) level of abstraction.  Software tools for circuit design and 

simulation such as PICWave and Aspic have become well established and now contain a full 

complement of ready to use building blocks calibrated to each of the platforms, and the 
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MaskEngineer layout tool from PhoeniX Software contains automatic design rule checking – all to 

assist the user in making a correct design quickly.  

 

In a fundamental advance the consortium has demonstrated the use of library modules for complex 

composite building blocks such as Arrayed Waveguide Grating devices and Multimode interference 

filters (AWGs and MMIs).  Circuit libraries can now be accessed simply from a tool such as Aspic using 

the PDAFlow API (Applications Programmers Interface – maintained and controlled by non-profit 

PDAFlow Foundation) which glues together the complete toolset.   

 

The process design kits captures the BB capability and reproducibility for each platform and the 

PDAflow foundation set up by PARADIGM partners establishes a software standard for efficient 

interworking of different simulation and layout tools which is accessible to all.  Any design house can 

now use the power of the API to develop its own intellectual property on the platforms and make it 

available to other designers 

 

Set up generic packaging and test: Generic packaging solutions for photonic integrated circuits were 

simply unavailable at the start of PARADIGM, and bespoke packaging concepts are always high cost.  

PICs are relatively large chips, from a few mm
2
 up to 6x6 mm

2
 in PARADIGM, they often require a 

combination of multiple optical I/O, many tens of dc drive channels and several RF ports, so even 

initial testing has up until now been a challenge.   

PARADIGM has investigated several new approaches to generic packaging, pursuing the principle of 

design the chip to fit the package; by standardizing the positions of optical and electrical ports, and 

restricting chips sizes, packaging of a variety of different chips in a single standardized package is 

allowed.  The ‘gold box’ solution developed at LINKRA-TEO, has been offered to selected users 

throughout three MPW cycles, and is now offered through JePPIX to its semi-commercial customers.   

PARADIGM is in the final stages of developing a completely new generic package, designed to current 

standards, which has been adopted by the IEC (International Electro-technical Commission), SC86C 

W64, and committee JWG 9 for possible standardisation. This new PIC Optical Sub Assembly, 

measuring just 15.5x18x5mm
3
, with an internal active device cavity ~9.5mm square will support up 

to 12 optical interfaces with 10x10Gbit/s RF lines, a maximum of 36 DC connections depending on 

configuration and a high current TEC connection. 

Standardized in-line test methods to control the quality of the fabrication platforms and on-wafer 

test methods to characterize and prove the performance of the products have also been developed. 

Developed new technology:  

TU Eindhoven (COBRA) has demonstrated its long wavelength platform (Platform III) in the platform 

MPW format by successfully blending COBRA platform BBs with a new gain block for access to 

wavelengths in the range 1.8µm – 2.1µm which is needed for sensing and medical applications. Two 

fully integrated tuneable laser sources with record performance were fabricated on the platform. 
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Partners FhG-HHI and III-V lab have collaborated closely to realise an extension to the HHI TxRx 

platform through the integration of building blocks (BBs) based on selective area growth technology 

(SAG). The SAG TxRx platform has been shown to be able to access emission wavelengths in the 

range 150nm with SOA BBs providing more than 15dB gain across a wavelength ranging spanning 

1450nm to 1600nm.   

 

In access provision  

Platform exploitation: The project has kick-started the generic InP platform offering in Europe by 

providing the means to offer access, albeit on a semi-commercial basis, through JePPIX.  It has 

offered eight multi project fabrication runs in total during the project, with over 100 ASPIC designs 

fabricated on platforms I and II alone.  Interaction with external users of the technology helps to 

bring PARADIGM into the public domain, providing feedback, expanding awareness of the potential 

of ASPICs and enlarging the potential application areas of photonics.   

 

Dissemination: PARADIGM Partners have published widely on the generic platform concept, and on 

photonic ICs it has produced, and its newsletters particularly provide an easy introduction to 

technology status and achievements.  More generally, PARADIGM fully involves the university sector 

in spinning out design expertise through its applications group, and the move to create local design 

centres.  The design hub at Warsaw University of Technology servicing the new EU member states is 

one example; TU/e and University of Cambridge are others. This involves setting up photonic IC 

design and technology courses and educating users about application opportunities.   

 

Roadmapping: A timeline for platform introduction to the marketplace has been elaborated in the 

form of the JePPIX roadmap 2015 which has recently been published
1
.  Members of the consortium 

are working hard to expand their semi-commercial multi-project wafer runs, and introduce second 

release technology in the near future.  It is clear that Europe holds the lead in this technology area 

                                                           
1
 http://www.jeppix.eu/document_store/JePPIXRoadmap2015.pdf  
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1.3. Main S&T results of the project 
 

1.3.1. Introduction 

PARADIGM is one of the most successful of EU-funded projects: within a period of five years it has 

turned a novel concept in PIC-manufacturing into a rapidly growing eco-system of PIC manufacturers, 

technology developers, chip designers, software developers, packaging companies and small (SME) 

and larger companies, active in a broad range of applications. The novel paradigm in generic 

manufacturing has led to a dramatic reduction in the PIC development costs, by more than an order 

of magnitude, and similar reductions are expected in the cost of packaging and testing and in the 

time required for chip design. Within the five years of PARADIGM operation, Europe has established 

a strong lead in this field, and the ecosystem contains application users from all over the world. 

The core of the generic manufacturing paradigm is open access to a few highly standardized high-

performance photonic integration process, with sophisticated process design kits (PDKs) with a 

variety of building blocks, that make it possible to design complex circuits with high performance 

without having to understand the details of the technology: the designer can base his design on the 

functional description that is provided in the PDK. Further, a set of standardized high-performance 

packages will lead to a large reduction in packaging costs, especially for the small and medium 

volumes used by many SMEs.  The standardized approach also allows for development of 

standardized test equipment which will reduce the cost of testing. 

The novel paradigm will cause a revolution in PIC manufacturing, which is clearly seen to take off 

now, only five years after the start of PARADIGM. 

In the following sections we will give a short description of the most important components of the 

technological infrastructure that enable the new way of working, A comprehensive introduction of 

the novel approach is available in an open-access article
2
 and an overview of the eco-system and its 

future development can be found in the JePPIX roadmap 2015.  

In Section 1.3.2 we describe the three generic foundry processes that have been developed in 

PARADIGM and that are presently accessible for users on a semi-commercial basis (i.e. the processes 

are not yet fully qualified). In Section 1.3.3 we describe the Software design tools and the PDKs that 

have been developed for fast design of PICs in the foundry processes. In Section 1.3.4 we describe 

two standardized packages that have been developed in the project. In section 1.3.5 we describe the 

work on generic test cells. In section 261.3.6 we describe a few examples of applications trialed on 

the platforms, and in section 1.3.7 we describe the ecosystem that has grown around the foundry 

infrastructure, and in particular the role of JePPIX. 

 

 

 

 

                                                           
2
  Meint Smit et al., An introduction to InP-based generic integration technology,  Semiconductor Science and Technology,  

Volume 29,  Number 8, June 2014, doi:10.1088/0268-1242/29/8/083001 
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1.3.2. Foundry Processes 

Oclaro high speed platform 
Oclaro has established a full process flow on semi-insulating InP, incorporating new building blocks 

for high speed modulators, semiconductor optical amplifiers and phase shifters.  Oclaro has 

developed a complete set of building blocks for its SI-based platform, transferring all the existing 

functionality from the n+ platform, and excellent results have been achieved on integrated 

waveguide detectors and modulators operating up to 40GHz.  A 10GHz bandwidth tap detector is 

also included.  A platform compatible gain block with surface contacts has been implemented as 

shown schematically in Figure 1, demonstrating the expected performance.  

 

 

 

 

Figure 1 Fabry-Perot ridge laser trial using gain-MQW core on SI InP with addition of top N contact:  

schematic cross-section. 

 
For reasons of process simplicity and in order to minimize programme risk, it was decided to omit the 

40GHz bandwidth detectors from the platform at this point; these building blocks are nevertheless 

available for integration at a later date. The modulator design uses a capacitively loaded-line CPS 

structure for travelling-wave MZ operation. 

 

Figure 2 Integrated test structures for the travelling wave modulator building block. 

The realized chip is shown above the schematic 

 
The integrated test structures shown in Figure 2 demonstrate integration of waveguides, QCSE phase 

modulator and tap-detector building blocks on Fe:InP.  The Mach-Zehnder electrode is 2.8mm in 

length with a 65% segmentation fill-factor.  Electro-Optical (EO) measurements obtained by directly 

probing on the chip with GS micro-probes and an output probe connected to a 50Ω termination 

show good EO bandwidth (~35GHz) and phase-linearity, with DC Vπ of 2.5V in this example.  The 

modulator platform process has been used to realise waveguide pin detectors fabricated in both 

common-cathode and electrically isolated configurations.  These devices show a responsivity of 

0.6A/W at 5V and 1550nm (including coupling into the SSC, waveguide loss and waveguide pin 
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quantum efficiency), good linearity to high input optical power and low dark currents (100nA at 5V, 

85°C).  The optoelectronic performance at RF shows a 3dB BW of 40GHz at 5V, 90°C. 

 

 

Figure 3 Electro-Optical (EO) measurements, obtained by directly probing on the chip 

 

WGPIN photodiode

50 ohm gsg CPW output

Feed waveguide

MIS capacitors for de-coupling ground 

tracks from DC bias

cathode

 
 

Figure 4 Waveguide pin detectors: design 2A devices have completed  

process and test (common cathode configuration) 

 

HHI Platform 
With a Rx-only PIC platform developed in the previous EuroPIC (NMP CP-TP-228839-2) project it has 

been the primary objective of Fraunhofer HHI in PARADIGM to extend it to a platform with full 

transmit and receive (TxRx) capability.  From an integration technology perspective this extension 

was to be as seamless as possible, ideally using the same Rx building blocks without any changes. The 

adopted PIC structure and fabrication flow is schematically represented in Figure 5.  In the first stage 

epitaxy the Tx elements are grown and mesa-structured on top of a semi-insulating waveguide 

serving for implementing a ~10µm spot-size converters at the optical input/output ports.  The entire 

structure is made on Fe-doped substrates enabling effective electrical isolation between the 

individual Tx building blocks. In the second epitaxial stage the Rx layer stack (without the SSC 

waveguide) is selectively MOVPE-grown into the Tx structured wafer and further processed.  In this 

way butt-join coupling between the Tx devices and the passive waveguide, again semi-insulating 
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Tx (1)

Rx (2)

TxRx (3)

doped, is accomplished. Achieved interface losses are at around 0.3dB.  The optical connection 

between the passive waveguide and the 40GHz capable photodiode relies on evanescent coupling, as 

with the earlier Rx only platform.  

 

 

 

 

 

 

 

 

 

Figure 5 Integration flow of HHI’s TxRx PIC platform 

 

Altogether, in the current state TxRx fabrication involves three epitaxial growth steps for the base 

wafer, Tx cladding overgrowth and Rx selective infill, and 27 mask levels using conventional contact 

lithography. Bragg gratings are written by e-beam lithography.  HHI expects that in the future process 

cycle times, including backend processing (facet coating, cleaving), can be reduced to less than four 

months in a production environment under continuous wafer flow.  Thanks to the additive, Tx plus 

Rx, fabrication scheme one of these sub-platforms may also be implemented on its own by selecting 

a proper subset of the masks but still making use of the TxRx process design kit (PDK).  This feature is 

particularly attractive to save costs and time for a customer (or a group of customers) that need only 

Tx- or only Rx capable PICs. 

 

Currently, 29 Rx and Tx buildings blocks are offered on the platform including the most recently 

added polarization converter and splitter.  While no modifications of the Rx BBs were required the 

following functional devices were added with the transition from Rx to TxRx; parameterized DFB and 

DBR lasers, parameterized gain section (SOA), carrier-injection and thermo-optical phase shifter, 

thermally tunable Bragg grating, and also on-wafer dc and RF tracks (> 30GHz) and air-bridged 

RF/waveguide crossings.  Generally, the building block devices showed reasonable to excellent 

performance, further improvements will be achieved within the framework of platform consolidation 

and maturity by fine adaptation of design and processes. A key device still missing on the TxRx 

platform is a fast phase modulator, this building block is expected to be introduced in the next 

technology release for this platform. 

 

To give an example of the building block capabilities: For the DFB laser (200µm length) a bandwidth 

of 15-20GHz @100mA was measured.  On such lasers, with integrated passive input/output 
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waveguides, 25Gb/s and even 50Gb/s direct modulation was be demonstrated, using a PAM-4 data 

scheme in the latter case
3
.   

Following dedicated trial runs, two MPW runs (MPW-3, MPW-4) were executed within PARADIGM. In 

total these comprised some 35 different designs from companies and academia.  One successful 

example of those user designs is a monolithically integrated all-optical SOA based SR flip-flop, as 

demonstrated in the EU-Commander project
4
. 

 

Figure 6 THz transmitter PIC fabricated on RxTx run 

 

COBRA LW platform 

In the PARADIGM project COBRA has developed the world’s first generic long-wavelength platform, 

operating in the 2000 nm window, and it has demonstrated the viability of the platform by 

processing a full MPW run with internal and external users.  The platform supports long wavelength 

SOAs, fast phase modulators and a variety of passive components.  Amongst other circuits, the MPW 

included two different types of tunable lasers, both of which show excellent performance: a tuning 

range over 22nm and an SMSR over 25dB.  These are the world’s first monolithically integrated long-

wavelength lasers with such a large tuning range. 

      

Figure 7 Mask layout and processed long-wavelength multi-project wafer 

                                                           
3
 Transmitter PIC for THz Applications Based on Generic Integration Technology, F.M. Soares, J. Kreissl, M. Theurer, 

E. Bitincka,T. Goebel, M. Moehrle, N. Grote, Proc IPRM 2013.  
4
 http://www.mc-comander.eu/  
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Figure 7 shows the layout of the MPW run, which contained, in addition to the tunable lasers, three 

other Application Specific Photonic ICs, and four cells with test structures. 

 

1.3.3. Design Tools 

Introduction 
The introduction of the generic foundry approach in photonics has caused a major change in the 

sophistication of photonic chips: it moves the design from a device level to a circuit level, a move that 

occurred in microelectronics in the ’70s and ’80s, and that is now happening in photonics too. 

In the generic approach a high performance standardized process is accessible via Process Design Kits 

(PDKs) with a number of building blocks, the performance and functional behaviour of which is 

accurately known. Designers do not have to be concerned about how to design them, they can just 

take them from a library and start building a circuit and analyse and optimize it with a circuit 

simulator.  Of course a sound knowledge of the operation of the building blocks is still important, but 

detailed knowledge about the underlying process technology is no longer required. Therefore the 

designer can concentrate on a higher abstraction level of circuit design.  Just like system designers 

that build their circuits from discrete optical components, of which they know the behaviour, but not 

what’s exactly inside the box.  ASPIC design is very similar, but now the system is integrated on a 

single chip.  Further the designers have some additional freedom because a number of the building 

blocks are parameterized, so that they can adapt their performance to specific requirements, which 

is not so easy with discrete components, where only a limited number of different types will be 

available. 

The Software Environment contains the required software tools; these include not just circuit 

simulators and mask layout tools, but also physical modelling tools such as mode-solvers, BPM, EME 

or FDTD tools, non-linear time domain models, electrical and thermal simulators.  Any or all of which 

may be required for performing simulations on a sub-circuit or device level. 

Circuit simulators sit one level above physical simulators.  They make the assumption that the light is 

flowing in clearly defined waveguide modes.  This allows them to simulate much larger devices than 

a physical simulator could. Circuit simulators work with surrogate models of the actual components 

making up the circuit – i.e. models that give the correct behaviour (within defined limits) but using 

simplified mathematical models that can be evaluated quickly. 

Within the EuroPIC and PARADIGM consortia three circuit simulators are used; Aspic
TM

 from Filarete 

for linear wavelength domain simulations, PICWave from Photon Design for non-linear time domain 

simulations and Opto-Designer from Phoenix.  We will briefly describe them and discuss some of 

their novel features. 

Aspic (Filarete) 
Aspic

TM
, Advanced Simulator for Photonic Integrated Circuits, is a frequency domain circuit simulator 

for passive linear PICs.  Each building block is described by analytical models and numerical data 

embedded in scattering matrices.  Models can be either derived from the theoretical behaviour of 

the building blocks or can be built through electromagnetic simulations, and can also include 

experimental data.  Foundry based models containing the realistic description of building blocks 

fabricated by several photonic foundries (e.g. Oclaro, HHI, COBRA/SMART for InP technology) are 

available and organized into specific libraries.  
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Arbitrarily complex PICs can be designed by combining a large number of basic and composite BBs 

included in the BB libraries.  To perform the simulation, Aspic
TM

 assembles the scattering matrices of 

all the BBs of the circuit and provides amplitude, phase, group delay response, and chromatic 

dispersion at the input/output port of each BB (forward and backward field). Scan and sweep 

operations versus any geometrical or optical parameter of the circuit can be performed as well. Once 

the circuit is optimized by the user, it can be directly exported to a mask layout editor 

(MaskEngineer) . 

 

Figure 8  Screenshot of the Aspic
TM

 simulator output with the circuit to simulate at the top and the plot 

window with the simulation result at the bottom. 

The measurements on wafers, bars, and chips during the PARADIGM project indicate that typical on-

wafer deviations are in the order of ±100nm for the waveguide width and ±10nm for the band gap 

wavelength with a smooth distribution across the wafer. These correspond to (measured) 

fluctuations of the group index (and effective index) across the wafer of about 1.5·10
-2 

for both TE 

and TM modes. Also attenuation, backscatter, coupling coefficients, phase imbalance, etc. have a 

given distribution that must be taken into consideration to design and evaluate complex circuits. 

Therefore, the BBs and the PDKs must contain not only the average value of the various parameters 

but also the variance and the statistic. 

Aspic also combines a new Monte-Carlo simulation tool that allows one to estimate: 1) max, min, 

average, variance and statistic for any output (intensity, phase, group delay) as functions of 

wavelength or other parameters; 2) yield, Sobol and M sensitivity indices as a function of a mask that 

can be defined arbitrarily.  This information is of key importance to evaluate the performance of the 

considered circuit and can be used to optimize the yield and the circuit robustness and reliability. As 

Aspic can be used from Matlab and Python scripts (a feature achieved in the last period of the 

project), one can take advantage from the optimization routines largely available to perform custom 

evaluation and optimizations. 

Tools added to Aspic are: 
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• Calculation of the yield with Monte-Carlo  

• Calculation of the sensitivity M parameters  

 

We briefly report here an example of statistical analysis. Let us consider the tunable delay line of 

Figure 9 realized at HHI. It consists of an imbalanced Mach-Zehnder with two tunable directional 

couplers. The delay can be changed continuously from 0 to 14ps by changing the current in the two 

lateral heaters, the central frequency being controlled by the central heater.   

 

Figure 9 - Tuneable delay line 

 

Figure 10b reports the group delay as a function of the currents in the lateral heaters, with a 

comparison between design, measurement (of the circuit as built) and Monte-Carlo analysis. 

Figure 10a and Figure 10c show the probability density function of the delay with low and high 

current injected in the later heaters. The agreement is very good and the estimated yield is close to 

10%.  Figure 11 reports the M parameters for the various optical parameters.  As expected the phase 

imbalance is the responsible for the low yield being the most sensitive parameters of the circuits. By 

adjusting the three imbalances with suitable values of the heaters it has been demonstrated that the 

yield is close to 100%. 
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Figure 10 b) group delay as a function of the currents in the lateral heater of the circuit of Figure 9. 

Comparison between Design, measurement and Monte-Carlo analysis. a) Probability density function of the 

delay with low current. c) Probability density function with high current injected in the later heaters 
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Figure 11 Parameters affected by tolerances and calculated M parameters 

 

 

PICWave and FIMMWave (Photon Design) 
PICWave is a time-domain based photonic circuit simulator that is capable of modelling both passive 

and active components. Passive (linear components) can be specified by simple parameters like the 

optical length of a waveguide, or the coupling coefficient of a directional coupler; or alternatively a 

wavelength-dependent S-matrix. PICWave also has detailed models of active components such as 

semiconductor optical amplifiers, laser diodes and optical modulators.  In contrast to passive 

components, where good surrogate models like the S-matrix formulation exist, it is difficult to create 

simple surrogate models of an SOA, for example, that match static and dynamic characteristics over a 

large operating range of temperature, electrical drive, optical input etc., at all modulation rates from 

MHz to 10’s of GHz. Thus the PICWave active models include a lot of relevant physics such as carrier 

diffusion, spatial hole burning and current spreading.  

Design kits using PICWave can provide the designer detailed models of their active building blocks 

that behave correctly over a wide range of operating conditions. This allows even the inexperienced 

circuit designer to include complex components like SOAs into a design without having to be an 

expert in optoelectronics modelling. 
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Figure 12 Design flow based on PICWave circuit simulator 

 

A sophisticated model for QCSE modulators has been implemented and integrated into the PicWave 

circuit simulator allowing implementation of building blocks of electro-refractive and electro-

absorption modulators. The “EigenMode Expansion technique in Fimmwave to support large circuits” 

has been implemented and is operational. PicWave has been upgraded to permit modelling of 

passive electrical components – capacitors, resistors and inductors, interacting with the 

optoelectronic components. This significantly improves the usefulness of the PicWave circuits 

simulator for high speed applications. 

 

Figure 13 (bottom-right) PicWave layout of a laser diode with electrical parasitics. (Top-left) laser optical 

response to a 1GB/s electrical drive signal, with no parasitics. (Top-right) with 50pf capacitor load causing 

delayed rise/fall. (Bottom-left) with 50pH 

 

 

Figure 14 Modelling of transmission through a quantum well electro-absorption modulator based on the 

quantum-confined Stark effect, as a function of wavelength and bias voltage. (Left) experimental results from 

another group. (Right) computed absorption using PicWave/Harold 

 

MaskEngineer and OptoDesigner (PhoeniX) 
After a circuit has been designed and optimized we want to validate conformity to the design rules of 

the foundry and generate the mask layout.  Within PARADIGM and the JePPIX consortium we are 

working with Mask Engineer from PhoeniX Software.  Once a satisfactory design has been created 
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with a specific foundry and package in mind, it can be transferred via the Photonic Design 

Automation (PDA) framework
5
 to Mask Engineer.  

With Mask Engineer the mask layout can be further completed and optimized (which is necessary 

because the circuit simulators cannot generate the full circuit mask layout) after which the PIC design 

is translated into mask files. During this process, automatic data processing takes place that obeys 

design rules set by the foundry.  For example, a waveguide may have to be wider on the mask than in 

the original design in order to compensate for a known amount of under etch.  Or the definition of a 

waveguide may involve a local mask inversion. In addition, the software will perform foundry specific 

design rule checks (DRC) at the logical and mask levels.  The design can, for example, be checked for 

rule compliance on the minimum allowable bend radius, or a check may be performed to ensure that 

metallization and waveguide layers are neither overlapping nor closer than a minimum distance.  All 

the building blocks are defined with stay out regions, called bounding boxes, to avoid overlaps and 

proximity effects in the InP process.  Figure 15 gives an example of a mask layout element (a curved 

connector) and a mask layout view. 

When the PIC design is part of a Multi Project Wafer (MPW) run, a brokering organisation (such as 

JePPIX) will collect the mask files from all participating users and place them in individual reticle cells.  

When the mask set is ready, the wafers can then be processed by the foundry. If IP-protected or 

private building blocks are used, the broker or the foundry will replace their bounding boxes with the 

actual mask layout.  The foundry may also add process control features, alignment and cleaving 

marks, for example in the final stage of mask assembly.  

 

Figure 15  Example of a mask layout element and a mask layout view in Mask Engineer. 

 

The capabilities of OptoDesigner have been greatly extended during PARADIGM, an auto-routing 

capability has been added within a global routing grid.  The same grid can also be used for tiling, the 

technology which provides a more uniform etching over a wafer through consistent loading.  The 

implementation of local (as opposed to global) routing simplifies complex metal track routing for 

designers in fully parameterized CBBs considerably, maintaining the relative shape of the CBB, which 

is would not be the case for global routing algorithm.   

 

                                                           
5
 http://www.pdaflow.org/  



Ref: FP7-ICT 257210 PARADIGM    

20 
 Dissemination level 

CO Confidential, only for members of the consortium (including the Commission 

services) 

CO 

 

1.3.4. Generic Packaging 

Introduction 
Integration is critical in reducing the number of packaged parts, and thus reducing sub-system cost, 

as evidenced by the acceptance of extensive integration in the emerging generation of 100Gbit/s 

transceivers.  In a generic foundry approach the costs of small and medium size chips are expected to 

drop below one hundred Euros already for small volumes.  With such low chip costs the total costs of 

a module will be dominated by the package. Packaging technologies require, therefore, a comparable 

generic approach to ensure sustained cost reductions over time.  

 

The normal procedure within photonics (unlike microelectronics packaging) is to design a bespoke 

package to suit the chip with minimal attention to using a truly standard package.  In a generic 

approach this process is reversed: a versatile standardized generic package is developed and the chip 

has to be designed such that it complies with the standard package.  Such an approach requires 

standardization of the chip size and the optical and electrical interfaces. This is a paradigm shift in 

photonic packaging. 

  

It will never be possible to develop a single package that covers all possible ASPICs that might be 

imagined, rather the PARADIGM approach has been to develop a small set of packages that can be 

used for a high proportion of ASPICs, e.g. a package that can handle up to ~10 optical I/O ports, a 

large number of electrical dc ports (e.g. 40) and 10 RF ports, and one or two packages for smaller 

port counts.  

To comply with a standardized package the optical and the electrical interfaces of the chip have to be 

standardized too, as well as its form factor. With the freedom that is offered to designers in 

positioning their components on the chip, it has turned out that fixing the positions of the optical 

input and output ports is not a large constraint.  This requirement may introduce some additional 

waveguide length in the chip, but with a clever design this will be no more than a few mm. Additional 

propagation losses in a low loss process are therefore small. 

 

Standardization of optical interfaces. For the optical ports the most important features of a standard 

for multi-port interfaces are the spot size of the optical ports and their pitch.  For direct coupling to a 

fibre ribbon a spot size of ~10µm and a pitch of 250µm are required.  The Fraunhofer HHI (receiver-

type) platform has a Spot Size Converter (SSC) with just such a large output spot.  But for platforms 

that also include lasers and amplifiers enlarging the mode to such a diameter significantly 

complicates the process technology.  The Oclaro (transmitter-type) platform has an SSC with a 3µm, 

circular, output spot.  This is considered a good compromise between integration process complexity 

and packaging complexity and it is adopted as a provisional standard within the PARADIGM 

consortium.  For the pitch an integer multiple of units of 25µm was agreed.  This is compatible with 

the 250µm pitch of fibre ribbons, but it also allows much denser spacing channel which can be 

realized when coupling the chip to a high-contrast dielectric interposer chip for example.  In order to 

support angled facets (for low reflection) without having to rotate the optical chip etched facets can 

be included in the chip in order to have a straight output beam. 

 

Standardization of electrical interfaces is quite common in microelectronics. The most common 

approach for the dc-contact is to bring them to the edges of the chip and agree on size and pitch of 

the bond pads.  This requires an interconnect plane that can cross the optical waveguide layer.  The 

Fraunhofer HHI, COBRA and Oclaro platforms all offer this facility.  For the rf-ports standardization is 
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more complicated.  For bringing the contacts to the edge of the chip an rf-interconnect plane with 

low rf losses would be required. This is not yet available in any of the JePPIX platforms. 

 

Standardization of chip size. For the chip size a standard of 2, 4 or 6mm for both dimensions of the 

chip has been agreed. This will reduce the number of different interposers that are required between 

the edge of the chip and the edge of the package. 

 

Parallel approaches have been taken in PARADIGM. First GHO has developed a new standard 

package design for active alignment, secondly, a modified ‘gold box’ approach has been developed 

by TEO/Linkra, and lastly, CIP together with IZM have developed a generic 

motherboard/daughterboard passive assembly approach suitable for mode expanded waveguides 

which can support up to 16 optical interfaces on 250µm pitch at 7 degrees in InP, 16 GSG RF 

interfaces on 500µm pitch and 36 DC interfaces on 250µm pitch. 

 

 

Gooch&Housego: The need for standardisation of critical high volume high performance packaging 

has been recognised by the IEC (the International Electrotechnical Committee) who have 

standardized the ROSA (receiver optical sub assembly) and TOSA (transmitter optical sub assembly) 

package formats used in many high speed transceiver products used in high volume for both 

datacom and telecom applications.  These two packages are then combined to sit side by side in the 

transceiver.  For the large ASPICs with enhanced functionality offered by PICs fabricated on a generic 

platform it is sensible to combine the footprint of the TOSA and ROSA to produce a single package 

capable of fitting within the standard transceiver package body.  
The package is designed with the following features: 

• Standardised package format (potential IEC adoption) 

• Up to 12 optical input ports  

• Up to 10 RF ports with 25 GHz bandwidth 

• Up to 36 DC ports and high-current TEC connections 

• Captures connectivity requirements for more than 80% of PIC designs so far in MPW runs. 

• XFP and other electronics package compatible 

• TEC support 

• Flex PCB / lead frame / wire bond interface 

• Pigtail and optical connector compatible 

 

This new PICSA (PIC Optical Sub Assembly) measures just 15.5 x 18 x 5mm
3
, with an internal active 

device cavity ~10.5mm square.  The new package is distinguished by its active optical alignment 

approach for up to 12 optical ports; it has been successfully tested using a laser array PIC.  The 

package design has also been submitted to the IEC for adoption as a generic package style for PICs.  

Beyond the end of the project, TEO/Linkra will work with the Tyndall Institute in Cork to develop this 

approach further and look at its potential for commercialisation. 
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Figure 16 Schematic of GHO package with PIC and optical connector (optical sub assembly)  

(left) and actual fabricated sample (right) 

Linkra/TEO 
The package design approach used to package photonic ICs in PARADIGM has been developed to 

provide a flexible packaging solution that relies on the standard “Gold Box” style KOVAR approach as 

shown in Figure 17.  

 

Figure 17 This diagram shows the package design for perpendicular optical  

waveguides on a 6 x 6mm ASPIC 

 

The packaging layout designed to package the Photonic ICs at Linkra has the following main 

characteristics: 

• Two optical ports on the same side of the chip with LC/UPC optical connector and single 

mode lensed fibre  

• RF coaxial connectors (GPPO) are placed on the opposite side to the optical ports and are 

able to deliver 4 RF lines with a frequency response up to 40Ghz 

• 48 DC connections are available on the lateral sides of the package using a typical dual in line 

footprint 

• 4 leads are reserved for thermal management connection (TEC and thermistor)  

 

Figure 18 Packaged ASPICs from Linkra/TEO 

Almost 30 user ASPICs have been, or shortly will be 

packaged, by Linkra as part of PARADIGM, giving us 
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good confidence in the package designand its assembly; it is now offered to semi-commercial users 

of the JePPIX platforms. 

 

 

 

 

 

High frequency alumina design: two different HF alumina tile designs were developed in order to fit 

the interconnections for both straight and angled chips.  Package optimization has involved 

developing the following packaging processes:  

• SMF fixing process and mechanical support: with a new "ceramic fibre holder"  

• DC pins soldering process: to increase the robustness of the DC pins  

• Assembly process: to increase productivity and yield of the packaged Gold Box ASPICs a 

dedicated assembly process has been implemented starting from MPW 2.   

• Optical alignment process: customized alignment searching algorithms  

 

1.3.5. Generic Testing 

In a generic process the performance of the process has to be validated for each wafer run; the 

customer will expect such a validation.  Validating the process on the performance of user ASPICs is 

not practical in an MPW run; each ASPIC will require a different test setup and procedure, and failure 

of the ASPIC does not mean that the process failed, the problem can also be in the user design.  The 

only practical way to validate a generic process is by including a test cell for the characterization of 

the basic building blocks.  If the performance of the Basic Building Blocks (BBBs) is to specification, 

the performance of all components that are based on these BBBs should also be to specification if 

they are properly designed and the process is sufficiently mature.  By restricting the testing to the 

BBBs, we avoid ending up with a large number of building blocks, the testing of which will require 

impractically large test cells.  For process technology development it is also practical to have a small 

set of BBBs, on which the process optimization can be focused. 

Testing optical components is more difficult than testing electrical components.  Firstly, optical ports 

are only accessible after the wafer has been diced, and secondly the alignment tolerances for 

accurate coupling of light in or out of a waveguide are tight, so testing is slow.  Alignment tolerances 

for electrical measurements are larger because the electrical contacts are larger and the effect of 

some misalignment is small as long as the contact is good.  A great advantage of electrical 

measurements is that they can be done on-wafer: it is not necessary to dice the wafer for testing, 

which makes automated testing much easier. 

We have, therefore, investigated the possibility of on-wafer testing of the optical properties of the 

most important building blocks in Photonic ICs by integrating the Device Under Test (DUT) between 

sources and detectors that are integrated in the chip. In this approach we make use of the relative 

ease with which test circuits, even complex ones, can be added into ASPIC designs, and of the 

excellent wafer uniformity.  We will describe this approach briefly in this section. 
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Figure 19 a) Schematic, b) microscope photo and  

c) measured response of a test structure for on-chip measurement of optical waveguide losses. 

 

Waveguide losses can be measured using the fact that the frequency response of a ring resonator is 

strongly dependent on the waveguide loss. Figure 19 shows the test structure: we insert a ring 

formed with an MMI-coupler between a tunable DBR laser with a monitor diode and a detector 

diode.  By sweeping the wavelength and normalizing the detector current on the current of the 

monitor diode we record a curve as shown at the right of the figure. By measuring the extinction 

ratio between the maximum and minimum power we can determine the waveguide loss. For further 

increasing the measurement accuracy we compare rings with the same curves but different lengths 

of the straight waveguide sections. Measurement accuracy achieved in this way is excellent: 

±0.25dB/cm. 

SOA Gain: Figure 20 illustrates a test structure for measuring the gain spectrum of an optical 

amplifier. If SOA1 and SOA2 are identical the ratio of the output power from SOA1 with SOA2 on and 

off is the gain of SOA1.  The gain measured in this way is the weighted average over the gain 

spectrum. If we insert an AWG behind SOA1 and have photodetectors connected to each output 

port, we can measure the spectral gain for each wavelength channel of the AWG.  This will give us a 

sampled gain spectrum as depicted by the dots in Figure 20.  A few channels will be sufficient for 

adequate validation of the SOA performance. 
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Figure 20 a) Schematic, b) microscope photo and measurement results of a test structure for on-chip 

measurement of semiconductor optical amplifiers gain curves. 

 

Electro-optic efficiency. The phase modulation as a function of the modulation voltage can be 

measured with the same ring structure as used for the waveguide loss measurement, by introducing 

a phase shifter in the ring. By measuring the shift of the resonance curve if we apply a voltage to the 

phase shifter, we can infer the electro-optic phase modulation efficiency. The principle, the test 

structure and a measurement result are depicted in Figure 21.  

Using these three test structures, which have a small footprint, we can measure three of the most 

important optical and electro-optical properties of the basic building blocks using electrical on-wafer 

probing. 

 

 

Figure 21 a) Schematic, b) microscope photo and c) measured response of a test structure for on-chip 

measurement of the electro-optic efficiency of a phase modulator. 
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1.3.6. Application Examples 

Oclaro platform 

Oclaro technology offers high performance SOAs, tunable DBR gratings and phase modulators. 

Below, in Figure 22, a number of examples are given of experimental ASPICs that have been realized 

in Oclaro’s first generation (n+  platform) generic platform technology. The chips have been 

developed in the framework of the EuroPIC project and the Dutch MEMPHIS project.   

 

Low energy scalable high speed optical switch. 22a shows a chip containing 2x2 port building blocks 

for an ultra-low energy scalable high speed optical switch. This device comprises both Mach-Zehnder 

modulators and semiconductor optical amplifiers (SOAs) to optimize switching energy and 

performance in nanosecond switching time lossless switches for data centre and internet switching 

and routing applications. The component has very low power penalty.  After 3 cascades which would 

emulate an 8x8 port switch, the eye diagram shows almost no impairment. Input power dynamic 

range is 14dB for a 0.5dB penalty. The switch does not require 50Ω matching resistors which 

dramatically reduces its electrical power consumption.  This is all predicted to result in a 95% power 

reduction compared to a conventional SOA switch. 

 

WDM transmitter. Figure 22b shows a WDM transmitter for use in the Central Office of a FTTH 

network. The transmitter chip contains an array of DBR-based lasers and Mach-Zehnder modulators. 

for transmitting four modulated downstream (DS) data channels and four CW signals on which the 

upstream (US) data can be modulated at the subscriber using a reflective modulator.  An AWG is 

used to multiplex all the optical signals into one common output waveguide.  The transmitter is 

designed to operate on a 100 GHz wavelength grid at 1550 nm.  It delivers up to 4 dBm of optical 

power/channel into the fibre with a modulation data rate of 12.5 Gbps per channel.   

 

WDM-TDM Transmultiplexer. Figure 22c shows the first integrated all-optical WDM-TDM 

multiplexer, for wavelength grooming of a number of WDM channels into a single TDM channel at 

the aggregate line rate. For design and mask layout of the Mux circuits, simple equivalent circuits 

were developed representing the incorporated wavelength converter.  With the realized chips, 

successful WDM to TDM transmultiplexing was demonstrated from 2x10 Gb/s WDM to 1x20 Gb/s 

TDM, as well as multiplexing of clock and NRZ data to narrow pulse RZ data. 
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Figure 22 Examples of Photonic ICs realised on the generic Oclaro n+ platform.  Details of a sample of the  

chips and their function are given in the text below. 

Widely tunable laser. Figure 22d shows a new widely and continuously tunable ring laser. The chip 

combines two gain sections with an integrated, tunable 4th order series filter with a Vernier pair of 

Ring Resonators (RR) and a pair of identical Delayed Interferometers (DI). With an identical and 

optimized phase shifter (in forward bias: ~90°/mA) in all RRs and DIs, tuning currents of only a few 

mA yield tuning ranges of 2000 GHz. Vernier pairing of the DIs doubles this continuous tuning range 

to 4000 GHz.  

Filtered-Feedback Multi-Wavelength Transmitter. Figure 22e shows a filtered-feedback multi-

wavelength transmitter. The laser consists of an array of FP lasers, each of which is formed by a 

semiconductor optical amplifier (SOA) and two on-chip broadband MMI Reflectors (MIRs). One side 

of each FP laser is coupled to an AWG filter through a phase shifter. The AWG acts as a wavelength 

filter outside the laser cavity, and its output port is connected to another MIR to provide feedback. 

The phase shifting sections can adjust the phase of the feedback signal to optimize the stability of the 

laser. This laser can operate with four channels simultaneously. Each channel has stable single mode 

lasing with an SMSR better than 40 dB. The filtered feedback reduces the laser linewidth to 150 kHz. 

The outputs of the laser channels are routed to 1 mm long MZ modulators on the same chip. 

8-Channel WDM Reflective Modulator. Figure 22f shows an 8-channel WDM reflective modulator 

using Michelson-Interferometer Modulators. Measured bandwidth of the Michelson modulators is 

>18 GHz. Eye-diagrams for 12.5 Gb/s signals in back-to-back configuration are wide open with a 

dynamic extinction ratio of 10 dB. Transmission experiments through 85 km of SMF fiber showed 

error-free operation at 10 Gb/s. 

Pulse Laser with Tunable Repetition Rate. Figure 22g shows a mode-locked pulse laser operating at 

14.4 GHz, monolithically integrated with a pulse-picking Mach-Zehnder modulator for reducing the 

pulse rate and an SOA for increasing the output power.  The laser generates 12.5 ps pulses.  The 

Mach-Zehnder modulator allows tunable repetition rates from 14 GHz to 109 MHz, and the SOA 
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boosts the peak power by 3.2 dB. The device approaches performance figures suitable for 

biophotonic applications in a compact and cost effective platform. 

Dual Wavelength laser for THz generation. Figure 22h shows an AWG-based multi-wavelength laser 

which is used for generation of a 95 GHz carrier frequency by optical heterodyning of two 

wavelengths from adjacent channels of the AWG-laser.  The extended cavity structure of the device 

provides low phase noise and narrow optical linewidth, further enhanced by the intracavity filter 

effect of the arrayed waveguide grating.  The generated RF beat note at 95 GHz, has a −3  dB  

linewidth of 250 kHz. 

Pulse shaper for bio-imaging. Figure 22i shows an integrated pulse shaper with a reflective 

geometry. The photonic integrated circuit combines a 20-channel AWG-filter with 50 GHz channel 

spacing, 20 electro-refractive phase modulators (ERMs) and 20 semiconductor optical amplifiers 

(SOAs). The light from the optical pulse source, i.e. a mode-locked laser, is divided into twenty 

spectral components by the AWG.  The ERMs and SOAs are used to manipulate the spectral phase 

and amplitude of the components in order to achieve the desired pulse shape.  The spectral 

components are then recombined in the AWG.  The integrated pulse shaper is used to demonstrate 

chirp compensation for pulses from a mode-locked quantum dash laser diode. Reduction of the pulse 

width from 7 ps to less than 3 ps is demonstrated. 

Ten-bit Switched Delay Line. Figure 22j shows a photonic 10-bits switched delay-line circuit for use in 

a BOTDR strain sensor system. The circuit consists of a chain of delay elements. In each delay 

element light is split over two optical paths by an MMI-splitter. Each path contains an SOA that can 

be operated as a gate switch: either blocking or amplifying the light. By controlling the SOAs light can 

be selected from either the longer or the shorter path of the delay element. The optical path of the 

whole chain consists of 10 switchable delaying elements with length ratios 1,2,4, … , 512 and it can 

be tuned over 1024 different delay values. 

8-Channel Pulse serialiser. Figure 22k shows an 8-channel integrated photonic pulse serialiser with 

dimensions 3x2 mm
2
. The chip is designed as a data read-out unit for the KM3NeT Neutrino 

Telescope which is planned to have 186,000 Photo-Multiplier Tubes, each read every nanosecond. 

The ASPIC architecture is a distribution network with 1x2 MMI power splitters and optical delay lines 

for multiplexing of optical pulses in the time domain, Semiconductor Optical Amplifiers for loss 

compensation and reflective amplitude modulators in Michelson Interferometer configuration for 

data encoding.  A static extinction ratio of over 12 dB was measured.  The distribution network 

provides accurate time delay and multiplexing of the 1 Gb/s readout signals on a 32 Gb/s output 

signal. 

The Oclaro SI Platform MPW run contains a state-of-the-art transmitter design to exercise the high 

speed platform to the full.  The transmitter consists of 8 transmission channels each operating at a 

different wavelength of the 100 GHz spaced ITU grid. An AWG multiplexer is designed for 100 GHz 

spacing and combines the 8 input channels to 3 output channels that are the separated by a FSR in 

wavelength.  The sources are tunable DBR lasers, the high-speed modulators use the Oclaro design 

discussed at the start of section 1.3.2.  Devices from the first SI MPW run have undergone initial RF 

testing and show electro-optical 6dB modulation bandwidth of 37 GHz and open modulation eye at 

40 Gbit/s. Testing was performed on a transmitter channel using the on-chip tunable DBR laser that 

has 10 nm tuning range and output power exceeding 6 mW in fibre. 
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Figure 23 Layout for the 8- channel high data rate transmitter 

HHI platform 

Fraunhofer HHI has developed a technology for fabrication of high speed receivers, the key element 

of which is a high-speed waveguide integrated pin photodiode. It is commercially exploited by u2t 

Photonics (www.u2t.com ), a spin-off company of HHI. This technology offers high performance 

balanced detectors and their integration with passive components and spot-size converters. In 

PARADIGM it has further extended its capabilities to full 25Gb/s transmit (Tx) and 40Gb/s receive 

(Rx) functionality 

 

Monolithically integrated ‘All-Optical RAM Cell’. This PIC design was for an all-optical integrated 

optical RAM cell architectures with picosecond access times and better than 50% lower power 

consumption values compared to current electronic Static RAM cell. The design is shown in Figure 24. 

 

Figure 24 Schematic of the proposed device. 

 

Successful demonstration SR Flip-Flop operation has been achieve at 5Gb/s with 5.5dB extinction 

ratio and 4.2 dB power penalty; experimental results are shown in Figure 25. 

Below a number of examples are given of experimental ASPICs that have been realized in HHI’s 

generic platform technology. The chip shown in Figure 26e has been realized on the new Tx/Rx 

platform. 
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Figure 25 a), (b) ASE power curves and (c), (d) input/output curve for SOAs 1 and 2 respectively,  

with 5Gb/s (e) pulse train and (f) eye diagram 

 

 

Figure 26 Examples of Photonic ICs realised on the generic Fraunhofer HHI platform. details of each chip 

and its function are given in the text below. 

Integrated Frequency Discriminator. Figure 26a shows an integrated frequency discriminator for 

application in phase-modulated microwave photonic links.  It contains a cascaded structure of lattice 

filters realized by ring-loaded MZIs to result in an IIR-equivalent optical filter.  An input filter splits the 

spectrum of the FM optical signal into two separate bands each of which is fed into a filter providing 

a linear ramp in intensity. Finally, both bands are detected in a balanced detector. Comparison of 

experimental and simulated filter characteristics already indicates good agreement for this first 

fabrication run. The discriminator exhibits SFDR values between 67 and 79 dB.Hz
2/3

 for signal 

frequencies in the range of 5-9 GHz, basically limited by the experimental test setup.  We expect that 

values in the range of 104-116 dB.Hz
2/3

 will be achievable. 

Integrated QPSK receiver. Figure 26b shows a receiver chip for the detection of 28 GBaud QPSK 

transmission signals. Its central element is the 90° hybrid mixer implemented in the form of a 2x4 

MMI coupler. This coupler is connected to two pairs of waveguide-integrated dual photodiodes for 
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the I and Q channels. Waveguide crossings are used in the output network to fulfil the phase 

relationship between the neighbouring diodes. The input waveguides provide mode expansion (SSC) 

enabling coupling loss as low as 1 dB to SSM fibres.  Responsivity of the device shown is close to 0.1 

A/W over the C-band, with CMRR values of -10 dB in the worst case. 

Opto-rf converter for sub-THz generation. Figure 26c shows an integrated chip that comprises a 

high-frequency photodiode coupled with a logarithmic periodic antenna. The photodiode itself can 

be remotely biased by three other photodiodes connected in series with it and optically powered via 

the input fibre and an on-chip 1:4 MMI power splitter, thus avoiding any external electrical biasing.    

The antenna converts high-frequency optical signals into microwave/sub-THz radiation.  Launching 

light from a tunable heterodyne laser source into the device, radiated power in the 1-digit µW range 

at around 5 mA of photocurrent was obtained in the frequency range up to 400 GHz. 

Read-out chip for 4-channel FBG strain sensor. Figure 26d shows two wavelength meters on a chip 

with fibre matched spot-size converters. The devices measure a wavelength shift in a fibre Bragg 

grating, anywhere in the 1465 to 1620 nm window.  Each device has a 1x2 Mach-Zehnder 

Interferometer and the signals from the outputs of the 2x2 MMI in each MZI are fed into a balanced 

detector. The wavelength meters have a FSR of 10 pm and 100 pm, using an integrated spiral delay 

line with 64 mm length for the 10 pm FSR. The responsivity of a packaged device is 0.29 A/W. A sub-

femtometer resolution is feasible at a sampling rate of 10 kHz and -10 dBm fibre power. This is 

several orders of magnitude better than commercially available small-sized wavelength meters.  

Transmitter for THz applications. Figure 26e shows a photonic integrated circuit designed for 

continuous wave THz generation, which has been fabricated during trials of the new HHI Tx/Rx 

platform. Two wavelength-tunable DFB lasers are incorporated into an MZI structure together with 

current injection based optical phase modulators and MMI couplers. This chip provides full control of 

the THz signal by using a unique bidirectional operation technique. Integrated heaters on the laser 

elements allow for continuous tuning of the THz frequency over 570 GHz. Applied to a coherent CW 

THz photomixing system operated at 1.5µm optical wavelength, a signal-to-noise ratio of 44 dB at 

1.25 THz was reached, which is identical to the performance of a standard system based on discrete 

components.  

    

Figure 27 (left) GDS view and (right) photograph of sensor ASPIC HPA03-04. 

 

High-speed interrogator. This chip (Figure 27 (left) GDS view and (right) photograph of sensor ASPIC 

HPA03-04.Figure 27) is an 80-channel spectrometer for sensing applications.  The GDS layout and a 

photograph of the chip are shown in Figure 27. 
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Figure 28 shows the spectrometer output for just two out of the 80 PDs; it shows that the principle 

functionality of the device is as expected. The figure displays the signal for a combined TE/TM input 

signal as reflected from a FBG. Each photodiode shows a double peak with TM on the left and TE on 

the right.  

 

Figure 28 TE and TM transmission (photodiode-current) of PIC HPA03-04 for FBG signal input. 

 

COBRA Long Wavelength Platform 

Figure 29 shows the circuit scheme and the mask layout of the first tunable laser, with a chip area of 

4.5 x 0.75 mm
2
. The laser operates as a ring laser, with three nested MZI-filters integrated in the ring 

for selecting the desired wavelength.  

 

Figure 29 (a) Schematic diagram tunable ring laser featuring an intra-cavity tunable wavelength filter based 

on nested asymmetric Mach-Zehnder interferometers indicated with a dashed box.  

(b) mask layout. (c) measured spectrum 

 

The laser shows excellent performance: it is tunable over more than 30 nm centered on a 

wavelength of 2035 nm. Side mode suppression is better than 30dB.  Output power is still modest: 

100mW, but this can be significantly increased by adapting the design and including an integrated 

booster amplifier. 
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Figure 30(a) Photograph of the fabricated device. (b) measured spectrum 

Figure 30 shows the second tunable laser. It is based on two coupled Fabry-Perot cavities with each 

containing a SOA and phase tuning section φ1. Coupling is obtained via a novel 2-Port MIR which 

introduces a 180 degree phase shift between its ports instead of the usual 90 degree. This is essential 

to ensure wavelength selection with high SMSR. The laser shows more than 20 nm tuning range, an 

SMSR of 25dB and a fibre-coupled output power of 1mW. This is excellent performance for tunable 

long-wavelength lasers and it demonstrated the potential of generic integration platforms, also at 

longer wavelengths. 

 

1.3.7. Ecosystem (JePPIX) 

JePPIX was created in the FP6 Network of Excellence ePIXnet (2004-2008) as one of the technology 

platforms for photonic integrated components and circuits. Since then JePPIX, hosted by TU 

Eindhoven, has worked to bring together key players in the fields of InP and TriPleX
6
 PIC 

technologies.  In the JePPIX consortium (eco-system) both universities and companies have worked 

together in a number of European and national projects, focusing on the development of generic 

integration platforms and supporting infrastructure.  At first only the COBRA MPW process was open 

for access to external users wanting to test their ideas on a PIC platform, supported by the two-week 

JePPIX training course which has become firmly established in the calendar.  As a result of the 

pioneering work of the JePPIX consortium in projects such as EuroPIC (FP7 2009-2012), PARADIGM 

(FP7 2010-2015) and Memphis (NL), Europe has built a strong position in integrated photonics 

technology.  Parallel to the technological research effort, the JePPIX consortium has created a 

generic foundry model for affordable access to advanced InP and dielectric waveguide PIC-

manufacturing, similar to the approach adopted in microelectronics thirty years ago, and, since 2014, 

offering semi-commercial access to these technologies.  The currently available MPW (multi-project 

wafer) infrastructure includes access to design, manufacturing, packaging and testing which is quite 

unique.  In fact, Europe is at present the only place in the world where foundries offer advanced 

platforms for InP and dielectric waveguide technology; and this is done via JePPIX.  The technology 

platforms in the JePPIX offer are the direct result of the development conducted via EuroPIC and 

PARADIGM projects (for Fraunhofer HHI and Oclaro); and via national Dutch projects (SMART 

Photonics platform which offers a generic process developed in collaboration with the COBRA 

research institute at  Eindhoven University of Technology). Figure 31 shows the timeline of InP MPW 

process development and its commercialization. 

Open access. Open access to the technology platforms, their process design kits (PDKs) and design 

manuals is enabled via JePPIX which acts as a broker.  It requires a standard JePPIX – user agreement 

                                                           
6
Dielectric waveguide technology for low loss passive circuits.  www.lionixbv.nl/  
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to be in place, equivalent to an NDA.  Typically, a user reserve cells in an MPW run and designs their 

circuit layouts following the design rules for the specific fab. of their choice.  Additionally, designs 

need to pass the design rule checking software (part of MaskEngineer) before the mask-level 

description can be transferred to the manufacturers.  The typical procedure for having a photonic IC 

fabricated through JePPIX is shown in Figure 32.  The fabrication process itself takes between four to 

six months.  The pricing for fabrication, software licensing, design support and packaging is published 

on the JePPIX website (www.jeppix.eu/document_store/JePPIX_order_form_2015.xlsx) together 

with the MPW calendar and platforms capabilities. 

 

 

Figure 31 Timeline of InP MPW processes launched at the R&D (ePIXnet, COBRA, EuroPIC, PARADIGM) 

and semi-commercial stage (SMART Photonics, Fraunhofer HHI, Oclaro), enabled via JePPIX (broker) and 

JePPIX consortium. 

 

 

Figure 32 Typical procedures for having a photonic IC fabricated with JePPIX. JePPIX brokering services 

offer access to design software and design kit (after NDA), support in design of photonic ICs, and access to 

MPW runs of Fraunhofer HHI, SMART Photonics and Oclaro.  

1.3.8. Summary 

The technologies reviewed in the earlier parts of this report show platforms with convergent 

capabilities but differing strengths, with a wide range of building blocks developed for users to 
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access.  This is supported by increasingly sophisticated software libraries and simulation tools.  

PARADIGM has caused all of this to be put in place, and now, after the project, through JePPIX leads 

the way in attracting new users and in helping those users to exploit this new technology through its 

semi-commercial MPW runs.  It has shown the way, launching semi-commercial platform offerings at 

HHI, SMART Photonics and shortly Oclaro, and through its technology developments put building 

blocks in place ready for second generation platform technology releases through 2016/17. 

 

PARADIGM has led the way in kick-starting generic foundry technology for InP based PICs in Europe.  

Its novel paradigm in generic manufacturing has already led to a dramatic reduction in PIC 

development costs, and similar reductions are expected in the cost of packaging and testing, and in 

the time required for chip design.  For now, Europe has established a clear lead in what is predicted 

to become a multi-billion € business of the future. 

 

1.4. The potential impact of PARADIGM 

1.4.1. Introduction 

PARADIGM is already having a significant impact in Europe and indeed worldwide as is evidenced by 

both the PIC designs fabricated to date and the large number of invited presentations at almost all 

relevant conferences in Europe, Asia and North America.  Through its training activities and extensive 

mentor-led user support, PARADIGM has already helped a large number of groups to gain expertise 

in this area of photonics at the same time as developing new technology and new platforms with 

greatly enhanced performance.  PARADIGM is setting the standard amongst photonics platforms 

worldwide; it has led the way in its move towards pilot-line production, its road-mapping, training 

and its PDK building (emulated by the SOI based photonics platforms).  

PARADIGM is: 

• Reinforcing European leadership and industrial competitiveness Europe has a significant lead in 

the elaboration of the new generic platform paradigm for InP Photonics. 

• Providing opportunity for new applications and new products: Cost reduction by more than an 

order of magnitude will lead to PICs swiftly gaining competitive advantage over discrete, hybrid 

or even micro-optic solutions; creating a business case for a wide range of products.   

• Providing cost-effective access: Users can now develop circuits in a “frozen” technology and 

those willing to make the change will find it brings new freedoms; designing complex circuits 

with sophisticated design tools and a powerful component library in a high performance 

technology. These developments make it possible to provide cost-effective access for fabless 

companies through the mechanism of shared MPW runs. 

• Establishing an integrated production path from design to volume manufacturing: By adding a 

generic packaging capability (with compatibility ensured by standardised design rules) 

integrated with the chip process, PARADIGM has put together for the first time a truly 

integrated end-to end process for photonic PIC production. 
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1.4.2. Cost performance breakthroughs and market potential 

Today, capital costs dominate in the development and production of photonic ICs. A large capacity 

fab with stable and optimised clean-room processes such as the one owned by partner Oclaro would 

require an investment in the order of 500M€ to set up today. Such photonic IC fabs have historically 

focused on specific applications, and while a number of non-telecom applications, like data-com and 

sensing are emerging
7
, the cost for developing new application specific photonic integrated circuits 

(PICs) has been too high. So far only the telecom sector has motivated the necessary level of 

investments to allow a performance driven development approach.  Some fabs have opened their 

clean rooms to develop components for so-called ‘fabless’ customers. This 'custom foundry' 

approach does allow facility cost-sharing but there are still non-recurring engineering (NRE) costs for 

process adaptation which run into millions of Euros. Often the market volume and return on 

investment (RoI) does not justify the upfront costs for these emerging applications for individual 

businesses. 

To solve this problem a paradigm shift is required to focus on cost driven developments of the 

needed technologies and supporting eco-system. PARADIGM has initiated just such a cost 

breakthrough by using a common underlying technology tool chain, which can be used by many 

customers addressing a wide variety of applications. Performance is maintained by leveraging the 

investments made for the telecom sector, building on state-of-the-art industrial capabilities. By 

providing a high performance generic photonic integration fabrication process, supported by design 

tools and design kits, akin to CMOS electronics, it is the creativity of the designer which will now 

determine what kind of products can be created. PARADIGM has proven that this model works for 

InP; not only for research activities, but also for commercial product development. The next phase 

which needs to be addressed after this project is to move from the present technology validation TRL 

5 (Technology Readiness Level 5) to a fully demonstrated tool-chain and technology (TRL 7
8
) and first 

commercial release (TRL 8). 

Being able to offer these technologies at TRL  8, new PIC designs can be fabricated cost effectively on 

open-access multi-project wafers, and the volumes of chips can grow seamlessly from prototyping to 

manufacture without changing the manufacturing environment. Increasing numbers of customers 

and expansion into new markets will motivate needed investments in larger scale wafer processing 

and higher throughput levels with further chip cost reductions. A medium size photonics fab can 

today produce thousands of 75 or 100 mm wafers a year with 150 mm wafers already on the horizon. 

This scaling will lead to a dramatic reduction of chip price, as illustrated in the figure below, which 

comes from the JePPIX roadmap 2015. 

                                                           
7
 see 1.4.4 New markets 

8
 Level 5: A large scale prototype tested in the intended environment.  TRL 7: Demonstration system operating in 

the operations environment at a pre-commercial scale 
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Figure 33 Cost scaling with wafer size and throughput for different fab scenarios. 

 

Scaling laws for InP are similar to other thin film fabrication technologies like CMOS electronics or 

silicon photonics, so with increased wafer size and throughput of the fab the square millimetre price 

will strongly decrease. Figure 33 Cost scaling with wafer size and throughput for different fab 

scenarios.shows (in a simple model) how the square millimetre cost of InP PICs depends on the load 

of the fab, for different fab scenarios. The first three scenarios are for small InP wafer fabs for 

handling 75, 100 and 150 mm wafers, respectively. From the figure we see that for larger fabs the 

starting costs will be higher, so that higher volumes will be needed to arrive at low square millimetre 

costs. The dashed line is representative for a small 200 mm silicon fab.  The cross-over points are in 

the range 1-10 million chips per year – these are high volumes for photonics and it will be some while 

before such volumes are reached even in aggregation over many applications. 

The figure illustrates the advantage of the generic foundry model: because the square millimetre 

costs are strongly dependent on the total volume, all users of the fab can get their chips at a price 

corresponding to the total yearly chip volume, while their own chip volume may be much smaller. 

This will make the costs for small users significantly lower. 

An important conclusion is that at low up to medium volumes large fabs will be more expensive 

because of the higher investments which pay back only at large volumes. For a 200 mm fab, for 

example, chip volumes of several millions/year are required to make it competitive with smaller fabs. 

In a starting phase, in which the total chip volumes for a foundry will start at numbers well below 1 

million chips per year, smaller fabs offer lower cost than large fabs. This puts InP foundries in an 

excellent position to serve the needs of SMEs: they offer integrated solutions (including lasers, 

optical amplifiers and high performance modulators), that can address a broad range of different 

applications at prices which are lower than can be offered by large silicon photonics fabs for the 

volumes that can be expected from SMEs in the coming years: more value for less money.  
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1.4.3. Productivity increase 

Next to the cost performance break through as an effect of the introduction of a generic fabrication 

process for integrated photonics, the increase of productivity is a major achievement of PARADIGM. 

The productivity of the whole chain has been improved along two lines: from a customer/designer 

perspective and from the actual outcome of the manufacturing cycle. 

The key to increased efficiency in the creation and verification of innovative products is to make 

available a set of pre-characterized building blocks, which a designer can use to create a complex 

device or system. For electronic design and manufacture, design flows require foundries to offer a 

set of building blocks, with corresponding verification rules, which a designer can integrate to create 

complex digital, CMOS based, electronic integrated circuits to meet a desired need. Historically a PIC 

designer needed to master a considerable amount of technology and perform many complex 

simulations to create a design. A few years ago this concept was introduced by PARADIGM partners 

to PDA (Photonics Design Automation) oriented flows as well, based on generic fabrication 

technologies and combined with process design kits (PDKs) holding the building block information. 

These have matured significantly during PARADIGM, but there remains plenty of scope to further 

improve the design environment and enrich the PDKs by adding more building blocks, improving 

existing building blocks, adding libraries and further enhancing tools such as automatic design rule 

checking. Based on experience in earlier projects, we expect in the future a decrease in design time 

with a factor in the order of 4, from around 3 months to an average of 2 - 4 weeks for a design with 

average complexity; however, we have also seen an increase in circuit complexity tackled by 

designers moving design times in the other direction. 

In addition to this improved design efficiency, users of the foundry-based eco-system will also benefit 

from the fact that over the course of time the whole fabrication process and the offered building 

blocks will experience a steadily increasing qualification level. This will save an enormous amount of 

time: when users are developing a commercial product on a qualified generic manufacturing line.  

The time required for qualifying the user’s product will be much shorter, because most of the chip 

qualification has been done in the manufacturing line and the user has to qualify only specific 

product features which are not covered by the process qualification. This is very different from 

product development in application specific processes, where the process has to be qualified for 

every new product. 

1.4.4. New markets 

PIC technology development has so far been sustained mainly by the telecoms market but 

considerable opportunities are emerging in healthcare, bio-science, fibre-optic environmental 

sensing, structural health monitoring, high performance computing, data-centres and a number of 

other sectors. Figure 22 and Figure 26 above showed some of the promising PARADIGM applications 

where SMEs have been prototyping their circuits on generic platforms offered by PARADIGM 

partners. Some examples are a fibre optic readout fabricated at the Fraunhofer/HHI platform; a fibre 

to the home transmitter using the Oclaro platform and an optical beam forming network in 
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combination with LioniX TriPleX
TM

 technology. Overall more than 100 designs have been designed 

and fabricated on a generic integrated photonic platform at one of the two PARADIGM fab partners.  

We observe and expect further market developments in the following areas: 

Fibre sensors play an increasingly important role in reducing hazards by monitoring the health and 

integrity of large constructions like bridges, dikes, large roofs, wind-turbine propeller blades, large 

reservoirs for storage of oil or chemicals, offshore platforms, aircraft structures, and manufacturing 

systems. The photonic readout units dominate the cost and add considerable complexity to the 

overall system. PIC-based solutions are emerging and are leading to radical transformations in terms 

of cost, size and performance, which hold the promise of a fundamental re-engineering of structural 

health monitoring with real time analysis, and lower in-service downtime. 

Gas sensors commonly monitor the known, near infra-red absorption lines. Modern agriculture 

requires precision monitoring of water vapour and carbon dioxide concentrations, particularly in 

managed environments such as greenhouses. Preventive medicine and healthcare are set to benefit 

from hand-held, user-friendly monitoring systems for ammonia and carbon dioxide in exhaled 

breath. Integrated systems offer a cost-effective route to multi-purpose, multi-species sensing and a 

route to enhanced performance and stability. Radical reductions in the size and cost of the hardware 

should lead to considerable market expansion. 

Biophotonics is an emerging field where PIC technology enables new applications based on 

absorption, excitation or label free sensing of fluids, gasses and particles. Microring resonators and 

Mach-Zehnder Interferometers for instance in which the evanescent field of the waveguide is in 

contact with its environment, operate as a sensing platform for a variety of applications. In PIC 

technology the spectral analysis of the analyte can be done immediately on chip, which combined 

with the hybrid integration between active and low loss passive components allows cost effective 

(handheld) sensing devices. Particularly interesting for sensing applications in the IR wavelength 

window are combinations of a TriPleX sensor chip, which may contain microfluidic channels, and an 

InP chips for generating and detecting the sensing signal. 

Data interconnect, particularly within data centres, is experiencing exponential bandwidth growth 

but within a tight energy and cost envelope.  This is driving increased levels of transceiver integration 

for connections between racks, in computer backplanes and it also drives new photonic 

functionalities such as fast photonic switches for Terabit server backplanes. Large data centre 

operators such as Google have embraced optics as a route to managing Exascale data flows and 

mitigating the associated power demands of modern computing. Due to its power efficient 

integrated lasers InP can play an important role here. 

Telecommunication products now mandate extensive integration. The standards for 100Gb/s 

transmission would be inconceivable without integration technologies which would have been 

considered state of the art only five years ago. Modern transceivers already map data to the 

intensity, phase, polarization and wavelength axes, and next generation products for 400+ Gb/s 

systems will require this functionality within single chips. As the technology matures, PICs may be 



Ref: FP7-ICT 257210 PARADIGM    

40 
 Dissemination level 

CO Confidential, only for members of the consortium (including the Commission 

services) 

CO 

 

expected to appear in the cost-sensitive WDM Fibre-to-the-Home (FTTH) market and for optically-fed 

antenna systems for wireless communications networks. 

Medical imaging is particularly well suited to exploit PICs.  Ultrashort impulse generation, THz 

generation and spectrometry are all now demonstrated. Techniques such as Optical Coherence 

Tomography (OCT), nonlinear microscopy and Raman Scatterometry are increasingly accepted.  

Innovative combinations of circuits and techniques would pave the way to portable diagnostic 

analysis of opaque tissue and biological samples. This is particularly relevant for analysis of suspect 

skin tissue or intra-arterial diagnostics. 

Cost-effective PICs can be expected to have an impact in many aspects of daily life from enhanced 

safety systems through to pervasive computing and new approaches in medicine. The radical 

miniaturization of integrated solutions will undoubtedly also have an impact on market sizes. As 

markets develop, the increasing scale of production will further drive down costs creating a virtuous 

circle. Engaging with the foundry platforms as developed in the is project will give first-mover access 

to technologically-ready SMEs and businesses, critical feedback on acceptable process validation 

criteria and a pipe-line of new business to grow the production of Generic Integrated Photonics to 

enable further economies of scale.  

1.4.5. Competitive technology advantage 

In the JePPIX roadmap 2015 it is shown that, for MPW runs, the InP foundries are extremely 

competitive with other generic integration technologies with respect to performance and price It is 

shown that this competitive position also holds for volume production up to volumes in the order of 

1 million chips per year.  

The strong reduction of chip cost with volume makes generic technologies very competitive with 

application specific manufacturing, because they achieve the large volumes required for low-cost by 

combining the chip volumes required by a number of smaller customers. Therefore, they can offer 

their customers the lower prices which correspond to total volumes which are much larger than the 

volumes that each of those customers need. So, when the performance of the generic foundry meets 

the customer demand, the generic foundry can offer much lower prices. Application-specific 

manufacturing will, therefore, only be competitive with generic manufacturing for very large markets 

or for niche markets with special performance requirements. For all other markets generic foundries 

will prove extremely competitive. 

1.4.6.  Job creation in Europe 

Fabless models will become widespread with a successfully deployed Generic Integrated Photonics 

manufacturing process; an increased separation between skills-intensive and capital-intensive 

business models will make it possible to establish new companies without large up-front capital 

investments in the manufacturing infrastructure. The success of start-ups will increasingly depend on 

the level on education, knowledge and experience of company founders and employees, all areas 

where Europe excels. When micro-electronics embraced generic technologies, it was prominently 

European companies which became active in ASIC design, including for example the UK IC library 
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developers ARM who are globally leading in the fast moving mobile communications and computing 

market. In the UK the electronics sector has grown to be worth £16 billion every year to the UK 

economy alone, with about 300,000 people employed in over 12,000 companies
9
, yet the UK has no 

major CMOS foundry.  Photonics may well be smaller, but the potential is enormous. 

PARADIGM has lowered access barriers especially for start-ups and SME’s to engage with state-of-

the-art photonic integration technology. In contrary to capital investment in an own fab or 

prohibitive high volume requirements in silicon photonics to start a project in a manufacturing 

environment, this consortium is offering MPW access and low-volume manufacturing opportunities, 

scalable to volume. Based on the low access barriers and drawing a parallel with the evolution of the 

electronics industry since the 80’s, we expect that PIC technology will become a considerable part of 

the high-tech industry, driven in large part by SME’s. 

Looking at organisations currently above the radar using these technologies, like some of the 

consortium partners, but also looking outside of the consortium, a typical team size today for the 

photonic integration activity is about 15 – 40 people. Anticipating a pick-up of this technology by a 

broad group of organisations markets segments mentioned earlier, we expect hundreds of SME’s in 

Europe to engage. This corresponds to a potential of several thousand direct jobs to be created on 

the longer term. Including a multiplier of three for additional creation of indirect jobs, like sales, 

marketing, hr and job creation at suppliers, we are facing more than 10.000 jobs to be created on a 

longer term as a result of this project. 

1.4.7. Regulations and Standards 

We foresee no special issues because of regulations and standards. Each application sector of the 

technology will have its own regulations and standards (like Telcordia for telecom applications or 

more general ISO9000 for good manufacturing practices) which are reflected in the validation and 

qualification processes for each individual product development activity. The manufacturing of the 

PIC through the foundries is just one of the factors in this development. It is worth mentioning that 

the fab partners all have audited quality assurance and safety systems in place to support its 

customers in a variety of market segments. The InP line at HHI operates under a certified ISO 9001 

quality management system and is qualified not only for research and development but also for 

production in the fields of photonics and electronics photonics. The SMART Photonics staff has a long 

experience in quality in production, part of the engineering staff is certified green belt and the team 

is supported by a master black belt. SPC is in place on most critical processes. SMART Photonics is 

currently preparing its Quality Management System for ISO9001 certification in 2016. And Oclaro 

(Caswell) is operating under ISO 9001 and 14001 and delivers its solutions into the regulated telecom 

industry. 

Supporting the optimisation of the impact of the project results, PARADIGM partners are active in 

the field of standardization of packaging and software. 

                                                           
9
 http://www.designcouncil.org.uk/news-opinion/new-government-figures-show-uk-has-largest-design-sector-

europe  
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Packaging standardization is at a relatively early phase for photonic integration. The European 

Photonic Industry Consortium (EPIC) has recently launched an initiative to explore standards in 

packaging for PICs and partners in this project are playing an active role. An important contribution is 

the standardization of the form factor of Photonic ICs and the positions of electrical and optical input 

and output ports, which is translated in templates in the PDKs. This standardization makes it possible 

to use the same package for different chips, as long as they use the packaging template while 

designing for proper positioning input and output ports. Because the PARADIGM partners are leading 

in their field of expertise, they are in a position to set the standards, which they are actively doing. 

Software standardization is driven by the PDAFlow Foundation
10

, which has been founded by the 

PARADIGM software partners in cooperation with COBRA. This is a non-profit organization for the 

development, support and licensing of software standards for photonic design automation (PDA). 

The PDAFlow Foundation was formed in 2013 to further develop, support and (sub-)license the 

PDAFlow API to automate photonics design flows and create sustainable software interface 

standards. The application programming interface (API) will become key in enhancing research, 

process and product development by improving interoperability of (PDA) software tools and by 

increasing access to the Process Design Kits (PDKs). Consortium partners are also member of Si2 

(electronics software standardisation body) to align activities between photonics and electronics 

standardisation activities. 

 

1.4.8. Roadmapping  

Roadmapping plays a key role in aligning the plans for businesses in the ecosystem, and setting the 

broad direction for future standardisation.  Roadmapping has played a key role in the success of the 

microelectronics industry
11

 over many dacades, enabling stakeholders to invest and advance with 

confidence. PARADIGM partners published the first JePPIX roadmaps in 2012 and 2013 and recently 

an updated version for 2015 was released, which has attracted broad international attention; it has 

been distributed by OSA to its members. 

1.4.9. Main Dissemination activities 

PARADIGM has been very active in the dissemination of its work and of the generic fab concept in InP 

based photonics.  It has operated through:  

Publications:  In PARADIGM we have been consistently promoting the generic fab concept since its 

earliest days.  Now, by 2015, we have accumulated a large number of invitations to speak on this 

subject at international meetings both on the generic fab. concept (45 at the last count), and on the 

technical achievements of the platforms (133 in refereed publications).  One of the consortium’s 

papers
12

, to which all the partners contributed, has been downloaded almost 6000 times since its 

                                                           
10

 http://www.pdaflow.org/ 
11

 http://www.itrs.net/ 
12
 An introduction to InP-based generic integration technology, M.K.Smit et al, 29(8), http://iopscience.iop.org/0268-

1242/29/8/083001 
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publication, which is both a very notable achievement and an indication of the interest worldwide in 

the generic platforms and the groundbreaking nature of the work. 

Conferences and Workshops: PARADIGM has targeted the ECIO conference (European Conference 

on Integrated Optics) in 2012 (Sitges, Spain) and 2014 (Nice, France, 2014) as a showcase for its 

activities. A special session on photonic platforms was been included in the programme.  Through 

JePPIX, PARADIGM has held half day workshops at ECOC (European conference on Optical 

Communications on generic integration platforms using InP) in 2012, 2013 and 2015.  PARADIGM has 

played a leading role in supporting a series of generic platform workshops promoting the ePIXnet 

platforms the most recent of which was this year; the 6
th

 European Photonic integration Forum held 

at ECOC, Valencia, Spain.  

Applications group meetings: PARADIGM has also organised two workshops in Eastern Europe on 

photonic integration, hosted by Warsaw University of Technology, Poland.  The first workshop on 

generic foundry approach for Eastern-European enterprises and research institutions, titled Generic 

Integration Technologies for Photonics, took place on 22
nd

 and 23
rd

 November 2012 at the Faculty of 

Electronics and Information Technology, Warsaw, Poland.  It was strongly supported by the project 

as a whole with speakers from all key areas of the platform, and attracted 79 delegates, mostly but 

not exclusively from Eastern European states.  The 2
nd

 workshop on generic foundry approach for 

Eastern-European enterprises and research institutions took place on 21
st

 and 22
nd

 May 2015 again at 

Warsaw University of Technology, and gathered nearly one hundred participants. 

Web: A public project website has been available since month three of the project. 

(www.paradigm.jeppix.eu ).  It explains the background to the generic fab concept in some detail and 

also the PARADIGM project itself.  There are links to related material the JePPIX website, 

www.jeppix.eu . 

The User group: By the end of the PARADIGM project, a platform user group of more than 250 

members and interested bodies had been gathered under the JePPIX flag.  The group contains a large 

number of different types of members, including, large research institutes and Universities (~40%), 

and industrial concerns of all sizes (~59%).  The members cover many application areas including: 

structural health monitoring; telecomms and datacomms; advanced data encoding and transmission 

for scientific projects other than telecoms oriented, environmental monitoring; electricity generation 

and distribution, water purification, water quality monitoring and distribution, detection of 

elementary particles, and detection of (bio)chemicals. 

Press releases, newsletters and flyers: After its initial press release, four project newsletters were 

published covering different aspects of the generic process development (see project website).  

These have been very widely circulated using the services of the PARADIGM partners, EPIC (European 

Photonics Industry Consortium) and the JePPIX user group itself, as well as through photonics 

networks and clusters at a national level. 
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Training Courses: PARADIGM and its consortium members have supported an active programme for 

training of new designers, both in component and circuit design in the platform technology and in 

the use of the design software.  Since the start of the project 21 different training courses have been 

supported or partially supported by PARADIGM. 

1.4.10. Exploitation of results 

Generic Integrated Photonics requires a broad and interlinked industrial base. The research and 

development phase which established the current technology platforms has created clear and 

complementary business roles for many PARADIGM partners, and the foundations of a powerful 

European eco-system.  The figure below (Figure 34) shows the relationship which has developed 

since 2007 between the PARADIGM partners in terms of the user applications, the design 

environment, research and development, brokering and the PIC manufacturers. Briefly we 

summarise here the business opportunities for the key stakeholders from the technology eco-system 

perspective.   

 

Figure 34 The JePPIX generic photonic integration eco-system. 
 

Integrated Device Manufacturers (IDMs): In PARADIGM, partners Oclaro and Fraunhofer are 

engaged because of the business potential offered by manufacturing for large emerging non-telecom 

market-segments. IDMs also have the know-how and capability to perform further application 

specific optimization for the users with large volume requirements should they arise. The larger 

volumes will also allow the fabs to invest in higher-capacity production to decrease chip-costs further 

and to maintain their competitiveness in the future. 

Packaging and Assembly is application specific and determines a large fraction of the total system 

cost. In this project we focused on generic prototype packages which could enable cost-sharing and 

technology evaluation to bring chips from the fab into product development. Partner Linkra is 

already engaged in providing a generic prototype package capability through JePPIX.  

Design Houses, Design Software vendors and Library Developers. PIC designers and design houses 

will form a large part of the future eco-system, much larger than the number of people involved in 

PIC fabrication itself.  In integrated photonics the number of experienced PIC designers is today very 

small. We expect that the demand for PIC designers will increase rapidly when qualified commercial 

processes become available. We are already seeing specialist design houses established, like 
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consortium partners VLC Photonics and Bright Photonics, to work with fabless SMEs (such as EFFECT 

Photonics) and labless SMEs and companies.  

Partners PhoeniX Software, Filarete, VPIphotonics and Photon Design are already supplying leading 

edge commercial software to the worldwide photonics sector.  Photonic design tools have historically 

been fragmented, but the application programming interface (PDAFlow API) instigated by EuroPIC 

and developed within PARADIGM is providing a means for inter-operability between software 

solutions from different suppliers. PARADIGM has put them in a strong position to support the fab’s 

process design kits (PDKs) for the foundries to improve their product portfolio and market volume. 

The standardisation activities to allow tool interoperability and design kit definition are managed as 

open-access providing an incentive for third parties to create their own IP libraries to further enrich 

the design environment. 

For JePPIX we anticipate two areas of business development, brokering and joint research, where 

non-commercial, coordinating structures have significant advantages.  Brokering organizations such 

as Europractice and MOSIS have proved to be critical enablers in microelectronics.  JePPIX has 

already become a recognized brand for the supply of PIC services. It has the legal and financial 

backing of the Technical University of Eindhoven and can expand its activities to provide Open Access 

services. The costs of maintaining this service in the future will be shared between the commercial 

providers and the users through a modest surcharge model.  
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1.5. General facts and figures 

The website address for the project is www.PARADIGM.jeppix.eu 

 

Partners in the PARADIGM consortium are: 

Technical University of Eindhoven (Coordinator, Netherlands,);Willow Photonics Ltd (UK), CIP 

Technologies (UK), Oclaro Technology, Ltd. (UK), FhG-HHI (Germany), FhG-IZM (Germany), Chalmers 

Tekniska Hogskola AB, (Sweden), Filarete srl, Italy, PhoeniX Software (Netherlands), Gooch and 

Housego (Torquay) Ltd (UK), Photon Design Ltd (UK), III-V Lab (France), University of Cambridge (UK), 

Linkra srl. (Italy), Politecnico di Milano (Italy), Politechnika Warszawska (Poland), Bright Photonics 

(Netherlands), VLC Photonics, Spain, EFFECT Photonics, Netherlands. 
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