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GENERAL DESCRIPTION OF THE WORK

Topicality of the subject matter
The rapid rise in the total amount of user data — 32% every year and 82.56 PB

monthly by 2016 according to the Cisco forecast (see Fig. 1) [16] — dictates the necessity of
searching after new solutions for improvement of the parameters of optical transmission
systems. In the world, a tendency is observed to gradually pass from 10 Gbit/s data
transmission speed per channel in the wavelength division multiplexing (WDM) systems to
40 Gbit/s and 100 Gbit/s data transmission speed per channel [30]. The basic elements of
WDM systems are wavelength filters, which ensure fulfilment of some definite functions: the
separation, adding, dropping, and routing of the wavelength range. The wavelength filters
could be either those adapted from well-known optical elements (for example, diffraction
gratings (DGs) or thin-film filters (TFFs)) or specific devices of planar integrated optics (e.g.,
arrayed waveguide gratings (AWGSs), microring resonators (MRRs)), as well as the filters
closely connected with the optical fiber structure (e.g., fiber Bragg gratings (FBGS)).

CAGR
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Time (years)
Fig.1. Global internet consumer data amount (,,Cisco” forecast [16])

In view of rapidly increasing transmission speed in WDM systems the selection
among the parameters of a wavelength filter is highly important, since its phase transfer
function can be a source of considerable degradation for high-speed optical signals [12, 35,
41]. Besides, taking into account the demand for ever increasing data amount, it is necessary
to seek for new solutions as to application of wavelength filters in order to raise the efficiency
of WDM systems. One of such solutions could be all-optical conversion of the optical signal’s
modulation format, thus raising the effectiveness of signal processing and promoting the total
system's scalability.

The aim and tasks of the work
Generalizing the facts mentioned above, the aim of the promotion work is to

estimate theoretically and experimentally the influence of complex transfer characteristics of
wavelength filters on the parameters of a WDM and its efficiency.

To achieve the set aim, the following main tasks were to be solved:
1. To reveal the most widely used wavelength filters and their parameters as refer to WDM
systems as well as to perform the relevant comparative analysis in dependence on the

physical realization.



2. To generalize the analytical, numerical and measurement methods for determination of
complex transfer function of wavelength filters and to obtain such functions for FBG,
TFF, DG, AWG and MRR filters, as well as to create the algorithm of processing and
verifying the obtained complex transfer functions in the WDM simulation block diagrams.

3. To work out the methods for checking the effective bandwidth of a wavelength filter and
to find out the effective bandwidth of the selected wavelength filters for the 2.5 Gbit/s and
10.3125 Ghit/s NRZ-OOK optical signals.

4. To work out a method for estimation of the possibility to improve the spectral efficiency
of 2.5 Gbit/s and 10.3125 Ghit/s NRZ-OOK WDM systems, having preserved the existing
wavelength filter technology.

5. To estimate the most effective complex transfer function for separation of optical signals
in dense WDMs depending on the channel’s data transmission speed (2.5 Gbit/s 10 Gbit/s
and 40 Gbit/s), the inter-channel spacing (50 GHZ, 100 GHz and 200 GHz) and the type
of coding the optical signal.

6. To work out the prototype of a microring resonator (MRR) for the channel separation and
find out the influence of MRR cascade on the 40 Gbit/s CSRZ-OOK and CSRZ-DPSK
optical signals, as well as a similar MRR prototype for conversion of OOK and DPSK
modulated optical signals from RZ to NRZ.

The methodology of research

In realization of the mentioned tasks and in analysis of the relevant problems, in the
promotion work the mathematical calculations, numerical simulations, and experimental
measurements were employed. The mathematical description of wavelength filters is
performed using complex transfer functions, with the phase transfer function derived from the
amplitude square transfer function using the Hilbert transformation. In the numerical
simulations the nonlinear Schrodinger equation was used along with direct and inverse fast
Fourier transform, and the Monte-Carlo method for the BER determination. To obtain the
complex characteristics of wavelength filters different measurement methods were employed.
The amplitude square curves were obtained by the tunable laser method and the broadband
light source method; in turn, the phase transfer function, group delay and dispersion are
obtained using the modulated phase shift method. For the optical signal quality estimation, the
measurements of power spectrums, eye diagrams and bit error ratios were performed.

The results and scientific novelty of the research

The scientific novelty of the promotion work consists in the following:

1. A method has been worked out for determination of the wavelength filter’s effective
bandwidth in the limits of which the transmitted optical signal preserves BER < 107, so as
to improve the ITU-T G.671 recommendation for the transmission parameters of optical
components and subsystems.

2. The RZ-NRZ conversion of the 41.6 Gbit/s DPSK optical signals has been performed
theoretically and experimentally, using a single-ring MRR filter as well as the
simultaneous RZ-NRZ conversion of 41.6 Gbit/s OOK and DPSK optical signals using a
single-ring MRR filter.

During the implementation of the promotion work the following main conclusions have been

obtained:

1. The developed algorithm allows for processing of the theoretically & experimentally
obtained complex transfer functions of wavelength filters (FBG, TFF, diffraction gratings,
AWG, MRR) and for creation of user-defined filter models, thus making it possible to
introduce a set of wavelength filter models into the simulation programs.

2. The proposed measuring method is suitable for evaluation of the effective bandwidth of
wavelength filters. It is found that in the case of FBG filters the effective bandwidth
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decreases by half at a higher transmission speed, which is explained by a greater
introduced dispersion as compared with TFF. In turn, in the TFF case the effective
bandwidth is stable at 2.5 Gbit/s and 10.3125 Gbit/s transmission speed.

In the 10.3125 Ghit/s DWDM systems the spectral efficiency in the case of a 200 GHz
TFF could be raised twice (from 0.05 bit/s/Hz to 0.1 bit/s/Hz), while in the 100 GHz TFF
case — from 0.1 bit/s/Hz to 0.14 bit/s/Hz.

A higher quality of the signal could be achieved with Supergaussian and Raised Cosine
filters. In the case of a Raised Cosine filter a better signal quality is observed at a lower
transmission speed, which is connected with a greater group delay than in the case of a
Supergaussian filter. In turn, with a Raised Cosine filter it is also possible to perform a
phase-to-intensity conversion of the modulation format. Such a solution — as compared
with Supergaussian and Lorentzian filters — is better from the viewpoint of resistance
against the bandwidth decrease caused by the cascade.

For the 40 Gbit/s CSRZ-OOK and CSRZ-DPSK optical signals after five cascaded single-
ring MRR filters BER<10 has been achieved. The CSRZ-OOK modulation format is
more stable against the filtering effects as compared with the CSRZ-DPSK modulation
format, since in the latter a partial phase-to-intensity conversion occurs with a decreasing
MRR bandwidth at five cascaded filters.

Using a single-ring MRR filter it is possible to perform the modulation format conversion
from RZ-DPSK to NRZ-DPSK and simultaneous RZ-NRZ conversion of the OOK and
DPSK optical signals; in particular, this has been realized at the 41.6 Gbit/s transmission
speed.

Practical value of the work

1.

The research results of the promotion work have been employed for realization of five
international and eight Latvian scientific research projects and are to be used for
development of the European fund project Nr.3DP/3.2.2.3.0/12/IPIA/SM/001 , Next
generation electronic communication network development in countryside”.

The recommendations elaborated during fulfilment of the work are envisaged both for
improvement of the operating WDM systems and for implementation of new ones. In the
framework of a cooperation agreement these have already been put into practice at the J/S
,Latvenergo” Co., J/S Ltd ,,Telia Latvia” Co., and J/S Ltd ,,TELE2” Co. for investigation
and implementation of such type systems.

A measuring scheme (patented in Latvia) has been worked out in order to check the
effective bandwidth of a wavelength filter for 2.5 Gbit/s and 10.3125 Gbit/s NRZ-OOK
optical signals.

A two-channel measuring scheme (patented in Latvia) has been created for 2.5 Gbit/s and
10.3125 Ghit/s NRZ-OOK optical signals with the aim to estimate the possibility of
raising the spectral efficiency of WDM system, having preserved, at the same time, the
existing wavelength filter technology.

The theses to be defended:

1.

The developed method allows determination of the effective bandwidth of a wavelength
filter in the limits of which the transmitted optical signal keeps BER < 10°°. In the criteria
defined by ITU-T G.671 recommendation for determination of the wavelength filter
bandwidth its influence on the optical signals’ quality is ignored.

Using the elaborated method it is possible to improve the spectral efficiency of a WDM
system by reducing the inter-channel space up to the minimum, preserving at the same
time the existing wavelength filter technology. The manufacturers of wavelength filters
specify their passband widths at minus 3 dB, not however defining for what intervals
between channels and what transmission speeds these are implied.



3.

For the 40 Gbit/s CSRZ-OOK and CSRZ-DPSK optical signals after five cascaded single-
ring MRR filters the BER value <10® is achievable. Greater signal distortions are
observed for the 40 Gbit/s CSRZ-DPSK optical signals due to the partial phase-intensity
conversion of the modulation format.

Using a single-ring MRR filter it is possible to perform simultaneously the RZ-NRZ
conversion of 41.6 Gbit/s OOK and DPSK optical signals with preserving BER < 10~.

Approbation of the results of the research

The main results of the promotion work are presented at 20 international scientific

conferences; these are reported in 10 publications in scientific journals, 6 publications in the
full-text conference proceedings, 8 publications in the conference books of abstracts, and 2
Latvian patents.

Reports at the international scientific conferences:

1.

2.

10.

11.

12.

13.

14.

Lasuks 1., S¢emelevs A., Ozolin O. Investigation of Spectrum-Sliced WDM System //
,,Electronics 20087, Lithuania, Kaunas, May 19-23, 2008.

Ozolins O., Bobrovs V. Investigation Of Flat-Top Bpf Usability In Amplified Fiber
Optical Systems // ,,Development in Optics and Communication 2009, Latvia, Riga,
April 24-26, 2009.

Ozolins O., Ivanovs G. Realization of optimal FBG band—pass filters for high speed
HDWDM // ,,Electronics 2009, Lithuania, Kaunas, May 12-13, 2009.

Ozolin§ O., Ivanovs (. Evaluation of optimal FBG filter apodization function for
HDWDM //,,50th RTU Scientific Conference”, Latvia, Riga, October 14-16, 2009.
Ozolin$ O., Ivanovs G. Estimation of optical filter narrowing in high speed WDM
systems // ,,Developments in optics and communications 20107, Latvia, Riga, 23-25 April,
2010.

Ozolin§ O., Ivanovs G. Evaluation of Band-Pass Filters Influence on NRZ Signal in
HDWDM Systems // ,,Electronics 20107, Lithuania, Kaunas, May 18-20, 2010.

Ozolin§ O., Bobrovs V. Research of Fiber Bragg Gratings in WDM Technologies for
Broadband Access // ,,Optics & High Technology Material Science 20107, Ukraine, Kiev,
October 21-24, 2010.

Ozolins§ O., Ivanovs G. Reaserch of thin film filter for for broadband access systems //
,Developments in Optics and Communications 20117, Latvia, Riga, 28-30 April, 2011.
Ozolin$ O., Ivanovs G. Estimation of DWDM transmission for broadband access with
FBG technology // ,,Electronics 20117, Lithuania, Kaunas, May 17-19, 2011.

Ozolin§ O., Bobrovs V., Ivanovs G. Efficient Bandwidth Measurements of Thin Film
Filters for Next-Generation Optical Access // ,,The 12th Annual Post Graduate
Symposium on the Convergence of Telecommunications, Networking and Broadcasting
20117, United Kingdom, Liverpool, June 27-28, 2011.

Ozolin$ O., Bobrovs V., Ivanovs G. Investigation of Efficient Bandwidth of FBG filters
for Next-Generation Optical Access // ,,52th RTU Scientific Conference”, Latvia, Riga,
October 13-14, 2011.

Ozolins O., Bobrovs V., Ivanovs G. DWDM-Direct System with 50 GHz FBG for New-
Generation Optical Access // ,,JEEE Swedish Communication Technologies Workshop
Proceedings”, Sweden, Stockholm, October 19-21, 2011.

Ozolins O., Bobrovs V., Ivanovs G. Efficient bandwidth measurements of fiber Bragg
gratings for next-generation optical access // ,,Optics & High Technology Material
Science 20117, Ukraine, Kiev, October 27-30, 2011.

Ozolins O., Bobrovs V., Ivanovs G. Efficient Bandwidth of 50 GHz Fiber Bragg Grating
for New-Generation Optical Access // ,,19th Telecommunications Forum 2011”7, Serbia,
Belgrade, November 22-24, 2011.



15.

16.

17.

18.

19.

20.

Ozolins O., Ivanovs G. New Generation Access System Based On DWDM-Direct With
55 GHz Fiber Bragg Grating // Developments in Optics and Communications 2012,
Latvia, Riga, April 12-14, 2012.

Ozolin§ O., Bobrovs V., Ivanovs G. DWDM-Direct Access System Based on the Fiber
Bragg Grating Technology // 8th International Symposium on Communication Systems,
Networks and Digital Signal Processing 2012, Poland, Poznan, July 18-20, 2012.

Xiong M., Ozolins O., Ding Y., Huang B., An Y., Ou H., Peucheret C., Zhang X. 41.6
Gb/s RZ-DPSK to NRZ-DPSK Format Conversion in a Microring Resonator // 17th
OptoElectronics and Communications Conference 2012, South Korea, Busan, July 2-6,
2012.

Lali-Dastjerdi Z., Ozolin§ O., An Y., Cristofori V., Da Ros F., Kang N., Hu H., Hansen
Mulvad H., Rottwitt K., Galili M., Peucheret C. Demonstration of Cascaded In-Line
Single-Pump Fiber Optical Parametric Amplifiers in Recirculating Loop Transmission //
European Conference on Optical Communications 2012, Netherlands, Amsterdam,
September 16-20, 2012.

Ozolin$ O., An Y., Lali-Dastjerdi Z., Ding Y., Bobrovs V., Ivanovs G., Peucheret C.
Cascadability of Silicon Microring Resonators for 40 Ghit/s OOK and DPSK Optical
Signals // Asia Communications and Photonics Conference 2012, China, Guangzhou,
November 7-10, 2012.

[Invited] Peucheret C., Ding Y., Ou H., Xiong M., An Y., Lorences Riesgo A., Xu J.,
Ozolin$ O., Hu H., Galili M., Huang B., Pu M., Ji H., Seoane J., Liu L., Zhang X. Linear
Signal Processing Using Silicon Micro-Ring Resonators // International Photonics and
OptoElectronics Meetings 2012, China, Wuhan, November 1-2, 2012.

Publications in scientific journals:

1.

2.

3.

10.

Lasuks 1., S¢emelevs A., Ozolin$ O. Investigation of Spectrum-Sliced WDM System //
Electronics and Electrical Engineering. - 5. (2008) 45.-48. p.

Ozolin$ O., Ivanovs G. Realization of Optimal FBG Band-Pass Filters for High Speed
HDWDM // Electronics and Electrical Engineering. - 4. (2009) 41.-44. p.

Bobrovs V., Ozolin§ O., Ivanovs G. Investigation into the Potentialities of Quasi-
Rectangular Optical Filters in HDWDM Systems // Latvian Journal of Physics and
Technical Sciences. - 1. (2010) 13.-25. p.

Ivanovs G., Bobrovs V., Ozolin§ O., Porins J. Realization of HDWDM Transmission
System // International Journal of Physical Sciences. - 5. (2010) -452.-458. p.

Ozolins O., Bobrovs V., Ivanovs G. Efficient Wavelength Filters for DWDM Systems //
Latvian Journal of Physics and Technical Sciences. - 6. (2010) 47.-58. p.

Ozolin§ O., Ivanovs G. Evaluation of Band-Pass Filters Influence on NRZ Signal in
HDWDM Systems // Electronics and Electrical Engineering. - 4. (2010) 65.-68. p.
Ozolin$ O., Bobrovs V., Ivanovs G. DWDM Transmission Based on the Thin-Film Filter
Technology // Latvian Journal of Physics and Technical Sciences. - 3. (2011) 55.-65. p.
Ozolins$ O., lvanovs G. Estimation of DWDM Transmission for Broadband Access with
FBG Technology // Electronics and Electrical Engineering. - 5. (2011) 11.-14. p.

Ozolins O., Bobrovs V., Ivanovs G., Lasuks I. New-Generation Optical Access System
Based on the Thin Film Filter Technology // International Journal of the Physical
Sciences. - 6(35). (2011) 7926.-7934. p.

Xiong M., Ozolin§ O., Ding Y., Huang B., An Y., Ou H., Peucheret C., Zhang X.
Simultaneous RZ-OOK to NRZ-OOK and RZ-DPSK to NRZ-DPSK format conversion in
a silicon microring resonator // Optics Express (2011 ISI Impact Factor: 3.587). -
Vol.20, No.5,. (2012) 27263.-27272. p.



Publications in the full-text conference proceedings:

1.

Ozolins O., Bobrovs V., Ivanovs G. Efficient Bandwidth Measurements of Thin Film
Filters for Next-Generation Optical Access // PGNet2011 Conference Proceedings, United
Kingdom, Liverpool, June 27-28, 2011. - 275.-280. p.

Ozolins$ O., Bobrovs V., Ivanovs G. Efficient Bandwidth of 50 GHz Fiber Bragg Grating
for New-Generation Optical Access // 19th IEEE Telecommunications Forum TELFOR
2011 IEEE Catalog number: CFP1198P-CDR, Serbia, Belgrade, November 22-24, 2011. -
816.-819. p.

Ozolin$ O., Bobrovs V., Ivanovs G. DWDM-Direct Access System Based on the Fiber
Bragg Grating Technology // 8th International Symposium on Communication Systems,
Networks and Digital Signal Processing (CSNDSP’12): Proceedings, Poland, Poznan,
July 18-20, 2012. - 1.-4. p.

Xiong M., Ozolins§ O., Ding Y., Huang B., An Y., Ou H., Peucheret C., Zhang X. 41.6
Gb/s RZ-DPSK to NRZ-DPSK Format Conversion in a Microring Resonator // 17th Opto-
Electronics and Communications Conference (OECC 2012): Technical Digest, South
Korea, Busan, July 2-6, 2012. - 891.-892. p.

Lali-Dastjerdi Z., Ozolin§ O., An Y., Cristofori V., Da Ros F., Kang N., Hu H., Hansen
Mulvad H., Rottwitt K., Galili M., Peucheret C. Demonstration of Cascaded In-Line
Single-Pump Fiber Optical Parametric Amplifiers in Recirculating Loop Transmission //
European Conference on Optical Communications (ECOC) 2012: Proceedings,
Netherlands, Amsterdam, September 16-20, 2012. - 1.-3. p.

Ozolin$ O., An Y., Lali-Dastjerdi Z., Ding Y., Bobrovs V., Ivanovs G., Peucheret C.
Cascadability of Silicon Microring Resonators for 40 Gbit/s OOK and DPSK Optical
Signals // Asia Communications and Photonics Conference (ACP) 2012: Proceedings,
China, Guangzhou, November 7-10, 2012. - 1.-3. p.

Publications in the conference books of abstracts:

1.

Ozolins O., Bobrovs V. Investigation of Flat-Top BPF Usability in Amplified Fiber
Optical Systems // Developments in Optics and Communications 2009 Book of Abstracts,
Latvia, Riga, April 24-26, 20009. - 24-24.p.

Ozolins O., Ivanovs G. Estimation of Optical Filter Narrowing in High Speed WDM
Systems // Developments in Optics and Communications 2010 Book of Abstracts, Latvia,
Riga, April 23-25, 2010. - 41.-41.p.

Ozolins O., Bobrovs V. Research of Fiber Bragg Gratings in WDM Technologies for
Broadband Access // Optics & High Technology Material Science SPO 2010 Scientific
works, Ukraine, Kiev, October 21-24, 2010. - 158.-159. p.

Ozolins§ O., Bobrovs V., Ivanovs G. Evaluation of Optical Filters for DWDM-Direct in
Next Generation Optical Access // Developments in Optics and Communications 2011
Book of Abstracts, Latvia, Riga, April 28-30, 2011. - 42.-43. p.

Ozolin§ O., Bobrovs V., Ivanovs (. Efficient bandwidth measurements of fiber Bragg
gratings for next-generation optical access // Optics & High Technology Material Science
SPO 2011 Scientific works, Ukraine, Kiev, October 27-30, 2011. - 233.-234. p.

Ozolins O., Bobrovs V., Ivanovs G. DWDM-Direct System with 50 GHz FBG for New-
Generation Optical Access // IEEE Swedish Communication Technologies Workshop
Conference Proceedings, Sweden, Stockholm, October 19-21 2011. - 10.-10. p.

Ozolins O., Ivanovs G. New Generation Access System Based On DWDM-Direct With
55 GHz Fiber Bragg Grating // Developments in Optics and Communications 2012: Book
of Abstracts, Latvia, Riga, April 12-14, 2012. - 80.-81. p.

Peucheret C., Ding Y., Ou H., Xiong M., An Y., Lorences Riesgo A., Xu J., Ozolins O.,
Hu H., Galili M., Huang B., Pu M., Ji H., Seoane J., Liu L., Zhang X. [Invited] Linear
Signal Processing Using Silicon Micro-Ring Resonators // International Photonics and



OptoElectronics Meetings (POEM 2012-I0ONT): Proceedings, China, Wuhan, November
1-2,2012. - 1.p.

Latvian patents:

1. Measuring scheme for evaluation of efficient bandwidh of wavelength filter, LV-14557,
2012,

2. Wavelength division multiplexing transmission system with narrow-band filter, LV-
14107, 20009;

The results of the promotion work were used for realization of 5 International and 8
Latvian scientific research projects realization:

International scientific research projects:

1. ,Next generation mixed optical wavelength division multiplexing system enforcement.”,
Nr. EEZ09AP-42/09, EEZ grant.

National Basic Research Program of China, Grant No. 2011CB301704.

National Natural Science Foundation of China, Grant No. 61007042.

7th framework program of the European Commission DAPHNE project, ref. 233709.

7th framework program of the European Commission Network of excellence EURO-FOS
project, ref. 224402.

arwnN

Latvian scientific research projects:

1. ,Development of mixed fiber optical wavelength division multiplexing transmission
system.”, No. FLPP-2011/15, RTU;

2. ,Investigation of nonlinear optical coefficient measurement method in FOTS”. No. ZP
2010, RTU,

3. ,Investigation of optical signal polarization state determination methods in FOTS.”, No.
ZP2009/6, RTU,;

4. ,New electronic communication technologies”, the National Research Programme

deviation - The Telecommunications system safety and security, No. V7408.1, RTU,;

,Investigation of IP over WDM traffic grooming”, No. ZP 2008/16, RTU,;

,Investigation of traffic control in FTTH networks”, No. ZP 2007/13, RTU;

,»High-speed optical WDM systems development and evaluation.”, No. R7365, RTU;

,,Research of spectrally multiplexed broadband passive optical network implementation

possibilities” No. ZP-2009/L-27, RTU;

NGO

The volume and structure of the work

The volume of the promotion work is 143 pages. The work consists of the
introduction, four chapters, the list of literature sources used, and four appendices. In the
introduction, the topicality of the carried out research is substantiated and the promotion work
direction defined.

In Chapter 1, the developmental tendencies are overviewed for the wavelength filters
and a comparative analysis performed for their most widely applied physical realizations in
WDM systems. Apart from that, formulated are the aim and tasks of the promotion work, its
scientific novelty, the theses to be defended; the main its results are generalized and the
directions of further research defined.

In Chapter 2, the mathematical description of the wavelength filters is given, and the
measuring methods for determination of their complex transfer function are overviewed. The
measurements of the the complex transfer function are described along with the algorithm
worked out for processing this function (obtained both theoretically and experimentally) as
well as for creation of a user-defined filter of the type in OptSim program.
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In Chapter 3, description is presented as to the developed and patented in Latvia
measuring scheme for determination of the wavelength filter effective bandwidth as well as
the developed and patented in Latvia measuring scheme for estimation of the possibility to
improve the WDM spectral efficiency while preserving the wavelength filter technology.
Next, in this chapter the procedure of determination of the most effective complex transfer
function for a dense WDM system is described, along with determination of a wavelength
filter’s bandwidth values to be used for the phase-to-intensity modulation format conversion
using the Lorentzian, Raised Cosine, and Supergaussian filters.

In Chapter 4, an overview is given for a new-type wavelength filter, namely, a micro-
ring resonator, which so far has not been applied in commercial WDM systems. The relevant
investigation described in this chapter was done during the doctoral studies’ practice at the
Technical Uuniversity of Denmark, Department of Photonics Engineering, ETDM
Laboratory, in cooperation with the scientists from the laboratory of the Wuhan National
Optoelectronic and under the supervision of Professor Christophe Peucheret. In this chapter,
the influence of cascading the MRR filters on the 40 Gbit/s OOK and DPSK modulation
formats is considered alongside the successful RZ-NRZ conversion of 41.6 Gbit/s phase-
modulated optical signals, as well as with simultaneous RZ-NRZ conversion of 41.6 Gbit/s
intensity- and phase-modulated optical signals.

In the summary, the main conclusions are presented. In the appendices present lists
of the conferences, the publications and the projects, the data on the Latvian patents, the
recommendation about doctoral studies’ practice and specification on used equipment.

DETAILED DESCRIPTION OF THE WORK’S CHAPTERS
Chapter 1

The information and communication technologies are progressing uninterruptedly
[27], with especially rapid progress observed in the last decades. The dominant position in the
current data transmission is occupied by fiber optics transmission systems [6]. This is mainly
connected with a large bandwidth of single-mode fibers (SMFs) reaching 50 THz and more in
the wavelength range from 1200 nm to 1600 nm [47]. To fully exploit this potential there are
needed technologies for making WDM systems in which multiple data transmission channels
with different wavelengths are concentrated in one SMF. However, it is necessary to separate
these channels from each other at the SMF output, which is a challenging task [75].
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Fig. 2. System’s transmission speed and global demand for the amount of data [32]
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The research into the WDM as technology gained speed in the 70-ies of the past
century; by now, its use has allowed for many-hundred channel transmission through a single
optical fiber. In the 90-ies of the 20-th century an erbium-doped field amplifier appeared. Its
invention made it possible to considerably extend — in comparison with the fourth-generation
fiber optics transmission systems — the optical fiber lines. In parallel with EDFA, the WDM
systems were developed, thus allowing for the data transmission speed as high as 10 Gbit/s
per channel [4]. Since 1992, the total data amount transmitted through a single optical fiber
has been increasing exponentially. While in 2001 it reached 10 Thit/s [2], in 2010 the level of
69.1 Thit/s at a transmission distance of 240 km was achieved [69]. These data transmission
speeds were gained using SMF as transmission medium. On August 15, 2011, a paper was
published in which the total data transmission speed of 112 Thit/s was reported for a distance
of 76.8 km through a single optical fiber [88]. The authors, in addition to the WDM
technology, used a spatial multiplexing of new-type multi-core optical fibers. It should be
noted that on September 19, 2012, at the ,,ECOC2012” conference a 1.01 Pbit/s single-fiber
transmission was stated [72]. As seen in Fig. 2, the total demand for the data volume is ever
increasing. Undoubtedly, the WDM commercial solutions have allowed the appropriate data
amounts to be ensured [32]. From the facts mentioned above, today the WDM technology is
dominant, making it possible to use the optical fiber’s passband to the ever increasing extent.

With the channel data transmission speed and the number of channels in a WDM
system increasing while the inter-channel spacing decreasing, a special attention should be
paid to the choice of physical realization and parameters of the wavelength filter [75]. Quite
often there should be a compromise between the insertion loss, the quality of adjacent
channels’ separation and the induced dispersion. The wavelength filter’s parameters should
also be stable against climatic and constructive factors, such as elevated humidity, variations
in the working temperature, and diversified mechanical effects [23]. The technologies
currently applied in WDM systems for realization of wavelength filters are: TFF, FBG, AWG
and diffraction gratings [23, 71, 75]. The TFF, FBG and AWG are wider used in the
commercial and already working WDM systems [26, 71, 74]. In turn, the physical filter
realization based on diffraction gratings can be done using tunable parameters — e.g. those
tuned by wavelengths and so far applied mostly in scientific research [2, 75]. The FBG
technology provides good separation of adjacent channels, however requires using the optical
circulators, which enlarges the size of device. Therefore, TFF seems to be preferable, since it
does not require any additional optical elements [38]. These last two technologies are
employed in WDM systems with the number of channels less than 16. In turn, the AWG
technology is meant for a greater number of channels (see Table 1). The physical realization
of such a wavelength filter was one of the main prerequisites for the development of WDM
systems and the more effective utilization of the optical fiber’s passband. As of now, it is
impossible to assert that in the transmission systems of the future only one physical
realization will be used for wavelength filters; more probable is that in diversified
technologies different stages of filtering (cascaded filters) will be combined, thus minimizing
the insertion loss and dispersion, with a substantially increasing data transmission speed in a
particular channel of the WDM. Therefore, to ensure better effectiveness it is necessary to
find out what are limitations imposed by the complex transfer functions of existing
wavelength filters in the cases of high transmission speed and great number of users in fiber
optics transmission systems — both present and future.

As concerns the phase transfer function of wavelength filters, this could be a source
of considerable degradation in the high-speed WDM systems [12, 35, 41]. The phase transfer
function has assumed an ever increasing significance with the increasing data transmission
speed, which occurs as technological development progresses. First of all, in commercial
systems the speed of transmission by one channel has been rapidly increasing; a similar
tendency is observed in the access networks based on WDM technologies [45]. Second, with
increasing efficiency of WDM systems the channels’ intervals are reduced to the minimum,
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which is connected with applying wavelength filters with much narrower band. As a result, in
such communication systems also small dispersion values (<100 ps/nm) should be taken into
account. In the case when the optical fiber bandwidth (accessible for a particular WDM
system's channel) decreases, a detailed analysis is needed to estimate the influence of a
wavelength filter on the quality of a transmitted signal. Into consideration also “edges” of the
complex transfer function of a wavelength filter should be taken where the dispersion impact
is the greatest, since the phase transfer function of wavelength filters is nonlinear in this
range. Also a fact should be mentioned — that the wavelength filters with the best isolation of
adjacent channels possess the highest dispersion [26, 40, 41]. Therefore, it is especially
important to know the degree of the dispersion introduced by wavelength filter in order to
avoid possible signal degradation in the systems with rapidly increasing transmission speed.

Table 1.

Comparison of wavelength filters for DWDM systems

Thin film filters
Insertion loss > 1 dB;

Fiber Bragg grating filters
e Insertion loss > 1 dB; .

e Polarization dependent loss ~0.1 dB; e Polarization dependent loss ~0.2 dB;

e Adjacent channel isolation 30 dB; e Adjacent channel isolation 30 dB;

e Channel interval > 50 GHz; e Channel interval > 50 GHz;

e Temperature dependence 0.5 pm/C° and e Temperature dependence 0.3 pm/C° C° and
unstable from mechanical stress; unstable from mechanical stress;

e Temperature stabilization coating needed; | e Temperature stabilization coating needed:;

e Arhitecturelx1 and channel number e Arhitecturelx1 and channel number
enlargement by degrees; enlargement by degrees;

e Multiple filters connected in cascade e Multiple filters connected in cascade
reduces the number of channels < 16; reduces the number of channels < 16;

e Simplex in operation if structure is with o Duplex;

Passive devices;
Small dispersion within the pass band of
the filter.

apodization functions;
e Passive devices and used in combination .
with optical circulators;
o Higher dispersion.
Arrayed waveguide grating filters
e Insertion loss > 5 dB; .

Diffraction grating filters
Insertion loss > 6 dB;

e Polarization dependent loss ~0.5 dB; e Polarization dependent loss ~ 0.2 dB;

e Adjacent channel isolation 25 dB; e Adjacent channel isolation 40 dB;

e Channel interval > 50 GHz; e Channel interval > 6.25 GHz;

e Temperature dependence ~ 10 pm/C° and e Tunable transmission bandwidth and
unstable from mechanical stress; central wavelength;

e Temperature stabilization coating and e Low temperatue dependence and unstable
acive temperature stabilization needed, from mechanical stress;

e Arhitecture1xN and channel number e Arhitecturelxl;
enlargement by devices; e Duplex;

e For system with channel count > 16; e Tunable filters are active;

e Developed infrastructure needed,; e Small dispersion.

e Duplex;

e Small polarization mode dispersion
values.

Interest in the acquisition of dispersion characteristics for wavelength filters arose in
the mid-nineties, and the relevant methods were worked out based on the optical fiber
measurement techniques [17, 19, 49]. However, the wavelength filters are selective devices,
so in order to characterize them various factors should be taken into account. First of them is
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the increasing demand for the dynamic range, since in the domain of the wavelength filter’s
complex transfer function (where greater dispersion values could be expected) the introduced
losses are growing. The second factor is that the dispersion — as function of the wavelength in
contrast to the optical fiber case — is a quickly varying parameter, which could be explained
by the Kramers-Kronig relations [75]. In turn, the third factor is that the wavelength filters
possess a relatively small dispersion as compared with optical fibers.

It is not only the dispersion that affects the wavelength filter’s passband needed for
separation of the optical signals from the whole WDM system's spectrum; this passband is not
always determined by the data transmission speed, since some other factors — such as the
influence of temperature, the shifting of the central wavelength of a laser and its aging, as
well as the widening of optical signal’s spectrum due to the nonlinear optical effects [77].
Therefore, a necessity arises as to the appropriate investigations into the WDM systems with
increasing data transmission speed, since the dispersion introduced by wavelength filter can
significantly affect the transmitted signal [4, 13, 36]. In the process of working out a
wavelength filter especial attention should be given to the shape of the amplitude and phase
characteristics. Having preserved the desired phase characteristic ensuring the minimum
signal distortion, the search for the appropriate filter amplitude characteristic should be
initiated. Taking into account the above-mentioned condition, such an amplitude
characteristic is to be close to a rectangle in order to ensure the minimum crosstalk between
adjacent channels. At the same time, this condition can create a signal’s distortion at
increasing data transmission speed, since the level of the induced dispersion is not always
minimal [66]. Therefore, it is important to develop a methodology for determination of the
effective bandwidth of a wavelength filter and find out the influence of such filter on the
optical signal passing through it at a high speed.

For creation of an all-optical communication system it is necessary to search for new
ways of wavelength filters’ application as well as to work out new-type wavelength filters that
would be applicable to the integration with semiconductor devices, which would allow the
nanometre sizes to be achieved. One of possible applications would be fully optical
conversion of the modulation format with MRR filters, which is required in order to raise the
scalability of the future optical communication systems [51, 79, 86]. The RZ-NRZ conversion
of signals is a convincing example illustrating the interaction of different future optical
communication systems. This is a vital problem, which is to be considered already now for
the transport and access optical networks, since it would allow improvement of the efficiency
of optical signals’ processing thus promoting the total scalability of the future optical
communication networks.

Chapter 2

The relevant signals and physical components are describable mathematically by
complex functions. The impact of time-domain physical components on the transmitted signal
can be estimated through convolution between the function describing a component and the
function that characterizes the input signal. Based on the Fourier transform theory, the
equivalents for such effects could be estimated in the frequency domain using the Fourier
transform from the input signal characteristic and the Fourier transform from the expression
describing the physical component [25].

In the work, the acquisition of complex transfer functions is divided into two parts.
First, we obtain the amplitude square transfer functions (ATF) and then the phase transfer
functions (PTF). Such an order is also connected with accessibility of measuring setups as
related to PTF measurements. Owing to successful cooperation of the Institute of
Telecommunications with Agilent Technologies Co., in February 2011 the majority (by then)
of PTF measurements were taken for the wavelength filters available at the Fiber Optics
Transmission System Laboratory.
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To find the wavelength filter’s ATF two methods could be applied. The main
difference between them is the type of the light source. In the former case, a tunable laser
source (TLS) is used together with the optical spectrum analyser (OSA). In this case, it is
important to synchronize both the devices as well as reach the peak power stability in the
measurement range. In such solutions the measuring instruments are usually employed that
are mutually controlled using the relevant schemes (see scheme in Fig. 3). In the
measurements, an Agilent 86038B tunable laser was used, which was ,,conjugated” with an
optical spectrum analyser. In the following chapters of the work this technique will be
referred to as the TLS method.

Control signal

TLS|—s DUT —:|

TLS - tunable laser source
DUT - device under test
OSA — optical spectrum analyzer

-60, :
1831 1932 1933 1934 1935 1936 1837
Frequency(THz)

(a) (b)
Fig.3. A scheme for measuring the amplitude square transfer function with TLS (a); power
spectrum of the continuous TLS (b)
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GFF — gain fattening filter 60 Before gain fattening filler  f------ E
DUT - device under test
OSA - optical spectrum analyzer 70 I n I N n
1520 1530 1540 1550 1560 1570 1580
Wavelength (nm)

(a) (b)
Fig.4. A scheme for measuring the amplitude square transfer function with ASE (a); the
power spectra of broadband noise spontaneous emission light source (b)

After gain flattening filter

The main difference of the second method is the light source. In the measuring
scheme a source of broadband light is used (for realization see Fig.4). In a particular case no
additional control circuit is required for synchronization of the light source with OSA.
However, the main limitation of this method is the wavelength range (from 1530 nm to 1565
nm), since the light source in this measuring scheme is executed as that of broadband noise
spontaneous emission light (a pumping light source consisting of a laser diode with the central
wavelength of 975 nm and a 10 m long EDF). For flattening the power spectrum a gain
flattening filter (GFF) and, in addition, ADVANTEST Q8384 OSA are used. In further
chapters this method will be named amplified spontaneous emission (ASE) method — the
name associated with the light source used.

During the work, the ATF measurements were done for different wavelength filters:
TFF, FBG, AWG and DG, which are employed in commercial dense WDM (DWDM)
systems. The last of the listed wavelength filters is intended for scientific research due to its
being made with tunable wavelength bandwidth (shown below in the description of
measurements).
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Fig. 5. 100 GHz TFF amplitude square transfer function on logarithmical scale obtained
with TLS and ASE methods

Figure 5 shows the amplitude square transfer function for a 100 GHz TFF. The
parameters of this filter are: insertion loss 1.2 dB, bandwidth values at the -1 dB, -3 dB and -
20 dB levels are, respectively, 68.8 GHz, 81.3 GHz un 118.8 GHz.

To obtain the phase transfer functions, the Agilent 86038B measuring device was
used, which allowed for estimation of such wavelength filter’s parameters as PTF, group
delay (GD) and the induced dispersion as wavelength function. In a particular measuring
setup a modulated phase shift (MPS) method was used.

RF network
analyser

3

MZM — Mach-Zehnder modulator,

Tunable PC — polarization controller,
Ny o~ .
N| laser DUT - device under test,

RF - radio frequency,

Fig. 6. Measuring scheme for the modulation phase shift method

The modulation phase shift measurement scheme is shown in Fig. 6. Light from a
tunable laser is sinusoidally amplitude modulated (typically in the 100 MHz to 1.25 GHz
range) in a Mach-Zehnder modulator (MZM). Polarization controller is employed to alter the
signal polarization state for differential group delay measurements. After propagating through
the device under test (DUT), the transmitted signal is detected by a PIN photodiode. An RF
network analyzer is used to provide a modulating signal and to measure the electrical phase
difference between input and output signals. This is the most accurate method for measuring
the phase characteristics of a real device [1, 18, 66].

The 100 GHz TFF phase transfer function, group delay and dispersion obtained with
MPS method are shown in Fig. 7. The group delay changes in the -20 dB bandwidth are 16
ps, while the dispersion equals 0 ps/nm for the central wavelength. The maximum dispersion
value in this band is from -111 ps/nm to 141 ps/nm.

The results obtained outside the -20 dB band are noisy, showing the greatest
limitations at the wavelength filter measurements. In this case the dynamic range of the
measuring technique is sufficient for achieving the required accuracy only inside the
passband, which is connected with a high loss inserted by the filter beyond its passband. As a
result, the optical signal is attenuated, and the phase value cannot be determined for the
network’s analyser. A transition region is shown in the results to verify their truthfulness.
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The relative group delay is also considered, since its influence on the optical signal
propagating through the device is much greater than that of the absolute delay. Besides, it
should be taken into account that at decreasing the passband of a wavelength filter the
relevant induced dispersion increases, which at higher transmission speeds can lead to
degradation of the optical signal. This effect could be even stronger in the case of cascaded
filters when the induced dispersion accumulates [66].
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Fig. 7. 100 GHz TFF (a) phase transfer function, (b) group delay and (c) dispersion obtained
with MPS method

This chapter describes the complex transfer functions of wavelength filters and the
ways of their determination. One of them is to calculate such a function theoretically, and to
use it in the cases when the relevant measuring equipment is unavailable. Also, the measuring
methods for acquisition of the amplitude square transfer function are considered. Next, a
search is done for the solutions related to the acquisition of the phase transfer function using
Hilbert’s transform of the amplitude square transfer function. This approach has its own
limitations — e.g. when real measurement data are used, which quite often are relatively noisy
[66]. Therefore, a possibility is considered which involves description of all the filters by
definite mathematical functions. This would give some result; however, it should be taken
into account that the dispersion induced by this type wavelength filter is highly dependent on
its physical realization. Hence, the phase transfer function measurements were preferred,
which turned out to be the most precise way of obtaining the dispersion value induced by a
wavelength filter’s physical realization [66].

Chapter 3

The chapter is structured in three parts: the first part describes a new measuring
method worked out for determination of the effective bandwidth of a wavelength filter; the
second part is devoted to the developed measuring scheme as well as to the possibility to raise
the total spectral efficiency of the system using the same wavelength filtering technologies;
in the third part, the most efficient full width at half maximum (FWHM) passbands are
determined and recommendations offered as to the conversion of the DPSK optical signal to
the Duobinary optical signal using the Lorenzian, Raised Cosine, and Supergaussian filters.
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As a rule, the manufacturers of wavelength filters use the FWHM criterion.
However, this criterion does not allow determination of the maximum admissible shift of the
central wavelength of a WDM system's channel from the central wavelength of the filter at
the estimation of a signal’s distortion. It should be taken into account that at differing
transmission speeds such admissible shifts could also be different. Therefore, determination
of effective bandwidths is of high importance for the new-generation access systems based on
densifying the wavelength-division multiplexing [52, 54, 55, 60, 61]. In such DWDM systems
the data transmission speed and the number of channels could be raised gradually. Every flaw
in the wavelength filters’ parameters might be a source of significant distortion of the
transmitted signal’s quality. So it is necessary to create such a method for determination of the
bandwidth that would take into consideration both the factors — the signal quality achieved
and the possible data transmission speed increase [34]. This means the necessity of defining
the effective bandwidth. Therefore, in the work the effective bandwidth was defined in whose
limits at offset of an optical signal’s central wavelength this signal is not degraded, which
implies BER < 10” [57, 58]. For the definition, in the work a block diagram for bandwidth
determination (Fig.8) has been developed and patented in Latvia [62].

PPG - pulse pattern generator,

NRZ — code former,

MZM - Mach Zehnder modulator,

NRZ DUT - device under test,

OSA — optical spectrum analyzer,

BER - bit error rate tester. —_

Y

PPG

Y

3
§z§: > LiNbO, >——{ DUT §z:s

Fig. 8. Effective bandwidth determination measurement setup [62]

Fig. 9 shows the eye diagrams and optical power spectral densities of 10.3125 Gbit/s
optical signals after 100 GHz TFF for different laser central wavelength offset values (-0.4
nm, -0.3 nm, 0 nm, 0.3 nm, 0.4 nm). The offset value was changed within TFF device pass-
band with 0.1 nm step. This value was chosen to fit DWDM systems’ wavelength grid
defined in ITU-T G.694.1 recommendation. Other offset values are not shown because greater
optical signal amplitude and phase distortions are at the edges of the optical bandpass filter
(OBPF). On Fig.9.a and e eye diagrams are shown for -0.4 nm and +0.4 nm offset values and
there are mask and signal crossing, which means that the defined BER value is exceeded.
From these results the TFF efficient bandwidth is 0.6 nm or 75 GHz [17, 75].

. . I Power spectrum diagrams of 10.3125 | Signal eye diagram
tﬂgnal_eyc diagram | Ghit/s optical signal after 100 GHz TFF I for offset: +0.4 nm
for offset: -0.4 nm for different laser wavelength offset
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Fig.9. Eye diagrams (a-e) and optical power spectrum (f) of 10.3125 Gbit/s NRZ optical
signal after 100 GHz TFF for different CW laser wavelength offsets (shown in inset).
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In the case of a TFF wavelength filter — as distinguished from FBG wavelength
filters — the effective bandwidth obtained by measurements is independent of the transmission
speed. This is due to smaller induced dispersion of the former, which is clearly demonstrated
in Table 2 containing the ATF bandwidth values (obtained by ASE method) for the filters
under consideration. The tabulated results have been obtained using the practically employed
relevant criteria and the developed & patented in Latvia measuring scheme. Comparison of
the results obtained allows for the conclusion that the effective bandwidth of the considered
TFF wavelength filters is in the range from -1 dB to -3 dB, while in the case of FBG filters it
Is dependent on the used data transmission speed and decreases at this speed increasing;
therefore, the relationship characteristic of the TFF filters is not fulfilled, which is due to a
greater value of induced dispersion of FBG wavelength filters [12, 75].

Comparison of bandwidths for wavelength filter in DWDM systems Tevle
Filter name Bandwidth
-1 dB level -3 dB level -20 dB level Effective bandwidth
55 GHz FBG | 50.0 GHz 55 GHz 75.0 GHz 255&:32'4; itozsi 2(;bc|;t§t -
200 GHz TFF | 137.5GHz 200.0 GHz 275.0 GHz 175.0 GHz
100 GHz TFF 68.8 GHz 81.3 GHz 118.8 GHz 75.0 GHz

It is not always possible to determine the least allowed interval between channels in a
DWDM system using only the manufacturer-specified wavelength filter parameters. This is
indicative of incompletely presented by manufacturer possibilities that could be used for
improvement of a WDM system's parameters — e.g. its spectral efficiency [54, 61]. By now
different WDM systems have been worked out [7, 14, 50, 88] with the possibility to transmit
the information with a definite frequency interval between adjacent channels at a definite data
transmission speed for a particular channel. The research on optical communications in the
past years was partly directed towards increasing the total capacity of a single optical fiber.
The majority of the relevant research works are based on the new modulation techniques
suited for definite wavelengths [31, 68]. The proposed approach for increasing the
transmission capacity is to reduce the channel spacing of a DWDM system for broadband
access to the minimum while keeping the employed wavelength filter technologies [33, 54,
60, 61]. The aim of the relevant invention is to raise the spectral efficiency of a WDM system
while applying the existing technologies of wavelength filters. During the work, a measuring
block diagram was developed and patented (see Fig. 10) [8].

Standard single mode
optical fiber ITU-T
G.652.d (20 km)
MZM

Wavelength Low - pass
Optical filter Optical PIN electric filter
combiner A splitter

pulse pattern gencrator, -
MZM NRZ — non-return to zero, OSA
alyzer,

MZM — Mach-Zehnder modulator
+ 0OSA — optic

EYE - eye d

PPG NRZ

Fig. 10. Scheme for measuring spectral efficiency enlargement [8]
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Consider now the results obtained for 200 GHz TFF. Figure 11 shows the eye
diagrams and optical power spectral densities of a 10.3125 Gbit/s DWDM system realized
with 200 GHz TFF after 20 km of SSMF for different channel intervals from 75 GHz to 175
GHz with 25 GHz (0.2 nm in a wavelength range) step. The step value was chosen to fit
DWDM wavelength grid defined in ITU-T G.694.1 recommendation. Both signal’s detection
in was observed with a 75 GHz channel interval. To reduce undesirable interaction between
adjacent signals, the channel interval was increased, which gave lower BER values for the
detected signal. As a result, the adjacent channel was suppressed more efficiently, because the
steepness of a 200 GHz TFF device is very good and the adjacent channel’s isolation is
approximately 40 dB. As can be seen from the results (Fig. 11b), a 100 GHz channel interval
Is sufficient to ensure the appropriate BER value for adequate system's performance. The
results for greater channel intervals (125 GHz, 150 GHz and 175 GHz, Figures 10c—e) are
also shown to demonstrate DWDM system's stability in the spectral range employed for
transmission. Thus, the spectral efficiency of DWDM systems with 200 GHz TFF has risen
two times (at 10.3125 Gbit/s transmission speed from 0.05 bit/s/Hz to 0.1 bit/s/Hz).

Using the proposed method: to reduce the frequency interval between the adjacent
channels to minimum while applying the same wavelength filters — it is possible to improve
the DWDM system's spectral efficiency, which is confirmed by the results obtained.

Power spectrum diagrams of 10.3125 Gbit/s
DWDM system after 200 GHz TFF for
different channel intervals
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Fig. 11. Eye diagrams (a—€) and optical power spectrum (f) of 10.3125 Gbit/s DWDM system
realized with a 200 GHz TFF after 20 km of SSMF for different channel intervals (shown in
insets).
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Further in the chapter, the complex transfer function is determined which is most
suitable for a DWDM system's wavelength filter. Since the decisive factors for this purpose
are the data transmission speed and the modulation format, for the research the most widely
employed data transmission speeds in the channels of DWDM system and its modulation
formats are taken [59, 76].

Travelling through a multiple wavelength filters, the optical signal experiences
spectral narrowing due to temperature instability of filtering devices and of central frequency
of light sources, which could be the main factor of degradation in future transmission systems
[63, 64, 66, 75]. The rate of FWHM band narrowing depends on the shape of the amplitude
square transfer function. The fastest FWHM band narrowing at several cascaded wavelength
filters is observed for the Lorenzian filter, whereas the slowest — for flat-top filters [59]. In
multichannel DWDM systems the above mentioned factors could be the main causes for
degradation of transmission signals [38, 53, 88]. Therefore, it was necessary to find out the
minimal filter’s FWHM bandwidth which ensures appropriate quality of transmitted data
signals in compliance with the ITU-T recommendations. Still, the filter bandwidth is not the
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exclusive parameter of which we need to be aware. The phase transfer function of wavelength
filters is of great importance when we transmit information via DWDM transmission systems
at a very high speed in optical channels.

For the research the OptSim 5.0 simulation software was chosen. Three different
transfer functions of the optical filter for realization of DWDM system simulation schemes
were employed. These functions were chosen because with the Lorentzian optical filter’s
transfer function we can approximate: Fabry Perrot filters, micro ring resonators; with Raised
Cosine: arrayed waveguide grating with a flat top, diffraction gratings, and particular cases of
thin film filters and fiber Bragg gratings (with apodization); with Supergaussian: arrayed
waveguide gratings with Supergaussian transfer function, and thin film filters with low
refraction index modulation [56, 59, 66, 75].

Realization of efficient data transmission at different modulation and coding formats
is highly dependent on accurate evaluation of the wavelength filter parameters, because in
such modulation and coding formats the power spectrum densities and information
distribution are different [44, 76]. Therefore, detailed research into the optical BPF influence
on optical signals in DWDM has been carried out. The research is based on the evaluation of
such an important system parameter as the Q-factor using simulation techniques incorporated
in the OptSim 5.0 simulation software:

:ml—mo, (1)
O'1+O'0

where my, o1 (Mg, op) are the mean and the standard deviation of the received signal at the
sampling instant when a logical “1” (“0”) is transmitted. For Q = 6 (15.56 dB) the BER value
is ~10°, and for Q = 7 (16.94 dB) — ~10*? [28].

NRZ 2.5 Gbit's 200 GHz NRZ 2.5 Gbit/s 100 GHz NRZ 25 Gbit/s 50 GHz
24 T T T 25— -
2 T L ==-Lorentzian ! - ==Lorentzian {| = ==Lorentzian
| Ralsed Cosine | 22 f‘ """ —Raised-Cosine | 29| fhooereeens {| ==Raised-Cosine
204 R i Supergaussian 20N -4 e oo Supergaussian 20|15 Supergaunssian
g ____________ = ‘ : : H
S 16ff- 1o ||} N Ny 5
o 18] I —
i I /i SN
L [ < | ‘ U
1ok : J ol i 1ol ‘ i
5 50100 150 200 5 25 50 100 5 20 40
Filter FWHM value, GHz Filter FWHM value, GHz Filter FWHM value, GHz
NRZ 10 Gbit/s 200 GHz 2 NRZ 10 Gbit/s 100 GHz s NRZ 10 Gbit/s 50 GHz

==-Lorentzian ===Lorentzian ---Lorentzian
—Raised-Cosine
Supergaussian

tghoi | RaisedCosine| ol ] —Raised Cosine
\ Supergaussian

Supergaussian

| H | i H @ | H H '
1000 100 150 200 10 50 100 10 20 30 40 50
Filter FWHM value, GHz Filter FWHM value, GHz Filter FWEM value, Gz
20— NRZ 40 Git/s 200 GHz » NRZ 40 Gbit/s 100 GHz o, NRZ40Gbits 50 Gz
‘ : : : ! : ! ===Lorentzian
=——Raised-Cosine

Supergaussian /

—--Lorentzian
—Raised-Cosine
Supergaussian

! i | | : !
50 100 150 200 20 40 e & 10 o 20 30 40 50
Filter FWHM value, GHz Filter FWHM value, GHz Filter FWHM value, GHz
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In this research the dependences of Q-factor on the FWHM bandwidth of optical band-
pass filters with different amplitude transfer functions (Lorentzian, Raised Cosine and
Supergaussian) were calculated for various simulation setups: with channel spacings
50/100/200 GHZ, data transmission speeds 2.5/10/40 Gbit/s and different modulation formats.
The main idea of the research was to find out efficient FWHM bandwidth for different
simulation scheme setups. For each modulation format and data transmission speed the length
of optical fiber was different by the criterion of realization of reliable data transmission
(because increase in the data transmission speed results in greater influence of chromatic
dispersion and, therefore, also in nonlinear optical effect), but it was kept the same for all
channel intervals.

Figure 12 shows the dependence of Q-factor on the FWHM bandwidth for different
optical band-pass filters: Lorentzian, Supergaussian and Raised Cosine for an NRZ-OOK
four-channel 2.5/10/40 Gbit/s DWDM system with 50/100/200 GHz channel spacing. It has
been shown that speeding-up the data transmission results in a wider spectral density of
modulated signal and efficient FWHM bandwidth for different data transmission speeds. This
can be explained through the Fourier transformation time and frequency scaling property:
compressing a pulse in the time domain will stretch the power spectrum density and vice
versa. Besides, a lower channel spacing between adjacent channels results in greater influence
of NOEs which reduce the Q-factor for all FWHM bandwidth values.
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Fig.13. Q-factor vs. bandwidth for different OBPFs (shown in the inset) of the NRZ-DPSK
four-channel 2.5/10/40 Gbit/s DWDM system with 50/100/200 GHz channel spacing and
balanced detection

The results show that for the NRZ-OOK coded optical signals the FWHM band of
efficient filters extends with data transmission speed, and that the best performance is
achieved using Supergaussian and Raised Cosine optical BPFs. In the best case the FWHM
bandwidth values for 2.5/10/40 Gbit/s data transmission speeds are, respectively, 5 GHz, 10
GHz and 50 GHz. In the case of 40 Gbit/s data transmission speed the 50 GHz channel
interval is unsuitable, because Q-factor is here below 15.56 dB (which stands for BER~10°).
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To realize reliable transmission for this case the channel interval should be greater — more
than 50 GHz.

Figure 13 shows the dependence of Q-factor on the FWHM bandwidth for different
optical band-pass filters: Lorentzian, Supergaussian and Raised Cosine, of an NRZ-DPSK
four-channel 2.5/10/40 Gbit/s DWDM system with 50/100/200 GHz channel spacing. The
greatest data transmission distances for all data transmission speeds are achieved with the
NRZ-DPSK modulation format, because of its impressive tolerance for NOEs. The main
drawback of this modulation format is its wide spectral density which limits decreasing the
channel interval.

The Raised Cosine optical BPF showed the best performance for all data
transmission speeds with DPSK-NRZ due to its pass-band shape, which is the closest to the
amplitude transfer function of an ideal optical band-pass filter. As distinguished from the
previous results, here a more sophisticated design of receiver is used, which is connected with
modulation format realization since all the information is recorded in a signal’s phase. As
known, it is not always possible to create an especially sophisticated receiver. Therefore, in
the work a method is proposed which allows — using narrow-band (Raised Cosine) filtering
and a square-law detector — to receive the NRZ-DPSK modulation format.

The results are seen in Fig. 14, where the Q-factor is shown in dependence on the
FWHM bandwidth for different wavelength filters of a four-channel NRZ-DPSK 2.5/10/40
Gbit/s DWDM system with a 100 GHz interval between channels, which is realized with a
square-law detector. In this case, the phase-to-intensity conversion takes place at decreasing
the FWHM bandwidth [21, 43, 85]. The NRZ-DPSK demodulation is a possible cause of
lower FWHM bandwidth values, since after the 30 GHz FWHM bandwidth value is reached
the signal quality steeply degrades (in the case of Supergaussian filter in Fig. 13) [59]. In turn,
the tendency shown in Fig. 14 is quite opposite — the best signal quality in a 40 Gbit/s
DWDM system with a 100 GHz inter-channel spacing is at the 24 GHz FWHM bandwidth for
Supergaussian filter in the case with square-law detector [11]. Similar results have been
obtained (also experimentally) by other authors in whose investigations both Supergaussian
and Lorenzian filters were used [21, 43, 85]. In the case of Supergaussian filter the data
transmission speed should be multiplied by coefficient 0.6 in order to obtain an appropriate
FWHM bandwidth for a DSPK signal’s demodulation. The main contribution of the present
work is the NRZ-DPSK demodulation with a Raised-Cosine filter followed by successful
detection using a square-law detector.
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Fig. 14. Q-factor vs. bandwidtlh for different OBPFs (shown in the inset) of the NRZ-DPSK
four-channel 2.5/10/40 Gbit/s DWDM system with 100 GHz channel spacing and direct
detection

To verify the trustworthiness of the results obtained, additional experiments have
been run for the case of NRZ-OOK modulation format. For this purpose, an additional
experimental 2-channel 10 Gbit/s measuring scheme was worked out for variable channel
intervals and using a tunable wavelength filter. In the research, an Anritsu “Xtract” DG
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wavelength filter was used, which allowed for changing the FWHM bandwidth in the range
from 18 GHz to 87.5 GHz. Two FWHM bandwidth values — 18 GHz and 30 GHz — were
taken, to make sure that it will be possible to improve the signal quality by narrowing the
FWHM band thus reducing the noise level in the receiver. The highest transmission speed
was not taken, since in this case the improvement of experimental scheme becomes too
expensive.
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Fig. 15. Experimental 10 Gbit/s DWDM system power spectrum (a, b) worst channel eye
diagrams (c-f) and after Anritsu ,,Xtract” with 18 GHz (c, d) and 30 GHz (e, f) FWHM
bandwith at different channel intervals

Figure 15 shows power spectrums (a, b) of the developed experimental 10 Gbit/s
DWDM system and the eye diagrams for the worst channel case (c-f) and after Anritsu
“Xtract” at 18 GHz and 30 GHz FWHM bandwidth and 50 GHz and 100 GHz channel
spacing. The upper part of the figure presents the results obtained in the case of a 50 GHz
channel interval. As could be seen in the diagrams, narrowing the FWHM band it is possible
to reduce the ASE noise and improve the signal quality (by raising the Q-factor). From the
comparison of the results obtained for different channel intervals it follows that the inter-
channel cross-talk and NOEs are decreasing with greater channel intervals, which confirms
that these results coincide with those obtained by numerical calculations.

In this chapter, apart from practically applied wavelength filters (whose parameters
and capability are estimated using new and patented in Latvia measuring schemes) the general
recommendations are given which have been elaborated as to the choice of the complex
transfer function for different modulation formats. It is shown that using the Raised-Cosine
filter a DPSK signal’s demodulation could be performed, which ensures better resistance
against the bandwidth narrowing caused by cascaded filters.

Chapter 4

In Chapter 4, a new-type wavelength filter is considered: the microring resonator
(MRR), which so far has not been employed in commercial wavelength-division multiplexing
systems. The related research was done during the doctoral practice at the Technical
Uuniversity of Denmark, Photonics Institute, ETDM Laboratory, in cooperation with the
scientists from the laboratory of the Wuhan National Optoelectronic and under the
supervision of professor Christophe Peucheret. Filters of the type have been extensively
studied and described mathematically (see Compendium [67]). Therefore, the primary
emphasis in this chapter is placed upon the estimation of MRR limitations and possibilities to
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apply these resonators in high-speed optical fiber communication systems; besides, a new
solution is proposed for simultaneous conversion of amplitude- and phase-modulated RZ

signals to NRZ signals using a single-ring resonator.
Drop port

k
2 Add port
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Directional
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Fig. 16. Structural model of a single ring MRR filter [9, 67]

To describe precisely enough an MRR wavelength filter, mathematical expressions
are used that account for the properties of material. Especial attention is paid to the
architecture of a single-ring MRR filter, which is explained with simplicity of its design and
realization. However, when applying a single MMR filter we should take into account the
narrowing of FWHM band when such filters are connected in cascade. First, we will describe
a single-ring MRR filter with the following complex transfer functions for the through and
drop ports, respectively [67]:
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Ethrough = 72.”.i[f,f0] (2)
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where k1,2 is a coupling coefficient of the electromagnetic field describing directional
couplers (see Fig. 16); t,, =1-k,, is used to shorten the record, « is an electromagnetic field

loss coefficient for one ring; f, is the central frequency of MRR filter; rsr - > ;n . is the free
: e

spectral range (FSR) or the distance between two central frequencies of the complex transfer
function (periodical for these filters); c is the velocity of light in vacuum; R is the MRR
radius; and n Is the effective refraction coefficient [67, 75].

As seen from Fig. 17, the drop port has a Lorenzian filter’s shape; in turn, the
through port is shaped as a notch filter. These transfer functions are obtained using the Matlab
program. Further in the chapter, the limitations and possibilities provided by the transfer
functions for the drop and through ports are considered separately. First, the limitations on
application of the complex transfer function for the drop port will be discussed.

The relevant investigation was done in order to estimate the degree of an optical
signal’s degradation at its propagation through multiple cascaded MRR filters. In the
investigation, both calculational and experimental methods were used.

Silicon MRRs are versatile devices with promising applications as optical filters or
wavelength selective switches [9]. One straightforward use of MRRs is as optical add-drop
multiplexers in WDM systems, using MRR structure shown in Fig. 16. Furthermore, thanks to
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their compactness, integrability, and compatibility with standard microelectronic fabrication
processes, they are essential building blocks for future scalable optical interconnect
architectures [70], which have recently been the object of increased research interest. Even
though they are designed for high-speed networks or interconnect applications in mind, very
few studies have so far considered the impact of MRR filtering on high-speed modulated
signals. The system penalty induced by one single or double ring resonator structure on
10-Gbit/s NRZ-OOK signals was first investigated in [39, 46]. Very recently, switching of
10-Gbit/s DPSK signals through a second order silicon microring switch has been
demonstrated [81]. Higher order MRRs are used in this context since their wider and flatter
passbands prevent the occurrence of phase-to-intensity modulation conversion shown in Fig.
14. The bit-error-ratio (BER) performance of coupled ring resonators has also been given
recent consideration for NRZ OOK signals at 10 Gbit/s [24]. However, to constitute a
practical solution for MRR-based scalable high-speed interconnect architectures or WDM
add-drop nodes, the cascadability of the MRRs should be ensured for high bit rate signals,
which has not been demonstrated so far. In the present research, the cascadability of silicon
MRRs used as bandpass filters to their drop port is experimentally investigated for CSRZ-
OOK and CSRZ-DPSK signals at 40 Gbit/s [17, 65].
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Fig. 17. MRR filter: (a) amplitude square transfer function and (b) phase transfer function for
drop and for through ports (FSR = 1000 GHz, k1,2 =0.36 and  =0.95)

The silicon MRR used in the experiment is presented in Fig. 18 a. It was fabricated
on a silicon-on-insulator (SOI) wafer with top silicon thickness of 250 nm and buried silicon
dioxide of 3 um. Details of the fabrication process can be found in [20]. The radius of the
MRR is 9 um, with 80-nm coupling gap and 435-nm waveguide width. The input and output
waveguides were inversely tapered to 45 nm and covered by polymer. This forms a nano-
coupler, which results in ultra-low coupling loss to and from the tapered fibres [20]. Figure
19a shows the measured transfer function at the drop port of the MRR. The measured FSR is

1235 GHz and the Qwmrr factor (q,,.. = fo ) is 2192, corresponding to a FWHM

fewhm
bandwidth of 88 GHz. The total insertion loss of the device is about 5 dB, and the extinction

ratio (ER) of the drop transmission is 20 dB.
(a)

250 nm

Height (pm)
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Fig. 18. MRR filter: (a) top view and (b) straight waveguide cross-section
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In turn, Fig. 19b shows narrowing of FWHM band in the case when single-ring MRR
filters are cascaded. As could be seen, after five cascaded single-ring MRR filters the FWHM
bandwidth is 34 GHz, which is estimated to be approximatelly 60 % smaller as compared
with the case of one MRR filter. Such FWHM band narrowing can lead to significant
distortions of the transmitted signal.
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Fig. 19. Realized MRR filter drop port: (a) measured amplitude, its approximation and
cascade of approximated function (b) FWHM bandwidth dependence on the number of single
ring MRRs in cascade

The experimental recirculating loop setup for investigating the cascadability of a
single MRR used as drop filter is illustrated in Fig.20. The optical transmitter consists of two
LiNbO3; Mach-Zehnder modulators (MZMs) generating 40-Gbit/s CSRZ-OOK or CSRZ-
DPSK signals. The first MZM, driven by a half clock, was used as pulse carver while the
second one was driven by a 40-Gbit/s pseudo random binary sequence (PRBS) with a pattern
length of 2*.-1. The optical signal was then boosted by an EDFA before being input to the
loop. The loop switch consists of two acousto-optic modulators (AOMSs). A dispersion
compensated span consisting of a 80 km standard single mode fiber and a 13 km dispersion
compensating fiber was used to store the data in the loop and enable the recirculations [17,
37].

20 GHz clock 40 Gbit/s Data  Transmitter

80 km SMF

13 km DCF

Direct or
Balanced
Detection

Transmission span

Preamplified Receiver

Fig. 20. Recirculating loop setup for MRRs cascadability evaluation.

After the transmission span, the optical signal was coupled into the MRR via a
tapered fiber and collected again at the drop port by another tapered fiber. An EDFA was used
for compensating the insertion and coupling loss of the resonator and loop switch. Data was
continuously sent, via a 90/10% coupler, to the receiver. Gating of the BER test-set and the
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oscilloscope enabled the characterization of the signal after the last round-trip in the loop. The
signal was detected in a preamplified receiver, comprising a 45-GHz photodiode for OOK and
a 1-bit fiber delay interferometer followed by a balanced detector, also with 45-GHz
bandwidth, for DPSK. Since the MRR is polarization sensitive, it was ensured that the signal
at its input was properly polarized for each round trip. This was achieved thanks to a polarizer
(Pol.) at its input, and intra- and extra-loop polarization controllers (PCs) enabling to find a
stable principal state of polarization for the loop. The experiment with cascaded MRR filters
was run using 40 Gbhit/s CSRZ-OOK and CSRZ-DPSK modulation formats, the BER value of
both the optical signals at the receiver being the primary parameter.

Figure 21 shows the results of BER measurements for the 40-Gbit/s CSRZ-OOK and
CSRZ-DPSK signals transmitted through different number of round trips in the loop. The
penalty when increasing the number of circulations is induced by bandwidth narrowing, as
shown in Fig. 19b, resulting in the waveform degradation and intersymbol interference. The
CSRZ-DPSK format can be seen to exhibit larger penalty than CSRZ-OOK [73]. However,
dispersion management and noise accumulation are critical at 40 Gbit/s, and some of the
measured penalties is actually attributed to the necessary transmission span in the loop. In
order to isolate the impact of a MRR on the transmission performance from that of the
cascaded transmission spans and loop artifacts, the recirculating loop measurement was
repeated with a (broad) 3-nm FWHM TFF replacing the MRR. The bandwidth of the TFF was
chosen to be wide enough to ensure that the signal was not affected by any filtering effect
even after 5 round trips. A variable optical attenuator (VOA) was inserted in the loop to
emulate the insertion loss of the MRR in order to ensure a fair comparison with respect to the
noise accumulation.
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Fig. 21. BER as a function of received power for different number of round trips in the loop
and for (a) CSRZ-OOK and (b) CSRZ-DPSK modulation

In order to estimate only the impact of a MRR filter on the transmitted optical signal
the BER characteristics were processed assuming BER=10"°. As could be seen from Fig. 21,
to reach such a BER value the power level should be raised still more. The corresponding
power difference is called power penalty. Mathematically, this could be written as:
o(mw)

P|
(dB):lo- log 1 BER=10 =P aene
10 P2|BER:10*9( W) 1|BER_1O

where Placr 00 is the power required for achieving BER=10" at the receiver’s input, and

o (dBm)- o(dBm), (@)

I:)penalty ‘ BER=10"2 P, | BER=10

Y is the power required for achieving BER=107 at the transmitter’s output,

respectively.

Using equation (4), p was calculated for BER measurements. &rjjumiem.

penalty ‘ BER=10"°
Then these values were processed in order to derive only the power penalty due to the impact
of a 88 GHz MRR filter. The power penalty values obtained at BER= 10 in dependence on
the number of single ring MRR filters in a cascade are displayed in Fig. 22 for 40 Ghit/s
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CSRZ-OO0OK and CSRZ-DPSK optical signals. A power penalty around 1 dB is measured after
one single MRR due to its relatively wide (88 GHz) FWHM bandwidth. Similar levels of
power penalty are measured for both formats up to 4 cascaded MRRs. After 5 cascaded
MRRs, the effective bandwidth of the cascade is reduced to 34 GHz, at which value some
DPSK signal demodulation [21] occurs, as can be seen in the corresponding eye diagram (see
the inset of Fig. 22). This results in an increased penalty for CSRZ-DPSK compared to
CSRZ-OOK.

The cascadability of single silicon MRR and its impact on the performance have
experimentally been demonstrated for 40-Gbit/s CSRZ-OOK and CSRZ-DPSK optical
signals for the first time. Error-free performance with moderate penalty was measured for
both formats after up to 5 cascaded MRRs. The CSRZ-OOK format exhibits a better tolerance
to bandwidth narrowing than CSRZ-DPSK, due to the partial DPSK demodulation
experienced by the latter format when the effective bandwidth of the MRR cascade is
reduced.
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Fig. 22. Power penalty (at BER= 10"°) induced by cascading a single MRR versus number of
cascades for CSRZ-OOK and CSRZ-DPSK signals. Insets: eye diagrams after the 1% and 5™
round trips.

All-optical conversion between different modulation formats is required to introduce
enhanced flexibility in the future optical networks. Format conversion from RZ to NRZ
signals is an essential example for interfacing different parts of a future ubiquitous transparent
optical network. In the past, significant efforts have been dedicated to on-off keying RZ-to-
NRZ conversion using nonlinear optical loop mirrors (NOLMs) [5], active injection locked
lasers [15], or SOA [3, 82] with relatively complex configurations. Single and multi-channel
format conversions based on simple passive linear filter devices [22, 84, 86] have been
demonstrated, however only applied to the on-off keying modulation. On the other hand,
because of its improved receiver sensitivity with balanced detection and superior transmission
properties [29, 48] differential phase shift keying (DPSK) has received special attention over
the past decade. Recently, single [30] and multi-channel [87] RZ-to-NRZ format conversion
for DPSK have been experimentally demonstrated using a delay interferometer (DI) with half
bit delay. However the dimensions of such devices may remain prohibitively large, which
would hinder their potential for integration.

Silicon photonics has received considerable attention lately due to its inherent
advantages including compact size and compatibility with microelectronics fabrication
processes. Silicon MRRs are versatile ultra-compact devices that have been widely used for
all-optical signal processing [42, 78]. Multiple channel RZ-OOK to NRZ-OOK format
conversion based on a single silicon MRR has already been successfully demonstrated [22].
In this research, simultaneous RZ-OOK to NRZ-OOK and RZ-DPSK to NRZ-DPSK format
conversion at 41.6 Gbit/s based on an optimized silicon microring resonator design was
realized. It is shown that the use of an MRR for format conversion is compatible with DPSK

29



modulation [79]. The effect of the coupling coefficient of the MRR and the bandwidth of the
following OBPF on the conversion results were analyzed and then simultaneous conversion
for both OOK and DPSK formats at 41.6 Gbit/s was experimentally demonstrated. Clear
converted signals eye diagrams and bit-error-rate measurements show the good conversion
performance of the scheme [65, 80].

The principle of the format conversion is the linear filtering process at the through
port of an MRR [22, 84]. To find appropriate MRR parameters for format conversion a
number of simulations were realized in sumulation program Matlab. The principle of
modulation format conversion is shown in Fig. 23. The simulated eye diagrams of RZ-OOK
and RZ-DPSK signals at 41.6 Gbit/s are shown in Figs. 23.a-b. The notch filtering function of
the MRR is used to transform the spectrum of an RZ signal to the spectrum of an NRZ signal
by suppressing specific spectral components. The spectrum of the input RZ signals (blue) and
the transfer function of the MRR with FSR of 83.2 GHz at the through port (green) are shown
in Fig. 23c. When the free spectral range (FSR) of the MRR is designed to be twice the signal
bit rate, RZ-OOK (respectively DPSK) can be converted to NRZ-OOK (respectively DPSK),
at the expense of some amplitude ripple, as shown in Figs. 23d-f, which can be efficiently
reduced by an additional optical band-pass filter, as can be seen in Figs. 23g-i. Single ring
MRR transmission transfer function is given in formula 2 [67, 83].

The method has already been successfully demonstrated for RZ-OOK to NRZ-OOK
conversion [22], but never so far for RZ-DPSK to NRZ-DPSK. Thanks to the frequency
periodic filtering characteristic of the MRR, simultaneous conversion of both OOK and
DPSK (carried on different wavelength channels) can be realized provided the channel
spacing is equal to an integer (>2) multiple of the resonator FSR.
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Fig. 23. Principle of the simultaneous format conversion. Eye diagrams of (a) input RZ-OOK
and (b) RZ-DPSK at 41.6 Gbit/s. (c) Spectrum of the input RZ signals (blue) and transfer
function of the MRR with FSR of 83.2 GHz at the through port (green). Eye diagrams of (d)
converted NRZ-OOK and (e) converted NRZ-DPSK after the MRR. (f) Spectrum of the
converted NRZ signals after the MRR (green) and transfer function of the OBPF (red). Eye
diagrams of (g) converted NRZ-OOK and (h) converted NRZ-DPSK after the OBPF. (i)
Spectrum of the output NRZ signals (red) after the OBPF. In these simulations, the power
coupling coefficient of the MRR is 0.72 and the FWHM bandwidth of the Gaussian OBPF is
60 GHz.

30




In order to generalize these observations, we have numerically evaluated the
amplitude ripple and the Q value of the converted signal as a function of MRR power
coupling coefficient and OBPF bandwidth, as shown in Figs. 24a-d. The amplitude ripple is
defined as Par/Pave, where Par is the peak-to-peak power deviation of the high level rail in
the converted eye diagram and Pave is its average power, as shown in Figs. 23d-e.
Fortunately, the trends of the variations of the ripple and Q value as a function of MRR power
coupling coefficient and OBPF bandwidth are found to be similar for OOK and DPSK. For
good conversion performance, low ripple and high Q values are required. For a fixed OBPF
bandwidth of 125 GHz (~1 nm), those quantities have been simulated as a function of the
MRR power coupling coefficient. As can be seen in Fig. 24e, when the power coupling
coefficient increases, the ripple decreases while the Q value becomes larger. An MRR with
power coupling coefficient of 0.9 results in ripple lower than 0.8 and 0.5 and Q values higher
than 15 and 30 for the converted NRZ-OOK and DPSK signals, respectively, as shown in
Figs. 24f-h.
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Fig. 24. (a) Calculated amplitude ripple and (b) Q value of the converted NRZ-OOK versus
MRR power coupling coefficient and OBPF 3-dB bandwidth at 41.6 Ghit/s. (c) Amplitude
ripple of the converted NRZ-DPSK and (d) Q value of the demodulated NRZ-DPSK signal
versus MRR power coupling and OBPF 3-dB bandwidth at 41.6 Gbit/s. (e) Amplitude ripple
and Q value versus MRR power coupling coefficient for a 1-nm OBPF. Simulated eye
diagrams with optimized power coupling of 0.9 for (f) converted NRZ-OOK, (g) converted
NRZ-DPSK and (h) demodulated NRZ-DPSK signal after balanced detection with an OBPF
of 1 nm.

31



After having assessed the requirements on the MRR power coupling coefficient for
optimum RZ-to-NRZ conversion of both OOK and DPSK formats, we focus on the design
and fabrication of a suitable silicon MRR. The 3-D full vectorial film mode matching method
(FMM) and coupled mode theory (CMT) [10] are used to design the MRR. An MRR with
FSR of 83.2 GHz and high power coupling coefficient is designed. As represented in Fig.
25.a, a silicon-on-insulator (SOI) wafer with a top silicon layer of 250 nm and buried silicon
dioxide of 3 mikrometers is used as the platform for MRR fabrication. The width and height
of both straight and bend waveguides are 470 nm and 250 nm, respectively. Polymer (SU8-
2005) is chosen for the top cladding layer. The waveguide propagation loss is assumed to be
8.2 dB/cm [22].
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Fig. 25. (a) Cross section and transverse field distribution of the fundamental TMO mode of
the designed MRR bend rib waveguide. (b) Effective index for the TMO mode as a function of
wavelength. (¢) Calculated coupling coefficient for the TMg mode versus the width of the gap

between the ring and the straight waveguide.

The structure and mode profile of the silicon waveguides are illustrated in Fig. 4(a).
Figure 25.b shows the corresponding effective index for the TMy mode as a function of
wavelength. The group index is calculated to be 3.9005 at 1550 nm. The radius of the MRR is
147 mikrometers, corresponding to an FSR of 83.2 GHz. Figure 25.c shows the power
coupling coefficient versus the dimension of the gap between the ring and the straight
waveguide. We can see that a gap of around 100 nm induces a coupling coefficient higher
than 0.9, as required for good conversion performance.

The MRR was fabricated on a SOl wafer with top silicon thickness of 250 nm and
buried silica of 3 um. Electron-beam resist ZEP520A was spin-coated on the wafer to create a
110- nm thick masking layer. The MRR structure was defined in the resist layer by electron-
beam lithography. Then the patterns were transferred to the top silicon layer by inductively
coupled plasma reactive ion etching (ICP-RIE). Due to the linewidth reduction of about 30
nm during the fabrication process, the waveguide width and coupling gap are designed with
dimensions of 500 nm and 70 nm, respectively. Figures 5(a)-5(c) show the structure of the
device after fabrication. The radius of the MRR is 147 um with waveguide width of 470 nm
and coupling gap of 100 nm, as desired. To decrease the coupling loss to and from the device,
a silicon nano-taper, depicted in Fig. 26.c, was adopted. A layer of 3.5 um polymer (SU8-
2005) was spin-coated on the chip. The nano-taper was defined by UV lithography and
directly formed by developing. Figure 26.d shows the measured transmission spectrum of the
MRR. A low insertion loss of 8 dB is achieved with an FSR of 83 GHz and an extinction ratio
(ER) of 25 dB, which corresponds to a power coupling coefficient of 0.9, as designed. The
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experimental setup for simultaneous RZ-to-NRZ format conversion of OOK and DPSK is
shown in Fig. 27. Continuous wave light at 1549.35 nm is modulated in a Mach-Zehnder
modulator pulse carver driven by a 20.8-GHz radio frequency clock and another MZM driven
with a 41.6-Gbit/s pseudo-random pattern originating from a bit-pattern generator (BPG),
resulting in the generation of a 33% RZ-DPSK signal at 41.6 Gbit/s. Meanwhile, a 33% RZ-
OOK signal centered at 1551.36 nm is generated at the same bit rate using another set of two
MZMs. The pseudorandom binary sequence (PRBS) length is 2*'-1 for both channels. The
OOK and DPSK signals are combined in a 3-dB coupler and then amplified by an EDFA to
compensate the insertion loss of the modulators. Before being injected into the MRR, the
states of polarization of the signals is adjusted to the TM mode of the MRR with a polarizer
(Pol.) sandwiched between two polarization controllers (PCs). The converted NRZ-OOK and
NRZ-DPSK signals after the MRR are filtered by an OBPF with 3-dB bandwidth of 1 nm and
finally detected in a pre-amplified receiver. A 1-bit fiber DI followed by balanced detection in
a pair of 45-GHz photodiodes is used for DPSK detection, while the OOK signal is detected
using a single 45-GHz photodiode. The quality of the converted signals is analyzed using an
OSA, a 70-GHz sampling oscilloscope and an error analyzer (EA).
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Fig. 26. Scanning electron microscope (SEM) pictures of (a) top view and (b) coupling region
of the MRR. (c) Silicon nano taper design. (d) Measured transmission spectrum at the through

port of the MRR.

Transmission of MRR (dB)

20.8 GHz
clock 41.6 Gbit/s Data

Y

oo T
Skg; { LiNbO, M LiNbO,

41.6 Gbit/s Data

125 GHz
OBPF

N

Modulation format converter

Ve ;
S:Z§  LiNbO, M LiNbO, A Rx(b2b)
208GHz 41 ¢ Gbiv's Dam
clock

Fig.27. Experimental setup for modulation format conversion.

Firstly the performance of the format conversion is evaluated with single channel
operation by switching one of the two channels (OOK or DPSK) off. The central frequency of
the input RZ signal is tuned to the center of two notches of the MRR transfer function at the
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through port. Figures 28.a and 28.b show the spectra transformation during the format
conversion process for OOK and DPSK, respectively. We can see that specific spectral
components of both RZ-OOK and RZ-DPSK are suppressed effectively after the MRR and
their spectra are successfully transformed to the spectra of NRZ signals. However, the spectra
are not significantly affected by the 1-nm OBPF. The same conclusion can be reached by
observing the eye diagrams shown in Figs. 28.c-e for OOK and f-h for DPSK. The amplitude
ripples of the converted NRZ signals are not reduced significantly using the OBPF. This is
because the bandwidth of the OBPF is relatively large while the power coupling coefficient of
the MRR is sufficiently high so that the ripples of the converted NRZ signals remain small, in
agreement with the numerical analysis of Figs. 24a and c.
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Fig. 28. Measured spectra of the single channel (a) input RZ-OOK, converted NRZ-OOK
after MRR, converted NRZ-OOK after OBPF and (b) input RZ-DPSK, converted NRZ-DPSK
after MRR, converted NRZ-DPSK after OBPF. The resolution bandwidth is 0.2 nm. Eye
diagrams of the single channel (c) input RZ-O0K, (d) converted NRZ-OOK after MRR, (e)
converted NRZ-OOK after OBPF, (f) input RZ-DPSK, (g) converted NRZ-DPSK after MRR
and (h) converted NRZ-DPSK after OBPF.

For the demonstration of simultaneous format conversion, the OOK and DPSK
channels are both turned on. The center frequency of the OBPF is tuned to the OOK channel

firstly and then to the DPSK channel prior to detection. Note that a frequency-periodic filter
would be used in practice.
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Fig. 29. Measured eye diagrams of (a) input RZ-OOK (single channel), (b) input RZ-DPSK
(single channel), (c) demodulated signal of the input RZ-DPSK after balanced detection, (d)
converted NRZ-OOK (two-channel), (e) converted NRZ-DPSK (two-channel) and (f)
demodulated signal of the converted NRZ-DPSK after balanced detection. (g) Spectra of the
two-channel input RZ signals and the converted NRZ signals (resolution bandwidth: 0.2 nm).
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Figures 29.a-c show the eye diagrams of the input RZ-OOK and RZDPSK signals
and the demodulated RZ-DPSK signal after balanced detection, respectively. Figures 29.d-f
show the eye diagrams of the converted NRZ-OOK, NRZ-DPSK and its demodulated signal
after balanced detection, respectively. It can be seen that simultaneous format conversion is
realized successfully for both channels. The corresponding spectra of the input and output
signals after the MRR are shown in Fig. 28.g. The spectra of the two-channel RZ signals are
transformed to those of NRZ signals simultaneously. Thanks to the high MRR power
coupling coefficient, small ripples are obtained in the converted signals.

Figures 30.a and 30.b show the results of BER measurements for both single channel
and simultaneous two-channel format conversion. It can be seen that although there is a hint
of error floor, error-free performances are obtained for both OOK and DPSK channels after
format conversion (the widely accepted definition of error-free corresponding to BER values
below 107 is adopted here). In the two-channel case, the available power at the receiver was
limited to -22 dBm for the converted NRZ-OOK signal, but the BER performance is strictly
identical to the single channel case up to the maximum available power, corresponding to a
BER of 3.5 x 10°. There is nearly no cross talk between the two channels. A small power
penalty is measured for DPSK format conversion, while a comparatively larger power penalty
of 7 dB, similar to earlier reports [22], is shown for OOK.
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Fig. 30. BER measurements for (a) input RZ-OOK, converted NRZ-OOK for both single and
two-channel operations, (b) input RZ-DPSK, converted NRZ- DPSK for both single and
twochannel operations.

Simultaneous RZ-to-NRZ format conversion for both OOK and DPSK signals in a
well optimized custom-made silicon microring resonator with FSR of 83.2 GHz and power
coupling coefficient of 0.9 have been demonstrated. Good converted signal quality is
obtained, as attested by eye diagrams and BER measurements at 41.6 Gbit/s.

THE MAIN RESULTS OF THE PROMOTION WORK

The main results and conclusions of the promotion work obtained during
fulfilment of the tasks defined in Chapter 1 are as follows.

1. The developed algorithm allows for treatment of the obtained — both theoretically and
experimentally — of the complex transfer functions of wavelength filters (FBG, TFF, DG,
AWG, and MRR) and for creation of user-defined filter models thus supplementing the set
of wavelength filter models in simulation programs.

2. A measuring method has been created for determination of the effective bandwidth of the
wavelength filters. It is found out that for FBG filters the effective bandwidth is narrowed
by half — from 50 GHz in the 2.5 Gbit/s NRZ-OOK case to 25GHz in the 10.3125 Ghit/s
NRZ-OOK case, which is associated with a high induced dispersion in the -20 dB band:
from -514 ps/nm to 390 ps/nm.
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3. For the 100 GHz and 200 GHz TFF devices the effective bandwidths are respectively 75
GHz and 175GHz; besides, the width does not change at the 2.5 Gbit/s and 10.3125 Gbit/s
transmission speed, which is explained by a relatively low induced dispersion: for a 100
GHz TFF from -111 ps/nm to 141 ps/nm and for 200 GHz TFF from -49 ps/nm to 45
ps/nm (the values obtained in the -20 dB band).

4. A measuring scheme has been worked out for estimation of possibilities to improve the
spectral efficiency of a WDM system. In the case of a 200 GHz TFF device, the spectral
efficiency of the 2.5 Gbhit/s NRZ-OOK WDM system was raised from 0.05 bit/s/Hz to 0.1
bit/s/Hz, and at the transmission speed of 10.3125 Gbit/s - from 0.0125 bit/s/Hz to 0.025
bit/s/Hz.

5. The most effective wavelength filter’s complex transfer function has been found for the
separation of an optical signal in dense wavelength division multiplexing systems. The
best quality of signals is achievable using Supergaussian and Raised-Cosine filters. In the
case of a Raised-Cosine filter the best signal quality was found to be at a lower
transmission speed, which is connected with a greater induced group delay as compared
with the Supergaussian filter’s case.

6. It is shown that with the use of a Raised-Cosine filter it is also possible to perform
conversion from the phase modulation format to the intensity modulation format and
detect by a square-law detector. Conversion of the type is reported by other authors to be
performed using Lorenzian and Supergaussian filters. The proposed solution — i.e. that
using a Raised-Cosine filter — as compared with the use of Lorenzian and Supergaussian
filters provides better resistance against to the narrowing of passband in the case of
cascaded filters. For a 40 Gbit/s NRZ-DPSK optical signals the FWHM bandwidth value
of a Raised-Cosine filter should be in the limits from 30 GHz to 40 GHz.

7. A prototype of the micro-ring resonator has been worked out for channel separation and
the influence of cascading evaluated on the 40 Gbit/s optical signals with a carrier
suppressed return to zero intensity and phase modulation formats. The BER of 10”° was
achieved after five cascaded microring resonator filters. The CSRZ-OOK modulation
format has been found to be more resistant to the filtering effects as compared with the
CSRZ-DPSK modulation format, which could be explained by a partial DPSK
demodulation experienced by the latter format when the effective bandwidth of the five-
MRR cascade is reduced.

8. A prototype of the micro-ring resonator has also been created for simultaneous RZ to
NRZ conversion of 41.6 Gbhit/s OOK and DPSK optical signals. The RZ to NRZ
conversion of 41.6 Gbit/s DPSK optical signals as well as simultaneous RZ to NRZ
conversion of 41.6 Gbit/s OOK and DPSK optical signals have been successfully
performed.

Finally, it should be stressed that the results obtained are applicable for improvement
of the efficiency and scalability of WDM systems — both commercial and new ones. Apart
from that, a new functionality is proposed: the modulation format conversion with a MRR
filter, which allows for creation of more flexible new WDM systems. The recommendations
worked out in the working process are intended both for improvement of already operating
wavelength division multiplexing systems and for implementation of new ones. The
recommendations have been practically realized in the framework of a cooperation agreement
at J/S ,Latvenergo” Co., J/S Ltd ,Telia Latvia” Co., and J/S Ltd ,, TELE2” Co. for
investigation and implementation of wavelength division multiplexing systems. Besides,
developed and patented in Latvia is a measuring scheme for checking the effective bandwidth
of the wavelength filters for raising the efficiency of WDM systems with 2.5 Gbit/s and
10.3125 Ghit/s NRZ-OOK optical signals and a two-channel measuring scheme (also patented
in Latvia) for WDM systems with 2.5 Gbit/s and 10.3125 Gbit/s NRZ-OOK optical signals,
while retaining the operational wavelength filter.
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