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Executive Summary

This deliverable reports on: (a) the project’s dissemination activities during the third year, (b) the
activities regarding exploitation of FOX-C results and (c) some remarks with respect to contributions to
standards.

The dissemination activities during the third year of the project have mainly focused on the promotion
of our important research outcomes to the scientific community. The key target was on the
presentation of important technology aspects and examined solutions in major international
conferences, attracting a significant number of researchers in the field. Significant effort was given in
the continuous update of the project’s website, containing news and important highlights from the
research activities of the partners.

During this final year of the project, all industrial partners have presented their final exploitation plans
related to FOX-C projects. Finisar has presented their view of WSS market with components forecast and
their view on introduction of WSS with finer granularity towards2020-21. W-onesys, as a manufacturer
of ROADM systems that integrate WSS, has assessed this trend and has defined the type of product,
market and business model that could be offered in their portfolio: one Flexgrid-ROADM product
oriented to the experimental optical networks market, typically implemented in research centres and
universities. W-onesys, also presents a cost analysis according to the business model and five year sales
projections and a business case has been prepared. Orange, also provides its view on FOX-C technology
after some studies have been made.

Different partners contributed towards the standardization effort. The first step it was to identify the
topic related to FOX-C project that could be presented to ITU-T. Once the topic was identified, there
were some discussions between Finisar and Orange to redact and support a proposal. Unfortunately,
Finisar decided that they won’t support standardization until a product has been developed and not just
a prototype.

Deliverable D6.4 3
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1 Dissemination activities

1.1 Website

The website of FOX-C project (www.ict-fox-c.eu) acts as a point of reference both for the external
visitors and the consortium members. The content of the website is being regularly updated providing a
description of the project concept and news on the performed activities to the external users. Partner
OPTRONICS, as the FOX-C project coordinator, has established and maintained the FOX-C website since
the first week of the project start.

The FOX-C website contains a public area with:

- News and events

- Publications

- Public Deliverables and open presentations
- Information about the consortium

The website contains a restricted area with access only to the FOX-C partners. This area enables the
Consortium to manage the information dissemination between partners and contains a directory with
the relevant files of the

- Working documents (Deliverables, Milestones and Task Detailed Work-Plans)
- Publications

- Plenary Meeting Information (presentations, minutes)

- Conference Call Information (presentations, minutes)

- Project Time plan

- Administration Information (Grant Agreement Documents, Templates)

Moreover, the website includes a specific area for the project reviewers. This area will assist during the
annual reviewing processes by providing the reviewers all related files (periodic report, deliverables,
publications etc.) that are necessary for completing the project periodic review.

The consortium identified that a well-maintained website is essential for the dissemination of the
project activities and an easy and efficient way to provide a reference to the FOX-C project. For this
reason, the consortium agreed to include the FOX-C website address in all public presentations.

FOX-C website statistics

The FOX-C website is registered to Google analytics service since the 10" of February 2014. Since then,
all data collected by this tool is periodically analysed to monitor the project’s exposure to the wider
public. The website also includes a visitor counter, which has currently counted more than 22,000
visitors.

During the project’s third and final year, when more results became available, the consortium increased
its effort to promote the FOX-C project. Next figure presents the accumulated traffic of FOX-C website
for the period from 10/2/2014to 16/12/2015. The figure also includes the traffic forecast for the third
year based on the second year data (dashed line). This forecast is presented to highlight the significant
traffic growth improvement that was achieved due to the success of the third year’s dissemination

Deliverable D6.4 4
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activities. In particular, the results of the third year’s efforts are more intensely reflected during the

second half of the reporting period.
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FOX-C website traffic. The figure highlights a significant increase of the interest during the third

year of the project

Figure 1.1:

Next figure presents the country origin of all unique users visited the website during the third reporting
period of the project. The results indicate a significant increase of the interest to the project
technologies to countries not direct related to the consortium members (USA, Brazil, China, Japan etc).

In addition to that, the top 5 visiting countries is a strong indication that the project has attracted

international interest.
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Figure 1.2:

At the end of the second reporting period a similar study showed a significant interest on the FOX-C
project from Brazil (this was reported in deliverable D6.3). During the third year of the project the origin
of the visitors was further investigated. The consortium managed to get introduced to some research
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groups and got invitations to one workshop and one conference, where Prof. loannisTomkos presented

the achievements of different EU projects including FOX-C project:

e |V International Workshop on Trends in Optical Technologies: Towards Terabit per second

Optical Networking, May 27-28, 2015, Campinas, Brazil

e SBMO/IEEE MTT-S International Microwave and Optoelectronics Conference, October 29-

November 01, Natal, Brazil

1.2 Dissemination activities

1.2.1 Scientific Publications

There is in total 79 scientific publications and 3 workshops along FOX-C project.

1.2.1.1 Journals

Type of | Details Where Date Reporting
Activity Period
Journal J. Zhao and H. Shams, "Fast dispersion | Optics Express | 25/01/ | Y1
Publication estimation in coherent optical 16QAM fast 2013

OFDM systems," Optics Express, vol. 21, pp.

2500, 2013.
Journal J. Zhao and A.D. Ellis, "Pilot tone design for | Optics 07/04/ | Y1
Publication dispersion estimation in coherent optical | Communication | 2013

fast OFDM systems," Optics | s

Communications, vol. 298-299, pp.75, 2013
Journal J. Zhao, "Intensity modulation full-field | JOCN 18/04/ | Y1
Publication detection optical fast OFDM," OSA Journal 2013

of Optical Communications and Networking

2013, vol. 5, pp.465.
Journal R. Schmogrow, S. Ben-Ezra, P.C. Schindler, | JLT 27/06/ | Y1
Publication B. Nebendahl, C. Koos, W. Freude and J. 2013

Leuthold, "Pulse-shaping  With _ Digital,

Electrical, and Optical Filters - A

Comparison,"  Journal  of  Lightwave

Technology, Vol. 31, No. 15, 2013.
Journal David Sinefeld, Shalva Ben-Ezra, and Dan | Optics Letters 21/08/ | Y1
Publication M. Marom, "Nyquist-WDM filter shaping 2013

with a high-resolution colorless photonic

spectral processor," Opt. Lett. 38, pp.

3268-3271, 2013.
Journal D. Hillerkuss, T. Schellinger, M. Jordan, C. | Photonics 04/09/ | Y1
Publication Weimann, F. Parmigiani, B. Resan, K. | Journal 2013

Weingarten, S. Ben-Ezra, B. Nebendahl, C.

Koos, W. Freude, and J. Leuthold, "High-

guality optical frequency comb by spectral

slicing of SPM broadened pulses," |EEE
Deliverable D6.4 6
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Photonics Journal, vol. 5, 2013.

Journal M. Sorokina, S. Sygletos, A. D. Ellis, and S.K. | Optics Express 11/12/ | Y2
Publication Turitsyn, "Optimal packing for cascaded 2013
regenerative transmission based on phase
sensitive amplifiers," Opt. Express 21,
31201-31211 (2013)

Journal R. Schmogrow, M. Meyer, P.C. Schindler, B. | Optics Express 02/01/ | Y2
Publication Nebendahl, M. Dreschmann, J. Meyer, A. 2014
Josten, D. Hillerkuss, S. Ben-Ezra, J. Becker,
C. Koos, W. Freude, and J. Leuthold, "Real-
time  Nyquistsignaling  with  dynamic
precision and flexible non-integer
oversampling," Optics Express, Vol. 22,
Issue 1, pp. 193-209 (2014)

Journal S.T. Le, T.Kanesan, E. Giacoumidis, N.J. | Photonics 17/01/ | Y2
Publication Doran, A.D. Ellis, "Quasi-pilot aided phase | Technology 2014
noise estimation for coherent optical OFDM | Letters
systems," Photonics Technology Letters,
Vol. 26, No. 5, pp 504-507 (2014).

Journal T. Kanesan, S. T. Le, D. Roque, and A. D. | Optics Express | 17/01/ | Y2
Publication Ellis, "Non-rectangular perfect 2014
reconstruction pulse shaping based ICI
reduction in CO-OFDM," Optics Express 22,
1749-1759 (2014).

Journal R. Schmogrow, B. Nebendahl, A. Josten, | Optics Express | 10/04/ | Y2
Publication P.C. Schindler, C. Koos, W. Freude, and J. 2014
Leuthold, "Timing, carrier frequency and
phase recovery for OFDM and Nyquist
signals using a mean modulus algorithm,"
Optics Express, Vol. 22, Issue 8, pp. 9344-

9359 (2014)
Journal P. C. Schindler, R. Schmogrow, S. Wolf, B. | Optics Express | 29/04/ | Y2
Publication Baeuerle, B. Nebendahl, C. Koos, W. 2014

Freude, and J. Leuthold, "Full flex-grid
asynchronous multiplexing demonstrated
with  Nyquist  pulse-shaping,"  Optics
Express, Vol. 22, Issue 9, pp. 10923-10937
(2014)

Journal E. Giacoumidis, M. A. Jarajreh, S. Sygletos, | Optics Express 30/04/ | Y2
Publication S. T. Le, F. Farjady, A. Tsokanos, A. Hamié, 2014
E.Pincemin, Y. Jaouén, A. D. Ellis, and N. J.
Doran, "Dual-polarization multi-band
optical OFDM transmission and transceiver
limitations for up to 500 Gb/s
uncompensated long-haul links," Optics
Express, Vol. 22, No. 9, pp 10975-10986,

Deliverable D6.4 7
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(2014).

Journal
Publication

E. Pincemin, M. Song, J. Karaki, O. Zia-
Chahabi, T. Guillossou, D. Grot, G.
Thouenon, C. Betoule, R. Clavier, A.
Poudoulec, M. Van der Keur, Y. Jaou“en, R.
Le Bidan, T. Le Gall, P. Gravey, M. Morvan,
B. Dumas-Feris, M. L. Moulinard, and G.
Froc, "Multi-Band OFDM Transmission at
100 Gbps With Sub-Band Optical
Switching," Journal of Lightwave
Technology, Vol. 32, No. 12, JUNE 15, 2014.

LT

07/05/
2014

Y2

Journal
Publication

X. Ouyang and J. Zhao, "Single-tap
equalization for fast OFDM signals under
generic linear channels," IEEE
Communications Letters, vol. 18, pp. 1319-
1322, 2014.

Communication
Letters

06/06/
2014

Y2

Journal
Publication

E. Giacoumidis, I. Aldaya, M.A. Jarajreh, A.
Tsokanos, S.T. Le, F. Farjady, A.D. Ellis, and
N.J. Doran, "Volterra-based Reconfigurable
Nonlinear Equalizer for Dual-Polarization
and Multi-Band  Coherent  OFDM,"
Photonics Technology Letters, Vol. 26, No.
14, pp 1383, (2014)

Photonics
Technology
Letters

15/07/
2014

Y2

Journal
Publication

S.L.Lee, M.E.McCarthy, E. Gaikoumidid,
K.J.Blow, N.J.Doran, A.D.Ellis, "Comparison
of bit error rate estimation methods for
QPSK OFDM Transmission," Photonics
Technology Letters, Vol. 26, No. 22, pp
2244-2247 (2014).

Photonics
Technology
Letters

04/09/
2014

Y2

Journal
Publication

J.  Zhao, "Multi-tap _equalization for
performance improvement in optical fast
OFDM systems," |IEEE Photonics Technology
Letters, Vol. 27, No. 1, 42-45, Jan. 2015

Photonics
Technology
Letters

08/10/
2014

Y2

Journal
Publication

X. Ouyang and J. Zhao, "Channel estimation
in DFT-based offset-QAM OFDM systems,"
Optics Express, Vol. 22, No. 21, pp. 25651-

25662 (2014)

Optics Express

14/10/
2014

Y2

Journal
Publication

S. Sygletos, S. Fabbri, E. Giacoumidis, M.
Sorokina, D. M. Marom, M.F.C. Stephens, D.
Klonidis, |I. Tomkos, and A. D. Ellis,
"Numerical investigation of all-optical add-
drop multiplexing for spectrally overlapping
OFDM signals," Optics Express, Vol. 23, No.
5, pp. 5888-5897 (2015)

Optics Express

25/02/
2015

Y3
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Journal
Publication

X. Ouyang, H. Zhang, Y. Chen, S. Alam, M.
N. Petrovich, F. Poletti, D. J. Richardson, F.
C. G. Gunning, J. Zhao, "Experimental
Demonstration of Improved Equalization
Algorithm for IM/DD Fast OFDM," IEEE
Photonics Technology Letters, Vol.27 no.16,
Aug. 2015

Photonics
Technology
Letters

10/06/
2015

Y3

Journal
Publication

J. Zhao and P. D. Townsend, "Dispersion
tolerance enhancement using an improved
offset-QAM  OFDM  scheme,"  Optics
Express, Vol.23 no.13, pp 17638-17652
(2015)

Optics Express

26/06/
2015

Y3

Journal
Publication

X. Ouyang, W. lJia, P. Gunning, P.D.
Townsend and J. Zhao, "Experimental
demonstration and _ field-trial _of an
improved optical fast OFDM scheme using
intensity-modulation and full-field
detection," Journal of Lightwave
Technology, Journal of Lightwave
Technology, vol. 33, pp. 4353, 2015.

LT

17/08/
2015

Y3

Journal
Publication

D. Hillerkuss, & J. Leuthold, "Software-
Defined Transceivers in Dynamic Access
Networks". Journal of Lightwave
Technology, PP(99), 1-1.
http://doi.org/10.1109/JLT.2015.2470089(2
015).

LT

26/08/
2015

Y3

Journal
Publication

P. S. Khodashenas, J. M. Rivas-Moscoso, B.
Shariati, D. M. Marom, D. Klonidis and |.
Tomkos,  "Investigation of  Spectrum
Granularity for Performance Optimization
of Flexible NyquistWDM-Based Optical
Networks," Journal of Lightwave
TechnologyVol. 33, No. 23, 4767 - 4774,
2015.

LT

13/10/
2015

Y3

Journal
Publication
(Invited)

|. Tomkos, S. Azodolmolky, J. Sole-Pareta, D.
Careglio, E. Palkopoulou, "A Tutorial on the
Flexible Optical Networking Paradigm:
State-of-the-Art, Trends, and Research
Challenges," (invited paper), Proceedings of
the |IEEE, September 2014.

Proc. IEEE

02/06/
2014

Y2

Journal
Publication
(Invited)

D. Klonidis, I. Tomkos, et. al., "Spectrally
and spatially flexible optical network
planning and operations," (invited paper),
IEEE Communications Magazine, Vol. 53,
No. 2, 69 — 78,Feb 2015.

Communication
s Magazine

19/02/
2015

Y2
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http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=7206533&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D7206533
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=7206533&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D7206533
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=7206533&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D7206533
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=7206533&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D7206533
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=7206533&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D7206533
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=7206533&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D7206533
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=7206533&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D7206533
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=7206533&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D7206533
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=7297800&newsearch=true&queryText=Investigation%20of%20Spectrum%20Granularity%20for%20Performance%20Optimization%20of%20Flexible%20Nyquist-WDM-Based%20Optical
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=7297800&newsearch=true&queryText=Investigation%20of%20Spectrum%20Granularity%20for%20Performance%20Optimization%20of%20Flexible%20Nyquist-WDM-Based%20Optical
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=7297800&newsearch=true&queryText=Investigation%20of%20Spectrum%20Granularity%20for%20Performance%20Optimization%20of%20Flexible%20Nyquist-WDM-Based%20Optical
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=7297800&newsearch=true&queryText=Investigation%20of%20Spectrum%20Granularity%20for%20Performance%20Optimization%20of%20Flexible%20Nyquist-WDM-Based%20Optical
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=7297800&newsearch=true&queryText=Investigation%20of%20Spectrum%20Granularity%20for%20Performance%20Optimization%20of%20Flexible%20Nyquist-WDM-Based%20Optical
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=7297800&newsearch=true&queryText=Investigation%20of%20Spectrum%20Granularity%20for%20Performance%20Optimization%20of%20Flexible%20Nyquist-WDM-Based%20Optical
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=7297800&newsearch=true&queryText=Investigation%20of%20Spectrum%20Granularity%20for%20Performance%20Optimization%20of%20Flexible%20Nyquist-WDM-Based%20Optical
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=7297800&newsearch=true&queryText=Investigation%20of%20Spectrum%20Granularity%20for%20Performance%20Optimization%20of%20Flexible%20Nyquist-WDM-Based%20Optical
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6824237
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6824237
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6824237
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6824237
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6824237
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6824237
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Journal J. Zhao, "DFT-based optical offset-QAM | Photonic 23/08/ | Y3
Publication OFDM: analytical, numerical, and | Network 2015
(Invited) experimental studies," Springer Photonic | Communication
Network Communications, DOI | s
10.1007/s11107-015-0545-8, (invited)
2015.
Seminar Next Generation Packet-Optical Networks TERA SANTA 07/11/ | Y1
2012
Special ICTON 2013 ASTRON/FOX-C Special Session | ICTON 23/06/ | Y1
Session on__"Physical Layer Technologies for 2013
Flexible/Elastic Optical Networks"

1.2.1.2 Conferences

Type of | Details Where Date Reporting
Activity Period
Conference D. Sinefeld, D. M. Marom, S. Ben-Ezra, "Adaptive | IEEEI 14/11/ | Y1
Publication spectral filtering for Nyquist-WDM generation with 2012

an LCoS-based photonic spectral processor," IEEE
27th  Convention of Electrical & Electronics
Engineers in Israel (IEEEI), 2012.

Conference R. Schmogrow, M. Mever, P.C. Schindler, A. Josten, | OFC/NFOEC 17/03/ | Y1
Publication S. Ben-Ezra, C. Koos, W. Freude and J. Leuthold, 2013
"252 Gbit/s Real-Time Nyquist Pulse Generation by
Reducing the Oversampling Factor to 1.33,"
OTu2l.1, OFC/NFOEC 2013.

Conference | D. Sinefeld, S. Ben-Ezra, D. M. Marom, "Adaptive | OFC/NFOEC 17/03/ | Y1
Publication spectral filtering for Nyquist-WDM generation with 2013
extremely high resolution photonic spectral
processor," OFC/NFOEC 2013.

Conference H. Shams and J. Zhao, "First investigation of fast | CLEO-Europe | 12/05/ | Y1
Publication OFDM radio over fibre system at 60 GHz using 2013
direct laser modulation," IEEE Conference on
Lasers and Electro-Optics Europe (CLEO-Europe),
May 2013, paper CI-5.5.

Conference H. Wang and J. Zhao, "Performance comparison | SPPCom 14/07/ | Y1
Publication between offset-QAM CoWDM and Nyquist WDM," 2013

OSA Signal Processing in Photonic

Communications (SPPCom) July 2013, paper

SPM3D.2.
Conference | J. Zhao, "DFT-based offset-QAM OFDM with | ECOC 22/09/ | Y1
Publication arbitrary _orthogonal waveform generation," 2013

European Conference on Optical Communications
Sep. 2013, paper P.3.10.
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http://link.springer.com/article/10.1007%2Fs11107-015-0545-8
http://link.springer.com/article/10.1007%2Fs11107-015-0545-8
http://link.springer.com/article/10.1007%2Fs11107-015-0545-8
http://link.springer.com/article/10.1007%2Fs11107-015-0545-8
http://link.springer.com/article/10.1007%2Fs11107-015-0545-8
http://link.springer.com/article/10.1007%2Fs11107-015-0545-8
http://www.itl.waw.pl/icton-2013-coconut
http://www.itl.waw.pl/icton-2013-coconut
http://www.itl.waw.pl/icton-2013-coconut
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6376985&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6376985
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6376985&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6376985
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6376985&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6376985
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6376985&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6376985
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6376985&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6376985
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6533017&url=http%3A%2F%2Fieeexplore.ieee.org%2Fiel7%2F6523366%2F6532492%2F06533017.pdf%3Farnumber%3D6533017
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6533017&url=http%3A%2F%2Fieeexplore.ieee.org%2Fiel7%2F6523366%2F6532492%2F06533017.pdf%3Farnumber%3D6533017
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6533017&url=http%3A%2F%2Fieeexplore.ieee.org%2Fiel7%2F6523366%2F6532492%2F06533017.pdf%3Farnumber%3D6533017
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6533017&url=http%3A%2F%2Fieeexplore.ieee.org%2Fiel7%2F6523366%2F6532492%2F06533017.pdf%3Farnumber%3D6533017
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6533017&url=http%3A%2F%2Fieeexplore.ieee.org%2Fiel7%2F6523366%2F6532492%2F06533017.pdf%3Farnumber%3D6533017
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6532599&url=http%3A%2F%2Fieeexplore.ieee.org%2Fiel7%2F6523366%2F6532492%2F06532599.pdf%3Farnumber%3D6532599
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6532599&url=http%3A%2F%2Fieeexplore.ieee.org%2Fiel7%2F6523366%2F6532492%2F06532599.pdf%3Farnumber%3D6532599
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6532599&url=http%3A%2F%2Fieeexplore.ieee.org%2Fiel7%2F6523366%2F6532492%2F06532599.pdf%3Farnumber%3D6532599
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6532599&url=http%3A%2F%2Fieeexplore.ieee.org%2Fiel7%2F6523366%2F6532492%2F06532599.pdf%3Farnumber%3D6532599
http://www.opticsinfobase.org/abstract.cfm?uri=SPPCom-2013-SPM3D.2
http://www.opticsinfobase.org/abstract.cfm?uri=SPPCom-2013-SPM3D.2
http://www.opticsinfobase.org/abstract.cfm?uri=SPPCom-2013-SPM3D.2
http://www.opticsinfobase.org/abstract.cfm?uri=SPPCom-2013-SPM3D.2
http://www.opticsinfobase.org/abstract.cfm?uri=SPPCom-2013-SPM3D.2
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=6647791
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=6647791
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=6647791
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=6647791
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Conference
Publication

J. Zhao, "Improved performance of optical F-OFDM
over conventional OFDM for residual frequency
offset compensation," European Conference on
Optical Communications Sep. 2013, paper P.3.11.

ECOC

22/09/
2013

Y1

Conference
Publication

R. Rudnick, D. Sinefeld, O. Golani and D. M.
Marom, "One GHz Resolution Arrayed Wavguide
Grating Filter with LCoS Phase Compensation,"
Optical Fibre Conference (OFC 2014), San
Francisco, CA, Mar. 2014.

OFC

09/03/
2014

Y2

Conference
Publication

S. Le, T. Kanesan, M.E. McCarthy, E. Giacoumids,
I.D. Phillips, M. Stephens, M. Tan, N.J. Doran, A.D.
Ellis, S.K. Turitsyn, "Experimental Demonstration
of Data-dependent Pilot-aided Phase Noise
Estimation for CO-OFDM," OFC 2014, paper
Tu3G4, (2014).

OFC

09/03/
2014

Y2

Conference
Publication

I.D. Phillips, M. Tan, M. Stephens, M.E. McCarthy,
E. Giacoumids, S. Sygletos, P. Rosa, S. Fabbri, S. Le,
T. Kanesan, S.K. Turitsyn, N.J. Doran, P. Harper,
A.D. Ellis, "Exceeding the Nonlinear-Shannon Limit
using Raman Laser Based Amplification and Optical
Phase Conjugation," OFC 2014, Paper M3C1,
(2014).

OFC

09/03/
2014

Y2

Conference
Publication

M.E.McCarthy, S.Sygletos, M.F.C. Stephens, N.
Mac Suibhne, 1.D.Phillips, P.Harper, N.J.Doran,
A.D.Ellis, "Challenges of Developing Non-linear
Devices to Exceed the Linear Shannon Limit," Proc
ICTON 2014, paper ICTON XV.2 (2014).

ICTON

06/07/
2014

Y2

Conference
Publication

A. D. Ellis, M. E. McCarthy, D. Lavery, N. Mac
Suibhne, S. Sygletos, S. Savory, P. Bayvel and P.
Harper, "Real Time 100 Gbit/s Electrical Nyquist
WDM Transmitter," Proc ICTON 2014, paper VI.4,
(2014).

ICTON

06/07/
2014

Y2

Conference
Publication

M. Song, E. Pincemin, D. Grot, T. Guillossou, Y.
Jaouén, and R. Le Bidan, "Robustness of Coherent
100 Gbps QPSK and 200 Gbps 16QAM-OFDM to
Practical Implementation Impairments," OSA
Signal Processing in Photonic Communications
(SPPCom) July 2014, paper SM3E.5

SPPCom

13/07/
2014

Y2

Conference
Publication

X. Ouyang and J. Zhao, "Performance
characterization of optical offset-QAM OFDM for
fibre transmission," 9th International Symposium
on Communication Systems, Networks, and Digital
Signal Processing, 2014.

CSNDSP

23/07/
2014

Y2

Conference
Publication

R. Rudnick, A. Tolmachev, D. Sinefeld, O. Golani, S.
Ben-Ezra, M. Nazarathy, D. M. Marom, "Sub-
Banded / Single-Sub-Carrier Drop-Demux and
Flexible Spectral Shaping with a Fine Resolution

ECOC

21/09/
2014

Y2
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http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=6647792
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=6647792
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Photonic Processor," 40th European Conference
on Optical Communications (ECOC), Cannes,
France 2014, paper PD.4.1

Conference
Publication

M. E. McCarthy, N. Mac Suibhne, S. T. Le, P.
Harper, and A. D. Ellis,"High Spectral Efficiency
Transmission Emulation for Non-Linear
Transmission Performance Estimation for High
Order Modulation Formats", 40th European
Conference on Optical Communications (ECOC),
Cannes, France 2014.

ECOC

21/09/
2014

Y2

Conference
Publication

S. Sygletos, S. J. Fabbri, E. Giacoumidis, M.
Sorokina, D. Marom, M. F. C. Stephens, D. Klonidis,
I. Tomkos and A. D. Ellis,"A Novel Architecture for
All-Optical Add-Drop Multiplexing of OFDM
Signals", 40th European Conference on Optical
Communications (ECOC), Cannes, France 2014.

ECOC

21/09/
2014

Y2

Conference
Publication

S. Sygletos, M. E. McCarthy, S. J. Fabbri, M.
Sorokina, M. F. C. Stephens, I. D. Phillips, E.
Giacoumidis, N. M. Suibhne, P. Harper, N. J. Doran,
S. K. Turitsyn, A. D. Ellis, "Multichannel
Regeneration of Dual Quadrature Signals", 40th
European Conference on Optical Communications
(ECOC), Cannes, France 2014.

ECOC

21/09/
2014

Y2

Conference
Publication

S.). Fabbri, S. Sygletos, E. Pincemin, K. Sugden, A.D.
Ellis,"First Experimental Demonstration of Terabit
Interferometric  Drop, Add and Extract
Multiplexer," 40th European Conference on
Optical Communications (ECOC), Cannes, France
2014.

ECOC

21/09/
2014

Y2

Conference
Publication

S. T. Le, E. Giacoumidis, N. Doran, A. D. Ellis and S.
K. Turitsyn,"Phase-conjugated Subcarrier Coding
for Fibre Nonlinearity Mitigation in CO-OFDM
Transmission"”, 40th European Conference on
Optical Communications (ECOC), Cannes, France
2014.

ECOC

21/09/
2014

Y2

Conference
Publication

S.T. Le, M. E. McCarthy, N. Mac Suibhne, A. D. Ellis
and S. K. Turitsyn,"Phase-conjugated Pilots for
Fibre Nonlinearity Compensation in CO-OFDM
Transmission"”, 40th European Conference on
Optical Communications (ECOC), Cannes, France
2014.

ECOC

21/09/
2014

Y2

Conference
Publication

P. Torres-Ferrera, J. M. Rivas-Moscoso, D. Klonidis,
D. M. Marom, R. Gutiérrez-Castrején, and |I.
Tomkos, "Filtering effects of cascaded flex-grid
ROADMs with high spectral resolution filters on
the transmission of Nyquist and quasi-Nyquist
WDM super-channels," Proc. ICOCN 2014, in press.

ICOCN

09/11/
2014

Y2

Deliverable D6.4
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Conference
Publication

P. S. Khodashenas, J. M. Rivas-Moscoso, D.
Klonidis, D. M. Marom, and I. Tomkos, "Evaluating
the Optimum Filter Resolution and Sub-Channel
Spectrum Granularity for Flexible Super-Channels,"
Optical Fibre Conference (OFC) 2015, Los Angeles,
CA, paper W1l.5.

OFC

22/03/
2015

Y3

Conference
Publication

B. Baeuerle, A. Josten, F. C. Abrecht, E. Dornbierer,
J. Boesser, M. Dreschmann, D. Hillerkuss,
"Multiplier-Free, Carrier-Phase Recovery for Real-
Time Receivers Using Processing in Polar
Coordinates," In Optical Fibre Communication
Conference (p. W1E.2). Los Angeles, California:
Optical Society of America.
http://doi.org/10.1364/0FC.2015.W1E.2(2015)

OFC

22/03/
2015

Y3

Conference
Publication

D. Hillerkuss and J. Leuthold, "Software-Defined
Transceivers for Dynamic Access Networks", In
Optical Fibre Communication Conference (p.
Tu2E.4). Los Angeles, California:  OSA.
http://doi.org/10.1364/0FC.2015.Tu2E.4(2015)

OFC

22/03/
2015

Y3

Conference
Publication

P. S. Khodashenas, M. B. Shariati, J. M. Rivas-
Moscoso, D. Klonidis, J. Comellas and I. Tomkos,
“Impact of Filter Sharpness on the Performance of
Elastic Optical Networks," [EEE International
Conference on Communications (ICC), 2015, pp.
6810-6815.

ICC

08/06/
2015

Y3

Conference
Publication

B. Baeuerle, A. Josten, F. Abrecht, E. Dornbierer, D.
Hillerkuss and J. Leuthold, "Blind Real-Time Multi-
Format Carrier Recovery for Flexible Optical
Networks," (SPPCom) July 2015

SPPCom

27/06/
2015

Y3

Conference
Publication

A. Josten, B. Baeuerle, E. Dornbierer, J. Boesser, F.
Abrecht, D. Hillerkuss, & J. Leuthold, "Multiplier-
Free Real-Time Timing Recovery Algorithm in the
Frequency Domain Based on Modified Godard,"in
Advanced Photonics 2015 (p. SpS4D.2). Boston,
Massachusetts: Optical Society of America.
Retrieved from
http://www.osapublishing.org/abstract.cfm?URI=S
PPCom-2015-SpS4D.2(2015)

SPPCom

27/06/
2015

Y3

Conference
Publication

I. Tomkos, P. S. Khodashenas, J. M. Rivas-Moscoso
and D. Klonidis, "Switching and Routing for
Spatially and Spectrally Flexible Elastic Optical
Networking," IEEE HPSR 2015 Tutorial, Budapest.

HPSR

01/07/
2015

Y3

Conference
Publication

P. S. Khodashenas, J. M. Rivas-Moscoso, D.
Klonidis, G. Thouénon, C. Betoule, E. Pincemin and
I. Tomkos, "Techno-Economic Analysis of Flexi-Grid
Networks with All-Optical Add/Drop Capability,"
Proc. PS 2015, ThllI2-2.

PS

22/09/
2015

Y3
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http://www.opticsinfobase.org/abstract.cfm?uri=OFC-2015-W1I.5
http://www.opticsinfobase.org/abstract.cfm?uri=OFC-2015-W1I.5
http://www.opticsinfobase.org/abstract.cfm?uri=OFC-2015-W1I.5
http://www.opticsinfobase.org/abstract.cfm?uri=OFC-2015-W1I.5
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Conference | G. Thouénon, C. Betoule, P. S. Khodashenas, J. M. | PS 22/09/ | Y3
Publication Rivas-Moscoso, D. Klonidis, E. Le Rouzic and E. 2015
Pincemin, "Electrical v/s Optical Aggregation in
Multi-layer Optical Transport Networks," Proc. PS
2015, Welll1-2.
Conference | G. Thouénon, C. Betoule, E. Pincemin, P. S. | ECOC 28/09/ | Y3
Publication Khodashenas, J. M. Rivas-Moscoso and I. Tomkos, 2015
"All-Optical vs. Electrical aggregations CAPEX
comparisons in a fully-flexible multi-layer
transport network," Proc. ECOC 2015, We.4.5.4.
Conference | P. S. Khodashenas, J. M. Rivas-Moscoso, D. | ECOC 28/09/ | Y3
Publication Klonidis, G. Thouénon, C. Betoule and |. Tomkos, 2015
"Impairment-aware Resource Allocation over
Flexi-grid Network with All-Optical Add/Drop
Capability," Proc. ECOC 2015, P.6.13.
Conference | Y. Yu, W. Wang, P.D. Townsend, J. Zhao, "Modified | ECOC 28/09/ | Y3
Publication phase-conjugate twin wave schemes for spectral 2015
efficiency enhancement," Proc. ECOC 2015,
We.2.6.5, 2015.
Conference |J. Zhao and L.K. Chen, "Improved offset-QAM | ACP 19/11/ | Y3
Publication OFDM  scheme with enhanced dispersion 2015
tolerance," Asian Communications and Photonics
Conference, paper ASulF.3, 2015.
Conference R. Rudnick, L. Pascar, B. Frenkel, and D. M. Marom, | OFC 20/03/ | Y3
Publication "Polarization Diverse Fine Resolution Photonic 2016
Spectral Processor," In Optical Fibre
Communication Conference, Anaheim, California.
Conference F. Ferreira, N. M. Suibhne, C. Sanchez, S. Sygletos, | OFC 20/03/ | Y3
Publication A. Ellis, "Advantages of Strong Mode Coupling for 2016
Suppression of Nonlinear Distortion in Few-Mode
Fibres," In  Optical Fibre Communication
Conference (p. Tu2E.3). Anaheim, California.
Conference E.Pincemin, M. Song, Y.Loussouarn, G.Thouenon, | ICTON 23/06/ | Y1
Publication C.Betoule, "Towards 400G/1T flexible optical 2013
(Invited) transport networks," International Conference on
Transparent Optical Networks (ICTON), paper
WeD3.5, 23-27 June 2013.
Conference | D. M. Marom, D.Sinefeld, O.Golani, N. Goldshtein, | ICTON 23/06/ | Y1
Publication R.Zektzer and R.Rudnick, "High Resolution Optical 2013
(Invited) Spectral Filtering Technology: Reaching the sub-
GHz Resolution Range," International Conference
on Transparent Optical Networks (ICTON) 2013.
Conference |J. Zhao, M. Li, and LK. Chen, "Joint symbol | OECC/PS 30/06/ | Y1
Publication synchronization and dispersion estimation in 2013
(Invited) 16QAM optical fast OFDM," Opto-Electronics and
Communications Conference (OECC) July 2013.
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(invited), paper WR3-1.
Conference | J. Zhao and A.D. Ellis "Designs of coherent optical | SPPCom 14/07/ | Y1
Publication fast OFDM and performance comparison to 2013
(Invited) conventional OFDM," OSA Signal Processing in

Photonic Communications (SPPCom) July 2013

(invited), paper SPT2D.1.
Conference | E. Pincemin, M. Song, J. Karaki, A. Poudoullec, N. | ECOC 22/09/ | Y1
Publication Nicolas, M. Van der Keur, Y. Jaouen, P. Gravey, M. 2013
(Invited) Morvan and G. Froc, "Multi-band OFDM

Transmission with Sub-band Optical Switching,"

European Conference on Optical Communications

Sep. 2013, Paper Th2.A.1.
Conference | D. Klonidis, S. Sygletos, D.M. Marom, A. Ellis, E. | ICTON 06/07/ | Y2
Publication Pincemin, C. Betoule, G. Thouenon, D. Hillerkuss, 2014
(Invited) B. Baeuerle, A. Josten, J. Leuthold, J. Zhao, S. Ben-

Ezra, J.F. Ferran, M. Angelou, G. Papastergiou, P.

Zakynthinos and I. Tomkos "Enabling transparent

technologies for the development of highly

granular __ flexible optical cross-connects,"

International Conference on Transparent Optical

Networks (ICTON), (invited), July 6-10, 2014.
Conference | C. Betoule, G. Thouenon, E. Pincemin, D. Klonidis, | ICTON 06/07/ | Y2
Publication |. Tomkos, "Impact of optical flexibility and sub- 2014
(Invited) band switching on multi-layer transport network

architectures," (invited paper), ICTON 2014.
Conference | I. Tomkos, D. Klonidis, Ch. Kachris, P.Zakynthinos, | ICOCN 09/11/ | Y2
Publication J.M. Rivas-Moscoso, P. Khodashenas, "Spectrally 2014
(Invited) and Spatially Flexible Optical Networking," (Invited

paper), International Conference on Optical

Communications and Networks (ICOCN), Nov

2014.
Conference | J. Zhao, "Offset-QAM multicarrier technology for | ICOCN 09/11/ | Y2
Publication optical systems and networks," the 13th 2014
(Invited) International Conference on Optical

Communications and Networks, (invited).
Conference |J. M. Rivas-Moscoso, S. Ben-Ezra, P. S.|ICTON 05/07/ | Y3
Publication Khodashenas, D. M. Marom, D. Klonidis, P. 2015
(Invited) Zakynthinos and |. Tomkos, "Cost and Power

Consumption Model for Flexible Super-channel

Transmission  with  All-Optical  Sub-channel

Add/Drop Capability" (invited) ICTON 2015, paper

Th.B2.5.
Conference P. S. Khodashenas, J. M. Rivas-Moscoso, D. | ICTON 05/07/ | Y3
Publication Klonidis, D. Marom and I. Tomkos, "Evaluating the 2015
(Invited) Performance of Ultra-fine Spectrum Granularity
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Flexible Optical Networks," (invited) ICTON 2015,
paper We.B1.4.
1.2.1.3 Workshops and conference sessions
Type of | Details Where Date Reporting
Activity Period
Workshop Architectures and control for elastic | European 22/09/2013 | Y1
optical networks Conference on
Optical
Communications
(ECOC) 2013,
London, UK
Workshop Workshop on Spatially or/and Spectrally | European 23/06/2014 | Y2
Flexible Core Optical Networks Conference on
Networks  and
Communications
(EUCNC) 2014,
Bologna, Italy
Workshop Photonic Switching Systems in support of | Photonics in 22/09/2015 | Y3
Spatially and Spectrally Flexible Optical | Switching (PS)
Networking 2015, Florence,
Italy
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2 Exploitation Activities

This section provides a market analysis related to the overall FOX-C concept and the developed solutions
within the project. In the second part the final foreseen exploitation activities and the generated
business plans for the industrial partner are presented.

2.1 Market analysis

The potential implementation roadmap for the FOX-C concept has been analysed and presented in
deliverable D2.4. The extracted trends are based on the current data traffic increase widely acceptable
by major operators and vendors and also consider the currently dominant solutions utilised for legacy
communication systems. These trends are important for the industry to identify their strategic position
in the market in the upcoming years, and therefore are further analysed in the following sections.

2.1.1 Relative technology cost projection

Based on the studies in D2.4 using the 51-node France Telecom national network, the relative total
equipment cost was evaluated for a FOX-C enabled elastic optical network providing All Optical Traffic
Grooming (AOTG) capabilities. The estimated cost has been compared to that of a legacy SLR scenario
that uses 100G single-carrier signals with DP-QPSK modulation over 50GHz ITU-T grid (i.e. the currently
dominant standard) and a more forward looking MLR scenario which allows modulation format
adaptation to the required OSNR, thus providing superior flexibility and scalability in spectrum allocation
and resource utilization. For these studies an annual traffic increase of 35% in the network was assumed
over actual total network traffic of 16Tb/s measured for 2015. The obtained results are presented in
Figure2.1. (In this figure, the dotted projection line shows the trend of the total equipment cost if the
spectrum per fibre per link were unlimited. It is noted that the deployment of systems in parallel would
have an additional cost increase.)

Projection
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Relative Total Equipment Cost
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0 |
2015 2017 2019 2021 2023 2025
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Figure2.1: Relative total equipment cost of SLR, MLR and FOX-C scenarios as a function of traffic increase in
upcoming years. The 2020 vertical line shows the year in which the break-even point between MLR
and FOX-C solutions is reached. The 2024 vertical line shows the year in which a 30% cost benefit is
achieved for the FOX-C case compared to the MLR case.
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Based on this study it is observed first that the scaling cost and therefore the required investment in
support of the SLR solution is large and will become unaffordable within the next 4-5 years if the overall
traffic will keep increasing at the same rate. This actually agrees with a number of relevant studies
denoting upcoming capacity crunch and the need to move to elastic optical networking. Next by
comparing the FOX-C solution with the MLR case it is derived that the total equipment cost for the FOX-
C solution equates the cost of the MLR solution in 2020 and from then on it becomes more cost
effective. A commonly acceptable business strategy followed by operators defines that a 30%
improvement is necessary in order to derive enough benefits and start considering the deployment of a
new solution in their networks. Of course in practice this depends on various other financial parameters
as well as the overall market situation. Based on this empirical rule it is observed that the FOX-C solution
can achieve a 30% cost reduction from 2024 onwards. It is noted though that the 30% improvement was
calculated with respect to a cost projection assuming unlimited spectrum per fibre per link. Therefore,
an increase in the costs for the MLR solution should be expected (since additional investment to extend
the fibre operating bandwidth through e.g. L-band EDFAs or Raman amplification would be required).
Similarly, in the cost model presented in deliverable D2.3,a cost premium for newly created technology
is assumed, but we envisage that the cost of new components (such as 1x20 WSS and the HSR filter) will
scale down as a consequence of technology maturity. This implies that the break-even point and the
year from which a good business case is expected have been conservatively underestimated here.

2.1.2 Commercial availability

The commercial availability of the FOX-C node solution as a function of the research outcomes of this
project and the market needs has been evaluated by Finisar and represented in the graph of Figure 2.2.
This graph summarizes all the available switching node technologies that are used or expected to be
used in networks and for which there are commercially available products. The technologies are also
ranked in terms of implementation complexity while also the start year of their availability is denoted.

From this graph it is important to highlight that the 1°* generation of the WSS family of products initiated
around year 2005 with the first 1x9 WSS elements. This solution had started becoming the dominant
market solution in switching at around 2010 and onwards. At that time and once this technology was
widely accepted, the 2" generation of WSS emerged, offering higher port count elements (1x20 WSS)
and also Flex-grid and CDC-F structures, in order to meet the current trends of flexible optical networks.

A -
FOX-C 3rdgen
(Research) FOX-C (product) L WSS—Ibased
solution
CDC-f
- 2rdgen
Flexgrid L wss
solution
WSS (1x20)
- e |
ij WSS (1x9
E' {L2) 15tgen
8 L wss
T PLC-based 2D ROADM | solution
B
E _____________________________________________________
z
.uc‘_j Wavelength Blocker ‘ Arrays Legacy
= - switching
Fixed Optical Add/Drop (Thin Film/Grating/AWG) solutions
J T >
! ! ¥ 2!25
2000 2005 2010 ear 2015 2020

Figure 2.2 - FOX-C technology availability with respect to other switching node technologies, (according to
data provided by Finisar).
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The FOX-C ultra-fine switching granularity solution comes as a natural evolution step denoting
potentially the 3™ generation of WSS-based nodes with the added feature of All Optical Traffic
Grooming (AOTG) which will relax the network from costly OEO and OTN based approaches while offer
optimised resource allocation options. Since the initial research ends with the end of the FOX-C project,
a period of 3-5 years is required until the development of the first node prototypes and then the first
commercially available products respectively. This places the potential commercial availability of the
FOX-C switching node at around 2020 to 2021, which coincides with the time when the AOTG-based
networking approach of FOX-C project start showing cost benefits with respect to the MLR solutions.

2.1.3 Market growth

The optical communications infrastructure serves as the backbone of our connected society, and just as
the Internet continues to grow, so do optical transport networks. The latest Cisco VNI Global IP Forecast
predicts traffic will grow three-fold by the end of this decade, based on overall 23% CAGR of Internet
traffic (see Figure 2.3-left). The most significant growth originates from mobile data, due to the
proliferation of smart phones and the transition to 5G cellular service. The optical communication
infrastructure has to continue to grow in lockstep for delivering this content. Unfortunately, the optical
communication market is characterized by cyclical behaviour, driven by technology cycles and periodic
over-builds (see Figure 2.3-right). On the long term, the traffic and the infrastructure grow hand-in-
hand, however the optical backbone wildly undulates about the traffic growth rate.(Note that traffic
growth in Figure 2.3-right is larger than Internet traffic growth reported in Figure 2.3-left, due to
contribution of managed IP traffic) We are currently within the cycle of 100G coherent DWDM
technology deployments, with deployments offering (again) over-capacity compared to traffic growth,
hence a correction is to be expected. By 2019, 100G will make up 95% of telecom optical transceiver
transmission capacity (Figure 2.4-left), covering both long haul and proliferating into the metro segment
with hundreds of thousands of ports shipped (Figure 2.4-right). Following this correction, the next
technology cycle will emerge—we believe around 2020-2021—which will be based on multi-carrier
super-channel transceivers offering payloads between 400 Gbps and 1 Tbps. The transport of these
super-channels be may be augmented by the FOX-C developed technology for add-drop of complete
super-channels and subcarriers within using fine resolution filter. These technologies fall under the
WDM ROADM segment of the optical communication infrastructure, which is the fastest growing optical
transport segment, outstripping the overall WDM market, which will reach $10.8 billion by 2020 (Figure
2.5). Note that WSS revenue represents ~4% of this market, hence projected to reach $400-450M by
2020.These WSS include all current product variants, including FlexGrid WSS, and MxN WSS for CDC
ROADM applications. Fine resolution WSS, a possible outcome of the FOX-C project, may be deployed in
the subsequent technology cycle beginning in 2020.

—#—Internet traffic growth

70.0%
4 '~ ‘ 1 =@~ DWDM network bandwidth growth - an ideal scenario
160 ™ Mobile Data (57.3% CAGR) 60.0% = A= DWDM network bandwidth growth - brutal reality
140 Fixed/Wired (9.9% CAGR)
® Fixed/Wi-Fi from Mobile Devices (67.5% CAGR) [ [ 18Y% 50.0%
120 L

= Fixed/Wi-Fi from Wi-Fi Only Devices (21.7% CAGR)
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 —|
60
— 20.0% 7
40
4 1 1 o
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Figure 2.3 — Left: Projected growth of the Internet. Source: Cisco VNI Global IP Traffic Forecast, 2014-2019.
Right: Cyclic deployment of DWDM bandwidth versus Internet traffic growth. Source:
LightCounting Market Research.
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Figure 2.4 - Left: Transmission capacity by deployed transceiver rates. Source: Infonetics Research
“10G/40G/100G Telecom Optics: Biannual Market Size and Forecasts Report,” April 2015.
Right: Global ports of 100G deployment. Source: Infonetics Research “100G+ Coherent Optical
Equipment Ports: Annual Market Share, Size and Forecasts,”July 2015.

US$10.8 billion

Asia-Pacific

2013 2014 2015 2016 2017 2018 2019 2020

Figure 2.5— Left: WDM ROADM equipment revenue. Right: Regional breakdown, with Asia-Pacific being the
largest and fastest growing regional market. Source: Global Industry Analysts, April 2015.

2.2 Exploitation Plan activities and Business plan

2.2.1 FINISAR: HSR-based node. Exploitation Activities/Strategy

ROADM is a system that allows flexible, precise, and remote selection of wavelengths transiting a given
intermediate node on network for dropping or adding. ROADM components allow access to any
wavelength passing through node. This can be done for adding or modifying the data before
transmitting to the next node. ROADM components also allows interconnection of multiple intersecting
networks at optical level preventing the expense and complexity of O/E/O conversions to setting up
interconnection. The key factor contributing to growth of WSS component market is the growing
demand for dynamic ROADMs. However, product cost and quality are some of the major challenges
faced by this industry that can hinder its growth rate. Growth of WSS market slowed down during past
few months as a result of excessive supply chain inventory; however, this market is expected to resume
growth in the near future as a result of surging demand for technologically improved components.

Market Segmentation:

ROADM market divided into four types of modules: PLC Based ROADMs, Blocker Based ROADMs,
Wavelength Selective Switches (WSS), and Edge ROADMs (ER)supporting different segments of network
and based on following applications: Degree Two Node, Degree Three Node and Multiple Degree Node.
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WSS:

Third-generation ROADMs technology based on the wavelength selective switch (WSS) — that has
quickly become the "gold standard." The market segment Finisar is one of the major player is a fast
moving WSS market. The WSS component market has had a tough 2 years, with revenue hitting nearly
$100M quarterly in2H10 only to collapse to S60M quarterly in 2H12. First we thought this pause was a
result of excessive supply chain inventory compounded by slower ROADM equipment growth. Revenue
for WDM ROADM-based optical equipment (not components) was $4.5B in CY13, 11% higher than CY12;
and $2.4B in 2H13, 5% higher than 2H12. By CY18, revenue will total $8.4B, corresponding to a CAGR of
13%; this is the fastest growing optical transport segment, outstripping the growth of the overall WDM
market and benefiting from a capex mix shift from SONET/SDH to WDM. The WSS volume is more
cyclical than the end WDM equipment. Though the market has been flat for the past 2 years, significant
grow this ahead, tied to increased deployment of new 100G coherent systems and the start of the
rollout of Colourless, Directionless, and in some cases Contentionless(CDC) ROADMs at the end of 2014.
The cyclical surge was achieved through CY15.This cyclical surge was combined with introduction of new
generation WSS products mainly addressing two issues: Flexibility with 12.5GHz grid and high density
integration supporting shelf slot height utilization policy. According the cyclical behaviour of the WSS
market, the 5-6 year is determined as a WSS product cycle period. Taking this number in account, the
best timing to introduce next generation WSS product supporting finer granularity will be around 2020-
2021. This assumption strengthened by the fact that the next generation transmission systems should
be based on Nyquist reshaped sub-carriers where ultra-fine resolution and sharp rise and fall behaviour
at the filter edges should provide measurable benefit from such WSS devices.

Dual-stage switching

Add/drop functionality demonstrated by FOX-C project is based on a dual-stage optical switching
implementation that allows all-optically adding, dropping and switching variable bandwidth tributaries
with an ultra-fine spectrum resolution from/to ultra-high capacity super-channel. Finisar as a leader in
WSS market with market share of 40% utilize opportunity provided by the FOX-C project in two levels:
first to develop next generation WSS lab prototype and demonstrate to the key customers the capability
of fine resolution WSS over existing WSS in resolution by factor eight. Finisar to commercialize this
product will need to put additional development effort from the lab concept to the product. This
process will cost additional few millions of US dollars.

For the promotion of the dual stage filtering concept, Finisar’s main interest is in the development and
industrialization of the high-port count WSS with1GHz resolution, identified as the key driver for the two
stage FOX-C solution.

WSS Deployment Model

Let’s look at how WSS modules are used by carriers in their networks as they deploy WDM ROADM
equipment, and how that translates into WSS utilization. To construct a ROADM node that could
ultimately optically switch 8 fibres, a carrier would install a brand new chassis that included 8x1 and 1x8
WSSs. When first installed in 2010, this node must only support 4fibres, so four8x1 and four1x8 WSS
components are needed. Then in 2011, the carrier needs to support an additional fibre and adds line
cards with additional 1x8 and 8x1 WSSs. As more fibres need to be interfaced, more WSSs are installed.

Therefore, WSS component volume is a function of new equipment node installations as well as when
more degrees are added to existing nodes. WSS as a percentage of WDM ROADM equipment revenue is
low when nodes are first installed, as the revenue derived from the WSS components is small compared
with the revenue from a new chassis installation. As support for additional degrees is added at existing
nodes, the marginal revenue generated has a much higher bill of materials from WSS components.

At this point all future WSS designs are gridless and abandon the 100GHz grid, and future trends are the
introduction of WSSs with degree counts in excess of 1x9, and the use of MxN switches designed to
reduce the complexity of colourless and directionless ROADM architectures.

Deliverable D6.4 21



A
lexible -

ptical D 6.4:
-connect 3nd year Exploitation plans, disseminations and standardization activities
Building Next Generation Flexible Networking

Verizon operates what we believe is the largest WDM ROADM network in the world, with over
4,000ROADM nodes with an average degree count of 3.5. They are installing 8x1 based WSSs today,
expecting they will need additional degrees per node. The demand for larger WSSs with degree counts
in the 20s comes from their use on the drop side, while interoperating with smaller WSSs which feed the
line side.

ROADM Subsystem Vendors

The equipment vendor’s decision to use a subsystem vendor instead of design/build from discrete
optical components is a function of the equipment maker’s size and experience and their short-term
cost targets. Larger companies, such as Verizon that seek cutting-edge optical technology will outsource
their optical designs to subsystem vendors. JDSU and Finisar offer subsystems that integrate their in-
house WSS and amplifiers which can be built smaller and with tighter optical specifications than those
assembled from discrete components.

Finisar and JDSU are major players in this subsystem market sharing market with few small vendors.
Finisar will use development technology to extend this product family by implementing fine resolution
WSS into these subsystems.

Market value

By graph below the 1x5 and larger WSS market will approach 200MS$ in 2018 and according the last
market indicators will reach 250MS in 2020. Finisar will introduce new fine resolution WSS as available
product for selected costumers on 2020 reflecting 5M$ US dollars in sale. After product general
availability the sales will grow reaching 35% of market share replacing existing relatively low resolution
WSS.
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Figure 2.6 — WSS market growth. Source: Infonetics Research “ROADM Components: Biannual Market Share,
Size and Forecasts,” April 2014.
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2.2.2 ORANGE: Possible adoption of the FOX-C scheme and under which requirements

Each time network operators have to upgrade optical transport networks towards higher capacity, the
guestion of under-utilization of the fibre network resource is set for a while. Until now, there is no other
choice than using an electrical OTN based switching layer between the IP packet layer and the optical
WDM transmission layer in order to optimize the filling of optical channels. OTN switching adds a new
aggregation technology to the architecture of multi-layer transport networks, which represents excess-
cost and adds complexity to network operations.

On the other hand, we know (and it has been well detailed in [1]) that the traffic is very heterogeneously
spread over the networks. Some links are very loaded while at least half of the network links are not
optimally filled.

Network operators have to face an unavoidable migration towards higher capacity to support the
observed 35% per year of traffic increase while exploiting as long as possible its physical (fibre) and
system (WDM) infrastructure. Indeed, in a context where the standard single-mode fibre (SSMF) is
approaching its capacity limit and a “capacity crunch” is announced for 2023 [2], it is crucial to fill
optimally the existing optical channels. Even if some academic and industrial research laboratories all
around the world are presently strongly involved in the study of spatial division multiplexing (SDM)
solutions (through implementation of few-mode and/or multi-core fibres) to increase the traffic
transported by an optical fibre, it has to be said that these technologies are not sufficiently mature and
lack standardization to be deployed in the next years. Furthermore, the impressive cost of the
replacement of a complete fibre infrastructure encourages network operators to optimize the already
deployed fibre infrastructure, by increasing the capacity carried by WDM channel while filling as much
as possible the fibre bandwidth (~35 nm).

The flexible optical networking concept is an interesting solution to meet these requirements in a
medium term future. It allows both the optical channel capacity and its spectrum occupancy to be
adjusted to the exact traffic demand to carry on the network, and thus it reduces any network resource
over-dimensioning and wasting.

The FOX-C project has allowed to materialize the concept thanks to the design, development and test of
innovative and future-proof flexible ROADM. The design adopted in the project is based on a dual-stage
optical switching implementation that allows to all-optically add, drop and switch variable bandwidth
tributaries with an ultra-fine spectrum resolution from/to ultra-high capacity super-channel. By doing
that, the FOX-C node offers capabilities to manage the high diversity of traffic demands to be carried on
real transport networks, from the very low granularity of 10Gbps towards the very high capacity
demands of 1Tbps.

Multiple networking studies have been carried out during the project to analyze the benefits in terms of
cost (mainly CAPEX) and resource efficiency of the FOX-C node utilization, through various real transport
network deployment scenarios. Both a realistic national backbone and metro-regional networks have
been considered with their associated traffic matrices. Let’s note that traffic matrices considered are
coming from real data and have been extrapolated to future years to simulate the traffic evolution. All
these results have been thoroughly presented in [3] and [4].

In all the use cases analysed, the all-optical traffic grooming (AOTG) aggregation solution developed in
the FOX-C project has always greatly outperformed the electrical OTN-based aggregation solution due to
the fact that electronic OTN adds significant additional cost (today, the solutions provided by suppliers
are not integrated on the ROADM vyet, and a more integrated OTN-WDM solution should probably
reduce the gap). Moreover, the OTN enhances fixed optical channel fill-in but doesn’t improve at all the
spectrum efficiency. With the AOTG solutions, the number of fibres required to carry a given traffic
volume is always lesser than with conventional solutions.
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The benefits of using FOX-C solutions in terms of cost, power consumption and spectrum efficiency have
been extensively proven in [3] and [4]. CAPEX comparisons through one of our real multi-layer national
scale networks showed a clear advantage to prefer the AOTG solution to the currently used
technologies. Actually, FOX-C solution presents global CAPEX gain higher than 36%. This result is also
confirmed by longer term scenarios which handle higher traffic volumes (provided that the level of
optical aggregation inside the super-channel remains well-adapted to the average bit rate per
demands). Said in other words, we prove that optical aggregation may have detrimental effects on the
global network cost. More precisely, if we only favour the aggregation or the capacity fill-in
optimization, we have advantages to prefer the most dense modulation format. As an example, if we
quasi-systematically use the 16-QAM modulation format instead of the DP-QPSK one, we double the
capacity carried by the optical channel but we reduce its optical reach, from 2000 km to more or less
400 km. In such a case, we can generate much more costly electrical regeneration on the network, what
is exactly the contrary expected with the massive deployment of ROADM. So, it is necessary to find the
best trade-off between aggregation level and global network cost.

In a metro-regional network scenario, the advantages of FOX-C approach are also very valuable.
Compared to the national backbone network use case, the context is a little bit different because metro-
regional networks are generally based on rather low-cost WDM systems supporting lesser channels (up
to 40 wavelengths) each carrying 10 Gbps. Moreover, contrary to the backbone network, in such
regional networks the traffic is clearly distributed over all nodes in a Hub&Spoke manner. It means that
two nodes concentrate all the traffic coming from all remaining nodes. Since the coherent 100 Gbps DP-
QPSK technology, just deployed on the core networks, is seen as the next step, it was interesting to
analyse the FOX-C solution in this context. Results on the global multi-layer CAPEX analysis show that
the AOTG solution is always more interesting than migrating the whole network towards the 100Gbps
solution. AOTG becomes the most competitive solution allowing at least 30% cost saving on average
with respect to the trend to deploy 100Gbps once the traffic volume gets through a given threshold.

On this metro-regional use case, we have predicted the first fibre saturation after the fourth year, which
also corresponds to the year when the FOX-C solution allows the cheapest global multi-layer network
cost (14% of cost savings, and becomes more and more competitive as time goes by).

On the national scale use case, we have noticed that it is preferable to wait five years before starting to
deploy the FOX-C solution. In this case, we expect 65% and 45% CAPEX cost can be saved with respect to
the scenario where we keep the current 100 Gbps WDM systems working on a fixed-grid (50 GHz ITU
grid) and with respect to the scenario where the FOX-C solution is deployed over a greenfield network,
respectively. In any case for Orange, the best way to use the FOX-C solution consists in doubling the
currently deployed optical fibre infrastructure with new fibre managing the flexible spectrum. It is all the
more interesting than it is what we are used to do each time we have introduced a new technology on
our networks. Let’s note that since incumbent operators generally own its fibre infrastructure, many
“dark” fibres are often available in underground deployed cables, and it only consists in lightening new
optical fibres within. The additional flex-grid infrastructure allows to take advantage of the optical
flexibility and to manage efficiently the additional traffic demands.

These results are encouraging. Indeed, the FOX-C solution is not really needed before 4 or 5 years. This
is the time frame that seems necessary for the industry to transform the high resolution optical filter
developed in the project from a lab prototype to an integrated photonics device usable in a commercial
wavelength selective switch product. Since at first sight all ROADM deployed may require supporting the
flexible optical networking concept in the future, important volumes and competitive costs can be
seriously envisaged thanks to mass production effect. During this development period, network
operators have to prepare the adoption of the flexible optical networking concept. The way optical
channels of flexible capacity are managed has important impacts on operational processes. Moreover, if
the AOTG concept solves multi-layer complexity by reducing the number of layers on the network
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architecture, it also adds new complexity that should be managed by more automation on the network.
Before being deployed, the solution will have to be integrated into the network control layer.

2.2.3 W-ONESYS: WSS System Exploitation Activities/Strategy

W-onesys will use the synergies of FOX-C project to develop a new product based on Flexgrid WSS of
Finisar. This new product called PS-FG-WSS will be added to W-onesys portfolio and it will be
compatible with the existing W-onesys Platforms.

In the first part of this section, we will describe all steps planned by W-onesys to develop an industrial
product. In the second part of this section, we will present a complete business case and also some
sensitive cases. Market analysis done in 2.1 shows that ROADM for coming years will be based on
Flexible technology; in particular, those implemented with 1x5Flexgrid WSS or larger. Initial PS-FG-WSS
will be based on 1x9 Flexgrid WSS.

A company like W-onesys has not enough resources to target more than 1% of global market. So, the
strategy of W-onesys will be to target the European Experimental Optical Networks. This market is
based on Gridless ROADM technology for Universities and Research Centers. PS-FG-WSS will be used to
test and validate control planes like SDN, GMPLS or network developments.

2.2.3.1 PS-FG-WSS development

The final goal of W-onesys is to industrialize a CDC-ROADM based on 1x9 gridless WSS. Two different
steps have been designed for this purpose.

In the first phase, we build a prototype that is planned to be used in FOX-C final tests at Orange Labs.
This process of industrialization has several actions like (some of them already done) schematics design
and layouts (PCBs), analysis of manufacturing costs, analysis of supply chain (suppliers, manufacturing
phases, optimizing production time, batch production optimization, delivery time, etc.) by the estimated
number of units that can be sold in the markets considered.

In the second phase, we release a final version of the product based on results of first prototype. W-
onesys has planned to obtain a first reference for this product in an optical experimental network. UPC
(Universitat Politecnica de Catalunya) has already shown some interest in acquiring a 3-degree Gridless
ROADM. UPC has planned to use this ROADM to test SDN control plane developed at the university.

The first prototype of PS-FG-WSS has already been developed and used in final testing in Orange labs in
Lannion. (A more detailed description of this product can be found at W-onesys website http://www.W-
onesys.com/?page id=152). Next figure shows the developed card
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Figure 2.7: PS-FG-WSS card

A Local Craft Terminal to manage PS-FG-WSS has also been developed. Next figure shows a screenshot
of control GUI.
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Figure 2.8: Local Craft Terminal to Control PS-FG-WSS

2.2.3.2 PS-FG-WSS Business Case

In this part, we show some projections and the cost analysis corresponding of a business case of a PS-
FG-WSS (CDC ROADM) developed by W-onesys. In order to calculate the 8-year projections, some
parameters like ‘cost’, ‘market growth’, ‘initial investment’ and others have to be calculated or
estimated.

Cost analysis

The objective is to calculate the final cost of PS-FG-WSS. For this purpose, first, we will calculate the cost
of a conventional CDC-ROADM and we will apply the percentage that customer will be ready to pay for
this new technology.
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The cost model for a conventional CDC-ROAM has been obtained by [5]:

Cost,,lcu]= [N +2. [(QT_SJ-U - COSt + Cost (EDFAS)

N: Node degree

a: add/drop degree
According [5] and [6], the expected price for operator of Flex Grid WSS could be 22% more expensive
than a conventional CDC ROAM. Cost calculation of a ROAM degree 3 with 20 Channels (colourless
fibres):

COMPONENTS COST (USD)
WSS 12000
AMPLIFIER 3500

TOTAL COST 86.277 USD

We apply a gain margin of 50% to the cost of CDC-ROAM, so, the sales price of a conventional CDC-
ROADM price is 172.255 USD. If we apply 22%(according to target price of[5] and [6]), the FINAL PRICE
of Flex-Grid ROADM degree 3 is 215.694 USD.

Market growth

A 35% traffic growth is expected in next years. From 2020-2022, flex-grid technology will share market
with existing technologies. From 2023 to 2027 it will be mainly flex-grid technology. However, it is very
difficult for W-onesys to correlate the traffic growth with a growth on their products demand, in this
case, ROADM systems for Experimental Networks. W-onesys will consider two selling phases; first phase
between 2020-2022 (technology introduction) with an estimated 9-16% growth and second phase
between 2023 to 2027 (mature technology) with growth of 15-36%.

2020-2022 2023-2027

Growth (per year) 16% 26%

Forecast 1% year

The forecast expected in 2020(1% year commercialization) it will be 6 units.

R&D investment

Another important parameter is to calculate the necessary R&D investment to develop PS-FG-WSS. Next
table shows that total investment of 310.000Eur.

INVESTMENT

R&D Investment (N x FOX-C Project Invest.) 400.000,00 €
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Prototype Industrialization Investment 200.000,00 €

FP7 Grant 290.000,00 €

Net Investment 310.000,00 €

Other Parameters

Production costs: it is estimated that production costs will be annually reduced by5%

Marketing costs: mainly it takes into account the travel costs for product launch in the European market.

R & D Amortization:In10years.

Updating/Maintenance Costs: costs related to the adaptations required for each experimental network
(software interfaces, services, etc.), and additional costs of product maintenance. These kinds of costs
are very similar of investment costs.

Financial cost: are the costs incurred to finance the production.

e Unit prices: The price trend is always downward (3% is considered) but with lower rate
production costs and therefore the profits increase.

The following table shows the product projections for the experimental optical networks market, with a
business model based on the manufacture and direct sale to universities and technology centres (based
on estimated parameters)

020 0 0 0 024 0 026 0

6

10

13

16

20

25

Production Co 711.791,67€ 788.902,43 € 856.522,64 € 1.017.120,63 € 1.256.143,98 € 1.468.722,20€ 1.744.107,61 € 2.071.127,78 €
% a
0 21.353,75€ 23.667,07€ 25.695,68 € 30.513,62€ 37.684,32€ 44.061,67 € 52.323,23€ 62.133,83€
R&D Amo on (10 31.000,00 € 31.000,00€ 31.000,00 € 31.000,00€ 31.000,00€ 31.000,00 € 31.000,00 € 31.000,00 €
O € - € € - € - € € € €
Pro 31.000,00€ 31.000,00€ 31.000,00€ 31.000,00€ 31.000,00€ 31.000,00€ 31.000,00€ 31.000,00€
Amo
0 0% 3.100,00 € 3.100,00 € 3.100,00 € 3.100,00 € 3.100,00 € 3.100,00 € 3.100,00 € 3.100,00 €
Total costs 798.245,42 € 877.669,50 € 947.318,32 € 1.112.734,25€ 1.358.928,30€ 1.577.883,86 € 1.861.530,83 € 2.198.361,62 €
4 8 6 0 8 85.9 4 65.443 4 0.624.19 9.94 9 o 683.54 4.792.628.80

0 50%
P % 237.263,89€ 230.145,97 € 223.241,59€ 216.544,35€ 210.048,01€ 203.746,57 € 197.634,18 € 191.705,15€
| 625.337,92€ 733.352,30€ 838.614,43€ 1.052.709,20 € 1.371.695,89 € 1.682.061,33 € 2.091.152,71€ 2.594.267,18€

According to this business case based on estimated data, we could see that Net incomes are positives.In
order to see possible deviations of business case and possible pitfalls, it is necessary to make a
sensitivity study of most relevant parameters that can make this product a success or a failure.

2.2.3.3 CASHFLOW / NPV /IRR

The main parameters that make attractive an investment are cash flow, net present value and internal
rate return. Next table show these parameters based on last business case:
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Ivestment (lo) 020 0 0 0 024 0 026 0
CASHFLOW|-  31000000¢| 6533792€| 73230€|  8B6UME| L05270920€| 13706%580€| L68206133€| 209L15271€| 2594.26718€

3000000€|  60419022€|  63459222€|  To638L16€|  OU3NSDBE|  LIABLBE|  L4165051€|  L760.69447€| 2184.30335€

NPV(BY)|  84s0.31162¢

IR (8Y) 219% 0%

According these results, the investment of this product could be very attractive for W-onesys with a NPV
almost of 8MEur and IRR of 200%. For a company like W-onesys, these values are very attractive.

2.2.3.4 Sensitivity study.Worst and Best case of business case.

Parameters like cash-flow, NPV and IRR could change if there is a change on the business case. So, it is
necessary to make some sensitivity studies to find out the margin of some estimated parameters used in
business case. For this reason, we made 5 studies of sensitivity of NPV and IRR. Each study is based on
the variation of different parameters as shown next table:

Parameter Variation
NPV1;IRR1 Sales Forecast year 2020 3-10 units
NPV2;IRR2 Sales Growth 9%-28% (product introduction
stage)

15%-36% (growth stage)

NPV3;IRR3 Price reduction 1% - 8%

NPV4;IRR4 Cost reduction 1% - 8%

NPV5;IRR5 Expected G-ROADM Price on current | 15% - 25%
ROADM

Next graphs show NPV and IRR variations.

€18.000.000,00

€£16.000.000,00
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Figure 2.9: NPV sensitivity study
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Figure 2.10: IRR sensitivity study

Last graphs show that IRR is always around 200% in case W-onesys could sell in the first year minimum 6
systems and keep a minimum growing. On the NPV we could also observe that there are values between
4MEur and 12MEur.

To conclude with the business case, a better case and worst case have been done.Next tables show the
expected, best and worst business cases.

Expected Case
Cost Reduction 5%
Price Reduction 3%
Expected Pricing Premium 21,5%
Growth (2020-2022/2023-) 15,75%/26,25%
Forecast (units in 2020) 6
8.234.063,45
NPV (8Y) | €
IRR (8Y) 213%
WorstCase
Cost Reduction 1%
Price Reduction 8%
Expected Pricing Premium 15%
Growth (2020-2022/2023-) 9%/15%
Forecast (units in 2020) 3
458.705,52
NPV (8Y) | €
IRR (8Y) 58%
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Best Case

Cost Reduction 8%
Price Reduction 1%
Expected Pricing Premium 25%
Growth (2020-2022/2023-) 22%/36%
Forecast (units in 2020) 10

26.234.738,29

NPV (8Y) | €
IRR (8Y) 381%

2.2.4 OPTRONICS Exploitation Activities/Strategy

Even though Optronics did not have any technical contribution to the FOX-C project, they plan to exploit
the current capabilities and knowledge that was developed in this project. After gaining significant
knowledge and experience on the FOX-C technologies, Optronics can now offer high level consulting
services to OTE (incumbent operator) and Wind. The Greek operators have already been informed about
the FOX-C project as well as the current developments at the various occasions (workshops, exhibitions,
and personal communications) during the project’s lifetime. Optronics could arrange for a pilot project
on a small scale to evaluate the overall system performance, provided that sample systems will be
available.

2.2.5 HUJI new opportunities for developed FOX-C technologies
One of the key hardware developments of the FOX-C project was a fine resolution optical filter, with the

ability to resolve sub-1 GHz spectral features within a 200 GHz wide window and apply arbitrary filter
shapes. At the onset of the project it was unclear whether this is technically feasible due to the stringent
accuracy requirements of the arrayed waveguide grating. The FOX-C developments verified we can
control the phases of the AWG consistently and repeatedly using the optoelectronic approach (with a
secondary LCoS SLM serving to set the phases). This capability can now be extended along several new
promising routes, as listed below.

Some of the straight-forward applications are those already relying upon high frequency utilization.
These include radar systems that require special processing such as nulling a jamming signal or
employing a swept frequency source and tracking filters of high fidelity, avionics and electronic warfare
such as frequency-hopping communications, and 5G optical signal distribution to remote antennas
where a fine resolution optical demultiplexing filter can separate the signal to different antennas towers
or to different antenna elements of a single tower.

The eventual filtering system developed within FOX-C consisted of two LCoS SLM elements; the first
adjusted the phase errors in the image plane of the waveguide array and the second filtered the
spectrally dispersed frequency components by imparting to each unique amplitude and phase.
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However, we can synthesize arbitrary filtering functions by encoding in the time delays of the
waveguides themselves, instead of in the spectrally-resolved plane (seeFigure 2.8-a). This is an indirect
method, which relies on FIR (finite impulse response) filter synthesis techniques. But once the filter taps
are determined (both amplitude and phase can be encoded per delay), then we can quickly adapt the
system to operate as tapped delay line (see Figure 2.8-b). Each waveguide has an inscribed path length
difference for setting the delay. The reflective SLM can set any phase delay (0,27) and any amplitude
(0,1) to each imaged waveguide, hence setting the multiplier to the specific delay. This allows us to
encode any filtering function directly in the optical domain. Using this technique we have the number of
taps set by the number of waveguide arms, and the delay element is now the inverse of the FSR. Since
we are backtracking through the AWG without inversion (i.e. not imaging with the long waveguide
imaged onto the short one, as happens in the developed FOX-C implementation), then the path length
difference is doubled. Hence if we used FOX-C’s 200GHz FSR AWG, it would be reduced to 100 GHz.
Arbitrary filters can still be synthesized, with the resolution actually improving (100 GHz/nr of
waveguides = 100 GHz / 250 = 0.4 GHz). This could still be used for sub-band channel selection, as in
FOX-C, or as any other filter designed to correct for the impairments experienced in a transmission
system.

L
iy

— z1 zZ1 zZ1 Z- Z-1 zZA zZ1 zZ1
+ + + + + + + P

Figure 2.11: Filter synthesis functionality by directly modulating the AWG arms. (a)
Proposed optical arrangement of imaging AWG output onto LCoS and back-reflecting after
modulation. (b) Equivalent model as a tapped delay line.

We can take the technology even further, by considering the challenge of MIMO processing of SDM
channels. Here a set of channels has been co-transmitted in a media that experiences mode-mixing. The
received information is scrambled, and needs to be unravelled using signal processing. This is usually
delegated to the digital signal processing domain. But large-scale DSP, as would be required for high bit
rate SDM communication is currently beyond the ability of real-time implementation, and even it was it
would be expensive and power hungry. However, we can extend the above implementation to handle
multiple input, multiple output cases all in the optical domain (see Figure 2.9). Here we would have a
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delay of multiple ns (by the waveguide arms), equivalent to hundreds of delayed pulses, and would be
required to set the ‘multipliers matrix’ between the input and output sets to undo the mode mixing. This
could potentially completely replace the digital MIMO processing. There is an open question on the
update rate required from the modulating elements. We used LCoS SLM technology which has *ms
update rates. It is unclear whether this technology solution provides sufficient speed to track the rate of
change experienced in an SDM transmission system. As is known from deployed PMD compensating
elements in SMF deployments, the rate of change is probably a little faster.

Figure 2.12: Multiple input, multiple output filtering arrangement which can be used for
unravelling mode mixing in SDM transmission in the optical domain.
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3 Standardization Activities

The final standardization plan in FOX-C was defined by partner Orange Labs (FT). The plan considered
first the identification of the potential fields were FOX-C could contribute based on the generated
research outcomes, and then the coordinated contribution between primarily FT and Finisar(and with
the assistance of W-onesys) to relevant standardization bodies. The coordinated contribution in
particular between a worldwide optical components vendor and a leading operator was identified to be
essential for the actual initiation of relevant standardization discussions in ITU-T.

On the first stage of standardization plan, it was necessary to identify those FOX-C concepts that could
be presented to ITU-T. In order to conclude on the best topics, there have been several internal
discussions and exchange of ideas not just among the industrial partners Finisar, FT and W-onesys but
also the technology owners HUJI, ASTON and AIT. One of the main restrictions was that the proposed
topics should not address completely novel fields of research but fields showing an incremental step
towards the FOX-C networking solutions and with respect to the current standards. The possible topics
identifiedare the following:

a) Finer granularity WDM grid.

e The actual ITU-T granularity is at 12.5GHz, while the FOX-C concept denotes finer
granularities which could optimally reach 3.125GHz (as studied in D2.3) and be
supported by the HSR filter element. The targeted proposal though was for 6.25 GHz,
succumbing to the traditional spectral halving trend in ITU-T.

b) Flexible grid allocation.

® FOX-C allowshaving a flexible grid allocation which could have significant impact on the
spectrum utilization efficiency. Some part related to flexible allocation of resources
(wavelength, spectrum format, etc.) could be also a potential topic for standardization.

C) Transceiver solutions.

e There has been significant work on this field in the project, by investigating different
modulation formats and developing the processing and evaluation algorithms.
Therefore, a potential field could focus on the standardization of new coherent
transceivers.

d) Node solutions.

e FOX-C introduced the two stage add and drop scheme offering all optical traffic
grooming capabilities within a super-channel. Moreover, designs have been extracted
and studied for both flexible OADM and multi-degree OXC nodes. This new architecture
and the related functionality could be presented for standardization.

€) Higher rate.

® On ITU-T there are ongoing talks about next higher rate (OTU-5). The FOX-C findings in
transceivers and data switching requirements could have a potential impact on the
decisions for the new higher rate standard at 400Gbps or 1Tbps.

From all these topics, the FOX-C partners decided that the “Finer granularity WDM grid” could be the
most possible topic to influence standards. A key reason for that is the direct involvement of both FT
and Finisar in the relevant ITU-T study group. Moreover, it was identified as the essential first step in
standardization in order to promote later the network related and node design options that arise from
the optimum use of a finer grid.
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Once the topic has been agreed among the FOX-C consortium, partners Finisar and Orange have
initiated detailed discussions, with the presence of WONE, HUJI, ASTON and AIT. Finisar has engaged in
discussions the design group from Finisar Australia who participate directly in the standards.

Unfortunately, after several rounds of discussions it was decided by Finisar not to support a possible
standard for which they only have a lab prototype. According to their strategy, they are allowed to
promote new standards only when they have a new full product or at least the final working and tested
prototype ready to transition towards manufacturing. However, since the finer granularity switching
concept is within their potential targets a relevant contribution will most probably be pursued in the
near future.
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