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1 GENERAL OVERVIEW OF THE THESIS

1.1 Introduction

The rapid growth of Internet traffic requires the improvement of telecommunications network
infrastructure by increasing data transmission speed [1]. Passive optical access networks (PONs)
are one of the most popular low-cost optical networks. Standardized PON network solutions
already have a number of improvements related to data transfer speeds for end-users. In order to
obtain spectrally efficient data transmission, the infrastructure of PON networks is provided using
a wavelength division multiplexing (WDM) technology [2].

The demand for large-scale data transmission is growing exponentially due to the
implementation of new technologies (e.g. Internet of Things (IoT), 4K / 8K television, virtual and
augmented reality (VR), etc.). For the enormously growing number of end-users who requires
more bandwidth, the solution is spatial division multiplexing (SDM) technology for new fiber
optical communication systems [3]-[4]. Multicore fiber is being explored as a new solution to
meet the growing data traffic in optical networks [5]. A single-core single-mode optical fiber is
limited by the possible data rate and is limited by the amplifier bandwidth and nonlinear optical
effects (NOE) [6].

The solution to the improvement of telecommunication systems is to improve the optical
communication lines, which use non-return-to-zero (NRZ) modulation formats. Instead of using
multi-stage pulse-amplitude modulation, abbreviated as “PAM-M or M-PAM”, where several bits
are encoded at one signal level. The multi-level pulse amplitude modulation (PAM-M) modulation
format is relatively easy to implement, offers a relatively easy trade-off between performance and
the level of complexity of its implementation, and can provide a cost-effective solution for telecom
service providers [7].

The traditional mobile radio access network (RAN), which combines baseband signal
processing and radio functions in each base station, is used in the long-term evolution (LTE)
solution in fourth-generation (4G) mobile technology as well as third-generation (3G) mobile
technology. The next, fifth-generation (5G) mobile technology must provide at least 10 times
higher data rates, spectral efficiency, and energy efficiency than current 3G, 4G / LTE mobile
technologies. The technical requirements for fifth-generation 5G technology can be met by
wavelength division multiplexed fiber-optic passive access networks (WDM-PONs) based on a
centralized optical data network architecture, as well as the use of higher radio frequency bands,
such as millimetre-wave (24 —-86 GHz) frequency band [8].

Therefore, to ensure faster data transmission, it is necessary to create an architecture of a new
solution for optical access communication systems, ensuring improvement of performance,
functionality and capacity. The widely used fiber optic WDM-PON system can be technologically
transformed into a hybrid Analog Radio-over-Fiber (ARoF)-WDM-PON system without the need
to replace existing network elements, simply by integrating the mobile transmitter unit (BBU) and
mobile base station receiver unit (RU) into the existing WDM-PON communication systems
without changing the rest of the broadband Internet network architecture and optical line terminals
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(OLT), as well as optical network terminals (ONT). Within the research framework carried out in
this PhD, the architecture of a hybrid ARoF-WDM-PON transmission system capable of providing
optical signal transmission for broadband internet services and 28 GHz (ka-band) millimeter-wave
signal transmission over single single-mode fiber (SMF), following 40 Gigabit Passive Optical
Network (NG-PON2) requirements, was developed.

The low-cost concept, which can provide an attractive solution for the development of hybrid
optical communication systems combining broadband Internet and mobile fiber transmission, is
considered a solution for the architecture of the next generation (NG) PON network. Kerr optical
frequency combs (OFCs) using different types of whispering gallery mode microresonators
(WGMRs) have already shown different applications, and in particular, their applications in fiber
optic communication systems replacing laser light sources at specific wavelengths [9]. In addition,
OFC generators are used in technologies such as optical clocks [10], ultra-stable microwave
generation [11], applications requiring accurate optical frequency reference, spectroscopy [12],
sensors [13], quantum applications [14], and optical communications [15], etc. The application of
WGMR-OFC light sources in WDM fiber optic communication systems covers application
scenarios ranging from short reach, such as data center interconnection (DCI)) to access layer fiber
optic networks [9], [16]. The Kerr OFC comb generators, which are physically implemented on
silica microsphere resonators or micro-rods, demonstrate a new technological solution capable of
providing an attractive solution for telecommunication fiber optic networks with low
implementation costs and energy efficiency.

1.2 The aim and theses of the dissertation

Summarizing the above-mentioned facts about the directions of development of mobile
communications and fiber optic transmission systems, the following aim of the Doctoral Thesis
is proposed:

Experimentally develop hybrid fiber optical wavelength division multiplexed communication

system solutions and evaluate their performance with spectrally efficient intensity modulation
formats.

To achieve the aim set, the following theses were put forward:

1. In high-speed PON (HS-PON) transmission systems using 10 Gigabit PON (XG-PON)
components, the maximum transmission distance in the optical C-band with a bit error rate
BER > 1x1072 can be realized using electric duobinary (EDB) modulation format, while the
PAM-4 multilevel modulation format can achieve the maximum transmission speed per A.

2. 5 Gbit/s PAM-4 gross-rate transmission over a joint 20 km optical fiber and at least 3 meter
mm-Wave wireless link can be achieved with BER > 1x1073 threshold by using heterodyne
detection and photonic up-conversion technique in 28 GHz Ka-band having 2.5 GHz analog
bandwidth.

3. The transmission of 2.5 Gbit/s NRZ-OOK modulated 28 GHz mm-wave radio signals and
10 Gbit/s NRZ-OOK modulated optical signals per optical channel via 20 km optical fiber in
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hybrid ARoF-WDM-PON communication system can be realized using wavelength-routed
WDM-PON architecture (WR-WDM-PON) for channel interval (AF) > 100 GHz, whereas
wavelength-selected WDM-PON architecture (WS-WDM-PON) must be used for AF <
50 GHz.

The newly generated harmonics of the silica microsphere whispering-gallery-mode resonator
(WGMR)-based Kerr-OFC light source can be used in WDM-PON communication systems
with 10 Gbit/s data rate per A without adaptive equalization, while in DCI data transmission
systems adaptive equalization is required at data rates up to 50 Ghit/s per A.

1.3 The main key tasks of the Doctoral Thesis

To achieve the set goal of the dissertation and to prove the proposed theses, it is necessary to
perform the following key tasks:

1.

Evaluate the use of multilevel PAM-M and EDB intensity modulation formats in
mathematical modeling environment to increase the maximum transmission distance in 10
Gigabit PON communication systems with intensity modulation and direct detection (IM/DD)
without exceeding the BER > 1x1073 of the received signal.

Experimentally and in a mathematical modeling environment evaluate the effect of chromatic
dispersion (CD) and its compensation methods for increasing the maximum transmission
distance in NRZ-OOK and PAM-4 modulated IM/DD WDM-PON communication systems
with data transmission speeds up to 40 Gbit/s per A, without exceeding the BER > 1x1073 of
the received signal.

Experimentally evaluate the application of spectrally efficient PAM-4, PAM-8, and EDB
modulation formats to increase the data transmission speed up to 56 Gbit/s per A with and
without the use of adaptive equalization in high-speed PON (HS-PON) IM/DD transmission
systems using 10 Gigabit PON (XG-PON) components and without exceeding
BER > 1x10°%.

Experimentally evaluate the application of a combined solution of spatial (SDM) and
wavelength division multiplexing (WDM) technologies in a 7-core single-mode multi core
fiber (SMCEF) for the development of a spatially multiplexed NRZ-OOK modulated 2.5 Gbit/s
per A fiber optical IM/DD communication system.

Experimentally and in mathematical modeling environment evaluate the application of
heterodyne detection and 28 GHz mm-wave radio signal photonic up-conversion technique,
providing transmission of 2.5 Gbit/s NRZ-OOK modulated and spectrally efficient up to
5 Gbhit/s PAM-4 modulated signals over a joint 20 km optical fiber and at least 3 meter mm-
wave wireless link.

Experimentally and in a mathematical modeling environment, develop and evaluate a hybrid
AROF-WDM-PON transmission system capable of providing the principle of backhaul
operation for 2.5 Gbit/s NRZ-OOK modulated 28 GHz mm-wave radio signal and 10 Gbit/s
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NRZ-OOK modulated optical signal transmission per channel through a 20 km fiber optical
line.

7. Experimentally develop silica microsphere whispering-gallery-mode resonator WGMR-based
Kerr-OFC as a multi-wavelength light source capable of providing an optical frequency comb
in the C-band, where the number of newly generated harmonics corresponds to 2" (n — integer
number) used in ITU-T G.694.1 FOTS solutions, and evaluate their application for the
transmission of NRZ-OOK modulated signals in such IM/DD systems with data transmission
speeds up to 50 Gbit/s A.

1.4 Research Methods

To perform the tasks outlined in the Doctoral Thesis and to analyze the problems, mathematical
calculations, numerical simulations, and experimental measurements have been used. Numerical
simulations were implemented in RSoft OptSim and VPI Design Suite simulation software, which
are based on the nonlinear Schrodinger equation using the Split-Step method, the Fourier
transform, and the Monte Carlo method for estimating the bit-error-rate (BER).

The spectra and power of the electrical and optical signals were used to evaluate the quality of
optical signals in the simulation environment and experimental implementations. The quality of
the received electrical signals was evaluated using bit error rate BER and eye diagrams. In the
implementation of experimental systems, in some cases the quality of electrical signals received
in real-time measurements was evaluated by the quality (Q-factor), from which the bit error rate
BER of the transmitted signal was calculated, as well as in some cases offline digital signaling
processing (DSP) was performed in MatLab computing environment for adaptive post-
equalization and processing of the obtained results.

Scientific experiments described in the Doctoral Thesis and their results were carried out at the
Institute of Telecommunications (T1) of Riga Technical University (RTU), Institute of Astronomy
and Spectroscopy (ASI) of the University of Latvia (LU), Danish Technical University (DTU) in
Denmark, and at the Department of Applied Physics of Royal Swedish Technical University
(KTH) in close collaboration with the Swedish research institute RISE Acreo in Sweden and using
video calls for online experiment measurements during the COVID-19 pandemic (digital
laboratory work called “Zoom-lab”) in close collaboration with the Institute of Applied Physics of
the Federal Research Center of the Russian Academy of Sciences (IPF-RAN) in Russia.

1.5 Scientific novelty and main results

Novel achievements of the Doctoral Thesis are as follows:

1. The most suitable intensity modulation formats (NRZ, PAM-4, PAM-8, EDB) for NG-
PON2, XG-PON/HS-PON transmission systems depending on their application have been
determined, as well as the application of NRZ and PAM-4 modulation formats in ARoF has
been evaluated in WDM transmission systems for the transmission of 28 GHz (ka-band)
millimeter wave radio signals, providing the principle of backhaul operation.
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2. Factors influencing the BER and transmission distance of the received signal in the
wavelength division multiplexed IM/DD PON and ARoF topology transmission systems
(dispersion, application of intensity modulation formats) were evaluated, as a result in a
mathematical simulation environment and experimental realization the methods of the
received signal quality improvements were analyzed and improved.

3. The combined application of space division (SDM) and wavelength division multiplexing
(WDM) technologies to increase the data rate of multi-core single-mode (SMCEF) fiber in the
development of NG spectrally efficient spatially capacitive IM/DD PON and RoF
communication systems have been evaluated, and the factors (crosstalk, differential mode
delay) influencing the received signal quality have been identified for multicore optical fiber.

4. The available up-conversion techniques of optical signals to 28 GHz (ka-band) millimeter
wave radio signals in the RoF solution has been evaluated, and the hybrid ARoF-WDM-
PON communication system has been experimentally developed for 2.5 Gbit/s NRZ and
5Gbit/s PAM-4 modulated data per channel transmission of 28 GHz (ka-band) millimeter-
wave radio signals, providing the principle of backhaul operation via 20 km of SMF fiber.

5. Under the requirements of NG-PON2 (ITU-T G.989.3) recommendation, a hybrid ARoF-
WDM-PON communication system has been experimentally developed and evaluated in
mathematical simulation environment showing capable transmission of NRZ modulated data
transmission speed up to 10 Gbit/s per channel for the internet broadband transmission and
of up to 2.5 Gbit/s per channel transmission for a 28 GHz (ka-band) millimeter-wave signal
transmission over a 40 km SMF fiber optic line.

6. A new innovative whispering-gallery-mode resonator WGMR-based Kerr-OFC light source
based on silicon microspheres (SiOz) has been developed, where with the newly generated
harmonic of the light source: WDM-PON communication system solutions can transmit data
at speed in the channel of up to 10 Gbit/s without AEQ, while applying for DCI system
solutions it is possible to perform data transmission with data transmission speed in the
channel up to 50 Gbit/s with use of AEQ.

7. A new innovative silicon microsphere and/or micro-rod whispering-gallery-mode resonator
WGMR-based Kerr-OFC has been developed as a multi-wave light source, where the
number of generated harmonics corresponds to 2n (n — integer number) used in FOTS
solutions, and the inter-channel spacing between newly generated harmonics corresponds to
ITU-T G.694.1, which is capable for use in communication system transmitting NRZ
modulated signals at data rates up to 50 Gbit/s per A.

The Practical Value of the Doctoral thesis:

1. A patent developed in Latvia: “Hybrid fiber optic access system for transmission of
millimeter-wave radio signals through a fiber”, No. (P-19-73).
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A patent application has been developed in Latvia “A multi-wave light source for data
transmission in fiber optical telecommunication systems developed on a silica microrod
resonator” (submitted patent application).

At the Institute of Telecommunications of RTU ETF have been developed a hew NRZ
modulated up to 2.5 Gbit/s and spectrally efficient PAM-4 modulated up to 5 Gbit/s per
channel ARoF-WDM PON communication system model for the transmission of 28 GHz
millimeter-wave radio signals through a 20 km fiber, (is proposed for further experimental
research).

At the Institute of Telecommunications of RTU ETF have been experimentally developed
and evaluated in mathematical simulation environment a new M-PAM modulated hybrid
AROF-WDM-PON communication system model capable for transmission of NRZ
modulated data transmission with speed up to 10 Gbit/s per channel for the internet
broadband transmission and of up to 2.5 Gbit/s per channel transmission for a 28 GHz (ka-
band) millimeter-wave signal over a 40 km SMF fiber optic line, (is proposed for further
experimental research).

At the Institute of Telecommunications of RTU ETF have been developed a new 4-channel
100 GHz spaced NRZ modulated dense wavelength division multiplexed (DWDM-PON)
transmission system model able to provide a total data transmission with a total speed of 160
Gbit/s by using a symmetrical adaptive decorrelation (SAD) for channel separation in the
optical C-band over 40 km using a symmetrical adaptive decorrelation, (is proposed for
further experimental research).

At the Institute of Telecommunications of RTU ETF have been developed a new innovative
silicon microsphere and/or micro-rod whispering-gallery-mode resonator WGMR-based
Kerr-OFC light source, which is capable for use in communication system transmitting NRZ
modulated signals at data rates up to 50 Gbit/s per A, (is proposed for further experimental
research).

The results obtained in the dissertation were used:

In PostDoc project “Next Generation High Speed Fiber Optic Access Systems (NG-
FAST)” No. 1.1.1.2/VIAA/1/16/044

ERAF project “Development of optical frequency comb generator based on a whispering
gallery mode microresonator and its applications in telecommunications (WCOMB)” No.
1.1.1.1/18/A/155

ERAF project “Ring-Resonator Modulators for Optical Interconnects (RINGO)”, No.
1.1.1.1/21/A/052
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1.6 Structure of the thesis

The dissertation is prepared as a thematically unified a set of publications on development and
evaluation of a spectrally efficient hybrid optical communication systems and their elements.

1.7 Publications and approbation of the Thesis

The results of the Doctoral Thesis are presented in 13 scientific articles and in publications in
conference proceeding indexed in SCOPUS, WoS, and IEEE databases. The author has altogether
30 publications. The Latvian patent has been granted for the technology “Hybrid Fiber Optic
Access System for the Transmission of Millimeter Wave Radio Signals Through Fiber”, developed
within the framework of this work. The developed technology “A multi-wave light source for data
transmission in fiber optical telecommunication systems developed on a silica microrod
resonator” within the framework of the Thesis has been submitted to the Patent Office for
consideration in order to apply for the Latvian state patent.

The results of the Doctoral Thesis have been presented at 13 international scientific
conferences:

1. International conference Photonics West 2021 Digital Forum. Presentation: I. Brice, K.
Grundstein, A. Sedulis, T. Salgals, S. Politis, V. Bobrov, and J. Alnis, “Frequency comb
generation in whispering gallery mode microsphere resoantors”, March 6-11, 2021.

2. 64th International Conference for Students of Physics and Natural Sciences — Open Readings
2021. Presentation: K. Draguns, I. Brice, T. Salgals, and J. Alnis, “Dispersion Engineering of
Whispering Gallery Mode Resonators for Frequency Comb Generation and
Telecommunication Applications,” March 16-19, 2021.

o 4th International conference “Quantum Optics and Photonics 2021”, online Zoom, April 22—
23, 2021.Presentations:

3. |. Brice, T. Salgals, V. Bobrovs, R. Viter, and J. Alnis, “Whispering gallery mode silica
microsphere resonator applications for biosensing and communications”.

4. T. Salgals, J. Alnis, R. Murnieks, I. Brice, J. Porins, A. V. Andrianov, E. A. Anashkina,
S. Spolitis, and V. Bobrovs, “Microsphere-based OFC-WGMR multi-wavelength source
and its applications in telecommunications”.

5. Photonics & Electromagnetics Research Symposium (PIERS 2019), China, Xiamen, 17-20
December 2019. Presentation: T. Salgals, A. Ostrovskis, A. Ipatovs, V. Bobrovs, and S.
Spolitis, “Hybrid ARoF-WDM PON Infrastructure for 5G Millimeter-wave Interface and
Broadband Internet Service”.

6. 60th RTU International Scientific and Technical Conference, October 15, 2019. Presentation:
“Cost-effective high-speed up to 32 Gbit/s WDM-PON next generation access network
performance analysis”.
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7. 60th RTU International Scientific and Technical Conference, October 15, 2019). Presentation:
“Evaluation of Optical Frequency Comb Generator Based on WGMR Microresonator and its
Applications in FOTS”.

8. RTUWO 2018 — Advance in Wireless and optical Communications. Presentation: ,,Evaluation
of 4-PAM, NRZ and Duobinary Modulation Formats Performance for Use in 20 Gbit/s
DWDM-PON Optical Access System”.

9. RTUWO 2018 — Advance in Wireless and optical Communications, Chair of Section “Optical
communications”, Riga, Latvia, 2018.

10. 59th RTU International Scientific and Technical Conference, November 2018. Presentation:
“Evaluation and Development of Next Generation Spectrally Efficient Access Optical
Networks”.

11. 58th RTU Student Scientific and Technical Conference, June 2017. Presentation: “Research
and evaluation of the Next-generation spectrally efficient optical communication systems”.

12. 58th RTU International Scientific and Technical Conference, October 2017. Presentation:
“Performance evaluation of PAM-4 modulation format in optical access networks”.

13. 57th RTU International Scientific and Technical Conference, November 2016. Presentation:

“Evaluation of Dispersion and Nonlinear Effects in a 10 Gbit/s WDM Transmission System”.
The results of the author's doctoral thesis are presented in 13 scientifical scientific articles
and conference proceeding indexed in SCOPUS—, WoS, and IEEE databases:

[PAPER-1] T. Salgals, S. Spolitis, S. Olonkins, and V. Bobrovs, "Investigation of 4-PAM
modulation format for use in WDM-PON optical access systems," 2017 Progress
In Electromagnetics Research Symposium — Spring (PIERS), pp. 2450-2454, St.
Petersburg, Russia, May 22-25, (2017), DOI: 10.1109/PIERS.2017.8262162

[PAPER-2] T. Salgals, L. Skladova, K. Vilcane, J. Braunfelds, and S. Spolitis, "Evaluation of
4-PAM, NRZ and Duobinary Modulation Formats Performance for Use in 20 Gbit/s
DWDM-PON Optical Access Systems,” 2018 Advances in Wireless and Optical
Communications (RTUWO), pp. 134-138, Riga, Latvia, Nov. 15-16, (2018), DOI:
10.1109/RTUWO.2018.8587887

[PAPER-3] A. Udalcovs, T. Salgals, L. Zhang, X. Pang, A. Djupsjobacka, S. Spolitis, V.
Bobrovs, S. Popov, and O. Ozolins, "Optical Power Budget of 25+ Gbps IM/DD
PON with Digital Signal Post-Equalization,” Applied Sciences 10(17), 6106,
(2020), DOI: https://doi.org/10.3390/app10176106

[PAPER-4] A.Korra, T. Salgals, J. Porins, E. Kazoks, R. Miho, and S. Spolitis, "Performance
Analysis of Cost-efficient High-speed up to 32 Gbit/s WDM-PON Next-generation
Access Network with Dispersion Compensation,” 2019 Photonlcs &
Electromagnetics Research Symposium — Spring (PIERS-Spring), pp. 2671-2678,
Rome, Italy, June 17-20, (2019), DOI: 10.1109/PIERS-Spring46901.2019.9017854
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[PAPER-8]

[PAPER-9]

[PAPER-10]

[PAPER-11]

[PAPER-12]

[PAPER-13]

T. Salgals, A. Supe, V. Bobrovs, J. Porins, and S. Spolitis, "Comparison of
Dispersion Compensation Techniques for Real-Time up to 160 Gbit/s DWDM C-
Band Transmission”, ELEKTRON ELEKTROTECH 26(2), 85-93, (2020),
DOI:10.5755/j01.eie.26.2.25892

G. K. M. Hasanuzzaman, S. Spolitis, T. Salgals, J. Braunfelds, A. Morales, L. E.
Gonzalez, S. Rommel, R. Puerta, P. Asensio, V. Bobrovs, S. lezekiel, I. T. Monroy,
"Performance Enhancement of Multi-Core Fiber Transmission Using Real-Time
FPGA Based Pre-Emphasis”, Asia Communications and Photonics Conference
(ACP), Guangzhou, November 10-13, (2017), DOI: 10.1364/ACPC.2017.M2H.1

T. Salgals, L. Skladova, J. Porins, V. Bobrovs, and S. Spolitis, "Analog Radio-
over-fiber WDM-PON Architecture for 5G Millimeter-wave Interface,” 2019
Photonics & Electromagnetics Research Symposium — Spring (PIERS-Spring), pp.
2679-2686, Rome, lItaly, June 17-20, (2019), DOI: 10.1109/PIERS-Spring
46901.2019.9017431

T. Salgals, I. Kurbatska, V. Bobrovs, and S. Spolitis, "Research of PAM-4
Modulated WDM-PON Architecture for 5G Millimeter-wave Hybrid Photonics-
wireless Interface,” 2019 Photonics & Electromagnetics Research Symposium -
Fall (PIERS — Fall), pp. 728-734, Xiamen, China, Dec. 17-20, (2019), DOI:
10.1109/PIERS-Fall48861.2019.9021846

T. Salgals, A. Ostrovskis, A. Ipatovs, V. Bobrovs, and S. Spolitis, "Hybrid ARoF-
WDM PON Infrastructure for 5G Millimeter-wave Interface and Broadband
Internet Service," 2019 Photonics & Electromagnetics Research Symposium — Fall
(PIERS — Fall), pp. 2161-2168, Xiamen, China, Dec. 17-20, (2019), DOI:
10.1109/PIERS-Fall48861.2019.9021479

E. A. Anashkina, V. Bobrovs, T. Salgals, I. Brice, J. Alnis, and A. V. Andrianov,
"Kerr Optical Frequency Combs With Multi-FSR Mode Spacing in Silica
Microspheres,"” |IEEE Photon. Technol. Lett. 33(9), 453-456, (2021), DOI:
10.1109/LPT.2021.3068373

E. A. Anashkina, M. P. Marisova, T. Salgals, J. Alnis, I. Lyashuk, G. Leuchs, S.
Spolitis, V. Bobrovs, and A. V. Andrianov, "Optical Frequency Combs Generated
in Silica Microspheres in the Telecommunication C-, U-, and E-Bands", Photonics
8(9), 345, (2021), DOI: 10.3390/photonics8090345

T. Salgals, J. Alnis, R. Murnieks, I. Brice, J. Porins, A. V. Andrianov, E. A.
Anashkina, S. Spolitis, and V. Bobrovs, "Demonstration of a fiber optical
communication system employing a silica microsphere-based OFC source,” Opt.
Express 29(7), 10903-10913, (2021), DOI: 10.1364/0E.419546

T. Salgals, J. Alnis, O. Ozolins, A.V. Andrianov, E. Anashkina, I. Brice, R. Berkis,
X. Pang, A. Udalcovs, J. Porins, S. Spolitis, and V. Bobrovs, "Silica microsphere
WGMR-based Kerr-OFC light source and its application for high-speed IM/DD
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short-reach optical interconnects”, Applied Sciences 12(9), 4722, (2022), DOI:
10.3390/app12094722

During the elaboration of the author's doctoral thesis, the author in general published 25
original scientific articles and conference proceedings (published in SCOPUS, WoS, IEEE
databases).

[Published-1] X. Pang, T. Salgals, H. Louchet, D. Che, M. Gruen, Y. Matsui, T. Dippon, R.
Schatz, M. Joharifar, B. Kriiger, L. Zhang, Y. Fan, A. Udalcovs, X. Yu, S. Spolitis,
V. Bobrovs, S. Popov, O. Ozolins, "200 Gb/s Unamplified IM/DD Transmission
over 20-km SMF with an O-band Low-Chirp Directly Modulated Laser, "
European Conference and Exhibition on Optical Communication (ECOC),
September 21, (2022) (Accepted Post-deadline paper)

[Published-2] ©O. Ozolins, T. Salgals, H. Louchet, M. Joharifar, R. Schatz, DiChe, Yasuhiro
Matsui, M. Gruen, T. Dippon, F. Pittala, B. Krilger, Y.Fan, A. Udalcovs, U.
Westergren, L. Zhang, X. Yu, S. Spolitis, V. Bobrovs, S. Popov, and X. Pang,
"Error-Free 108 Gbps On-Off Keying Link for Optical Interconnect
Applications," European Conference and Exhibition on Optical Communication
(ECOC), September 21, (2022) (Accepted Post-deadline paper)

[Published-3] O. Ozolins, T. Salgals, H. Louchet, M. Joharifar, R. Schatz, D. Che, Y. Matsui,
M. Gruen, T. Dippon, F. Pittala, B. Kriger, Y. Fan, A. Udalcovs, U. Westergren,
Lu. Zhang, X. Yu, S. Spolitis, V. Bobrovs, S. Popov, and X. Pang, "High Baudrate
Short-Reach Communication," OptoElectronics and Communications Conference
(OECC), pp. 1-3, Toyama, Japan, July 3-6, (2022), (Invited paper)
10.23919/0OECC/PSC53152.2022.9850148

[Published-4] A. Ostrovskis, K. Rubuls, T. Salgals, L. Skladova, V. Bobrovs and S. Spolitis,
"Demonstration of Ka-band mm-wave ARoF signal transmission,” 2022
International  Conference Laser Optics (ICLO), 2022, pp. 1-1,
10.1109/ICLO54117.2022.9840183

[Published-5] T. Salgals, J. Alnis, O. Ozolins, A.V. Andrianov, E. Anashkina, I. Brice, R.
Berkis, Z. Pang, A. Udalcovs, J. Porins, S. Spolitis, and V. Bobrovs, "Silica
microsphere WGMR-based Kerr-OFC light source and its application for high-
speed IM/DD short-reach optical interconnects”, Applied Sciences 12(9), 4722,
(2022) DOI: 10.3390/app12094722

[Published-6] O. Ozolins, T. Salgals, H. Louchet, M. Joharifar, R. Schatz, M. Gruen, T. Dippon,
B. Kriger, D. Che, Y. Matsui, Y. Fan, A. Udalcovs, L. Zhang, X. Yu, S. Spolitis,
V. Bobrovs, S. Popov, and X. Pang, "Optical Amplification-Free 200 Gbaud On-
Off Keying Link for Intra-Data Center Communications,” Optical Fiber
Communication (OFC), pp. 1-3, Th4A.6, San Diego, CA, US, March 10, (2022),
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2 MAIN RESULTS OF THE DOCTORAL THESIS

The dissertation has been prepared as a thematically unified set of scientific publications. The
results are presented in 13 scientific publications. The first chapter of the dissertation describes the
topicality of the research, evaluates the aim and theses, describes the main tasks, research methodology
and the structure of the work and the main results.

The second chapter of the dissertation describes the wavelength division multiplexed fiber optic
communication systems, i.e., assessment of the development of passive optical access networks (PON)
and data center interconnection (DCI).

The third chapter discusses the evaluation of the application of spectrally efficient multi-level pulse
amplitude modulation formats to increase the performance of WDM-PON systems (first contribution
comes from [PAPER-1], [PAPER-2] and [PAPER-3]).

In the fourth chapter, the evaluation of the received signal quality depending on the applied optical
transmission environment for the implementation of a high-speed spectrally efficient WDM-PON
broadband transmission system is performed. The analysis of the received signal quality under the
influence of nonlinear optical effects (NOE) and chromatic dispersion (CD) is performed, as well as
the application of space division multiplexing (SDM) technology for the implementation of a spectrally
and spatial efficient wavelength division multiplexed optical communication system is evaluated
(contribution comes from [PAPER-4], [PAPER-5] and [PAPER-6]).

The fifth chapter summarizes the application of the radio-over-fiber (RoF) as the solution for future
cellular mobile communications, including the fifth-generation (5G and beyond) technological
implementation solution. Within the framework of the dissertation, a spectrally efficient next-
generation optical system for the transmission of millimeter-wave radio signals over fiber was
experimentally developed for future cellular mobile communications as well as a new hybrid fiber
optic transmission system architecture capable of broadband Internet data transmission and radio signal
transmission over a single optical fiber was developed (contribution comes from [PAPER-7], [PAPER-
8], and [PAPER-9]).

The sixth chapter describes the implementation of a new type of spectrally efficient WDM
transmission with a new novel silica microsphere whispering-gallery-mode resonator WGMR-based
Kerr-OFC multi-wave light source. At the moment, for the first time in the world, high-speed data
transmission of experiments using harmonics generated of WGMR-based Kerr-OFC was
demonstrated. The results of this world-class experiment are described in the publication where the
first author and principal investigator is Tom Salgals - “Demonstration of a fiber optical
communication system employing a silica microsphere-based OFC source”, Optics Express (Q1
Journal). The use of WGMR Kerr-OFC light sources for short reach, such as data center
interconnection DCI, to transmit NRZ encoded signals at data rates up to 50 Gbit/s per wavelength is
also substantiated and experimentally demonstrated a new record in the current field (contribution
comes from [PAPER-10], [PAPER-11], [PAPER-12], and 20.

In_Conclusions, the comparison and evaluation of the experimental and simulative results are
performed, and the answers to the key tasks and theses set in the dissertation are given.
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2.1 Assessment and evolution of WDM fiber optical communication system
directions.

Optical fibers provide major connectivity in modern communication networks. Wireless and
copper lines are used only in the vicinity of the wireless and wireline end-users and network
element devices. The fiber connection between residences or commercial buildings to the access
point is part of a passive optical network PON, which moves data at distances of up to 40 km from
the service provider’s central office. For the PON interface, the data rate in the field is up to 10
Gb/s. Technologies using the next-generation standard accommodate 40 Gb/s and are being
deployed. The eventual introduction of 100-Gb/s capability is being discussed. The fiber
connection between the remote radio head and the base station is standardized by a common public
radio interface (CPRI), and the cable length can be up to about 25 km. As for the next-generation
mobile front-haul links, such as the connection between the remote radio head and base station,
wavelength-division multiplexing (WDM) needs to be considered to support the 10 times capacity
increase of fifth-generation (5G) networks over the current 4G/LTE networks. Once end-user
traffic is aggregated in the gateways to metropolitan networks, the traffic is transported by a
DWDM optical link. A DWDM optical link can contain more than 100 wavelength channels in a
single-mode optical fibre's 1550 nm optical wavelength range. There is also an ongoing discussion
to introduce 1.6 Thit/s connectivity for DWDM based on 2x800 Gbit/s links, which can travel up
to 1000 km [17]. While the metropolitan network distance typically goes up to several hundred
kilometres, a long-haul network may rely on a transoceanic link with more than 10,000 km
between transceivers [18]. Optical links are moving to higher and higher transmission speeds while
shrinking to shorter and shorter ranges where optical links are envisaged even at the chip scale.
1.6 Thit/s transmitter for optical interconnects has been recently demonstrated by Intel Corporation
[19].

In 2016 39% of a global data center, Internet protocol (IP) traffic was handled by 338 hyperscale
data centers. This means that one hyperscale data center each day handles an average of ~20 PB
of traffic [18]. The explosive growth of Internet Protocol IP traffic is driving data centers to the
so-called “Zettabyte Era,” as predicted by the Cisco Report that expects annual global IP traffic to
reach over 4.8 zettabytes/year by 2022. For some applications, such as those on Facebook, the
internal traffic may be several orders of magnitude greater. In addition to the internal traffic
required to build web pages and search indices, relatively recent machine-learning applications are
driving increasing amounts of both computation and traffic on the data center interconnection
network [20]. As well, many applications are moving to cloud-based computing, where all data
processing and calculations are performed within these data centers (supporting the so-called Edge
computing approach) and end-users only receive the prepared output information [21].

Power and cost-efficient fiber optical access networks and short-range fiber optical links are
one of the key technologies enabling bandwidth-hungry services like video on demand (VoD),
high definition TV, and cloud computing supported by large scale high-performance computers
and data centers. Such optical links typically use direct detection and on-off keying modulation
(OOK) with non-return-to-zero NRZ line code. Today’s challenge for optical access networks and
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data centers is to increase the serial line rate of an NRZ link due to the physical bandwidth
limitation of the photonic and electronic components like optical signal modulators and
photodiodes. Solution for telecommunication infrastructure upgrade and alternative solution for
the increase of the serial line rate of an NRZ link is to use multi-level signaling formats such as
pulse-amplitude modulation (abbreviated as PAM-M or M-PAM), where multiple digital bits per
symbol are encoded into M different signal amplitude levels. The 4 level PAM modulation format
(PAM-4) is receiving significant attention because of its relative ease of implementation compared
to higher-order modulation formats like quadrature phase-shift keying (QPSK), and m-ary
quadrature amplitude modulation (m-QAM). It is clear that M-PAM offers a good tradeoff
between performance and complexity. Usage of PAM-4 format is an effective way to double the
data rate of the NRZ link. Previously PAM-4 modulation formats have been investigated with
traditional electrical networks, but now researchers are focused on investigating PAM-4 and
M-PAM modulation formats for optical access networks and data center interconnections. It must
be noted that multi-level signaling also changes some rules used in NRZ coded transmission
systems. For M-PAM systems, it is important to implement more complex (and precise) level
threshold detection for signal inputs also signal-to-noise (SNR) requirements are higher than in
case of NRZ. Eye time skew, amplitude compression in lower eye diagram eyes, intersymbol
interference for M-PAM systems also is an issue. So, we can say that PAM-4 links are new science
— still learning what impairments create errors in receivers. Significant efforts have been put on
investigation of PAM-4 format in fiber optical transmission networks, however there are following
aspects, which have not been studied or are studied insufficiently, highlighting the innovative level
and novelty of this thesis. Therefore the much higher level PAM modulation techniques like 8-
PAM, which can dramatically improve the spectral efficiency and available bitrate by using the
bandwidth of already existing optical, electro-optical or electrical devices and minimal available
channel spacing (which has a direct impact on the utilization of resources like optical spectrum),
maximal available number of channels and maximal transmission distance (network reach) in
dispersion compensated and non-compensated in M-PAM modulated WDM-PON optical access
systems have been studied.
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3 APPLICATION AND EVALUATION OF THE SPECTRALLY
EFFICIENT MODULATION FORMATS SUSTAINABLE TO
INCREASE THE PERFORMANCE OF WDM-PON
TRANSMISSION SYSTEMS

3.1 Application of NRZ, PAM-4 and EDB modulation formats for PON
networks

There are two main architectures for implementing fiber optical access networks - passive
optical networks PONs and active optical networks (AONs). However, in most cases, PON is
considered a more cost-efficient solution compared to AON [22]. Today’s last standardized PON
is NG-PON2 (ITU-T G.989). It defines time- and wavelength-division multiplexed PON (TWDM-
PON) with four wavelengths of 10 Gb/s each as a main solution for NG-PON2 implementation.
Furthermore, 8-channel point-to-point WDM-PON is considered an optional capability mainly
intended for transporting mobile fronthaul [23], [24]. According to [24], further enhancements of
PON standards have already been discussed, considering the increase in per-channel line rates
from 10 to 25 Gbps. Moreover, the possibilities of increasing per-wavelength data rates to 40
Gbit/s have also been studied widely, for example, in [23]-[26]. In this regard, it is crucial to
evaluate the capability of the WDM-PON transmission system in terms of the increase of the per-
channel data rate.

It should be underlined that the utilization of the traditional non-return-to-zero NRZ modulation
for high per-wavelength data rates may cause significant technical difficulties in terms of both
transceiver bandwidth capability and fiber dispersion [27]-[28]. Several characteristics of the
transmission system, such as resistance to chromatic and polarization mode dispersion, resistance
to NOE, and required transceiver bandwidth, depending on the utilized modulation format.
Consequently, the choice of modulation format significantly influences the performance reach, bit
error ratio BER, capacity and receiver sensitivity of fiber optical access network [23], [27]-[28].

Some authors, e.g. in [29], evaluate the performance of modulation formats in terms of optical
signal-to-noise ratio (optical SNR or OSNR). However, evaluation of OSNR is essential for the
transmission systems where optical amplifiers are used. Like in [29] where PAM-4 is evaluated
for the utilization in extended data center interconnects that require optical amplification.
Moreover, in the DWDM transmission system, it is desirable to measure the OSNR of each channel
separately [30]. Considering that the evaluation of OSNR is not crusial for non-amplified
transmission systems, the BER is utilized as a sufficient characteristic of the received signal
quality.

The four-level pulse amplitude modulation PAM-4 and electrical Duobinary EDB modulation
formats have been extensively studied for the utilization in high data rate optical transmission
systems. For example, in [23], authors evaluate the performance of the electrical EDB, optical
ODB and PAM-4 for use in WDM-PON with 40 Gbit/s per-wavelength data rate. Their obtained
results reveal that electrical DB and optical DB are power-efficient schemes for smaller
transmission distances, e.g. 10 km. While PAM-4 demonstrates the best power budget and cost
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efficiency for longer distances of around 20 km. Authors in [26] indicate 100 Gbit/s TWDM-PON
with four 25 Gbit/s optical ODB channels, while authors in [25] demonstrate the feasibility of
PAM-4 and electrical EDB in NG-PON with 28 Gbit/s per channel data rate. Nonetheless, authors
in [31] report that the applying of NRZ is the most cost-efficient solution for the Ethernet PON
(EPON) with 25 Gbit/s per wavelength data rate. Furthermore, authors in [32] demonstrate the
feasibility of utilization of NRZ in TWDM-PON with 25 Gbit/s per-channel data rate and
equalization. While according to [33], return-to-zero (RZ) has greater tolerance to the nonlinear
optical effects NOE and consequently is less susceptible to inter-symbol interference (I1SI).

All modulation formats under research are intensity modulation (IM) formats. In intensity
modulation, the intensity of the lightwave carrier is changed in response to the digital data, keeping
everything else fixed. That is, bit 1 is transmitted by the lightwave carrier with a particular
intensity. To transmit 0, the intensity is changed to a minimum [34]. Utilizing non-return-to-zero
on-fff keying (NRZ-OOK), the intensity remains constant over all bit period. NRZ-OOK also has
the simplest configuration and setting of transmitters.

EDB is a partial response modulation format. For EDB, information is conveyed by the intensity
levels {0,1}, in addition, -phase shifts occur for 1-bits separated by an odd number of 0-bits. The
spectrum of EDB is narrower than the spectrum of NRZ-OOK. However, direct-detection (square-
law) receivers are utilized, the phase information is not used for detection. Instead, it shapes the
spectrum to improve the tolerance of a format to specific propagation impairments. For DB
modulated signals, the spectrum shaping ensures higher tolerance to CD and narrowband optical
filtering [35]. PAM-4 is a multi-level amplitude modulation format. PAM-4 modulated signal has
four levels, corresponding to binary symbols consisting from two bits — “00”, “01”, “10” and “11”.
The main advantage of PAM-4 is higher spectral efficiency in comparison to one-level modulation
formats [23], [36].

However, very few publications are available in the literature that evaluates the utilization of
NRZ, PAM-4 and EDB for supporting different data rates keeping the same physical structure and
key parameters of the transmission system. However, it would allow comparing the modulation
formats in terms of the best performance for each per-wavelength data rate. In research done during
the Doctoral thesis, the same parameters of the transmission system for each data rate (except data
rate related) were used. That allows tracking the change in the performance of each modulation
format caused by the utilization of the corresponding data rate. Thus, ensuring for each data rate
the determination of the most suitable modulation format among the investigated ones. The current
research evaluates four modulation formats — PAM-8, PAM-4, EDB and NRZ. During the
research, all parameters of the transmission system’s elements remain the same, excluding the data
rate related. The performance of investigated modulation formats (namely PAM-8, PAM-4, EDB,
NRZ) was evaluated in terms of the impact of transmission distance, received power, and receiver
bandwidth on the BER.
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3.2 Evaluation of PAM-4 coding format application in 100G WDM-PON
transmission systems

A simulation model was developed to evaluate the performance of PAM-4 modulation format
use in current 10G WDM-PON optical access networks (see ). Results displayed in the
current report are obtained in industry and academy recognized Rsoft Optsim Optical Systems
simulation software. In the current research step, the 4-channel 10 Gbaud/s (20 Gbit/s) PAM-4
modulated WDMPON access system with different channel spacing without chromatic dispersion
CD compensation and compensation with fiber Bragg grating (FBG) dispersion compensation
module (DCM) was investigated. The minimal allowable channel spacing was found, which
directly impacts the utilization of resources like optical spectrum and maximal transmission
distance for multichannel PAM-4 modulated WDM-PON transmission system operating at 10
Gbaud/s symbol rate.

The central office (CO) consists of an optical line terminal OLT with four transmitters
(OLT_Tx). As it is shown in , each transmitter (OLT_Tx) consists of two electrical
pseudo-random bit sequence (PRBS) data sources, two NRZ drivers, which encodes the data from
data sources by using the non-return zero NRZ encoding technique and electrical coupler, which
couples both electrical signal in one signal in such a way generating PAM-4 signal. The amplitude
of the electrical signal generated by the second NRZ driver was twice larger than the amplitude of
the first NRZ driver output signal. Coupled electrical PAM-4 signal with 4 different amplitude
levels is filtered by an electrical lowpass filter and sent to an external Mach-Zehnder modulator
(MZM). The light source continuous wavelength (CW) laser with a linewidth of 50MHz and output
power of +3dBm is used. MZM has a 3 dB insertion loss and 20 dB extinction ratio. Optical signals
from each transmitter are coupled together using an optical combiner with 1 dB loss. Next,
chromatic dispersion pre-compensation by FBG DCM is realized for all channels before launching
them into standard ITU-T G.652 single-mode fiber SMF span. An additional 3 dB attenuator is
used to simulate FBG DCM’s insertion loss. After transmission in the optical distribution network
(ODN), all channels are separated by arrayed waveguide grating (AWG) filter (located in remote
terminal (RT)), which insertion loss is 3.5 dB, channel spacing is 50 or 100 GHz, and 3-dB
bandwidth is 20 GHz. The receiver side consists of users or optical network terminals ONTS.
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Each ONT receiver (ONT_RX) consists of a PIN photodiode (sensitivity is —19dBm for BER
of 1071?), electrical Bessel low-pass filter (3-dB bandwidth is 7.5 GHz), and electrical scope to
evaluate the quality of the received signal (e.g., show bit pattern).

The goal of this simulation model was to evaluate the performance and maximum reach as well
as minimal channel spacing for PAM-4 modulated WDM-PON system with four 10 Gbaud/s (20
Gbit/s) channels, under the condition that it is still possible to achieve a bit error ratio (BER) of

=3 [37]. The theoretical performance restores a 1.1x10~2 pre-FEC BER to a 107*2 post-FEC
BER. As shown in Figure 1., the PAM-4 modulated WDM-PON simulation scheme consists of 4
channels. The central frequency is 193.1 THz and channel spacing is chosen 50 or 100 GHz,
according to the ITU G.694.1 recommendation.

The first investigated channel spacing was 100 GHz. As one can see in Figure 2(a) and Figure
3(a), in back-to-back (B2B) configuration, the signal quality is very good, the eye is open and
error-free transmission with 100 GHz channel spacing can be provided. After 59 km transmission
(see Figure 2(b) and Figure 3(b)), which was the maximum transmission distance without
dispersion compensation, the BER of the received signal was 7.5 x 10~*. The BER of the received
PAM-4 signal was estimated offline through built digital signal processing DSP algorithm in
Matlab software. For extension of transmission distance by dispersion compensation, the FBG-
DCM module in the simulation model was also implemented.
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Figure 2. Eye diagrams of the received signal (a) after B2B transmission, (b) after 59km transmission without the
use of DCM module and (c) after 74km transmission with dispersion compensation by FBG DCM unit for 4-channel
100 GHz spaced WDM-PON system with PAM-4 modulation format.
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Figure 3. Histograms of the received signal (a) after B2B transmission, (b) after 59km transmission without the use
of DCM module, and (c) after 74km transmission with dispersion compensation by FBG DCM unit for 4-channel
100 GHz spaced WDM-PON system with PAM-4 modulation format.
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Using this dispersion compensation technique, the maximum achievable transmission distance
was 74 km, where the BER of the received signal was 9x10~%, please see Figure 2(c) and Figure
3(c). As shown in Figure 2. and Figure 3. by using additional dispersion compensation with FBG,
an extra 15 km or 25.4% of link length was gained.

As one can see in Figure 4(a) and Figure 5(a), in B2B configuration, the signal quality for 50
GHz channel spacing also is very good, the eye is open, and error-free transmission can be
provided. After 58 km transmission (see Figure 4(b) and Figure 5(b)), which was the maximum
transmission distance without dispersion compensation, the BER of the received signal was 8x
104 The crosstalk between channels can explain the drop in BER performance; therefore, the eye
diagrams and histograms of the received signal for the central channel (third channel), which
showed the worst BER performance, are shown.

The same tunable FBG-DCM module was implemented to extend transmission distance by
using dispersion compensation. Using this dispersion compensation technique, the maximum
achievable transmission distance was 72 km, where the BER of the received signal was 5.5x1074,
please see Figure 4(c) and Figure 5(c). As shown in Figure 4 and Figure 5, by using additional
dispersion compensation, there were gained extra 14 km or 24% of link length by using FBG for
CD compensation.
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Figure 4. Eye diagrams of the received signal (a) after B2B transmission, (b) after 58km transmission without the
use of DCM module and (c) after 72km transmission with dispersion compensation by FBG DCM unit for 4-channel
50 GHz spaced WDM-PON system with PAM-4 modulation format.
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of DCM module, and (c) after 72km transmission with dispersion compensation by FBG DCM unit for 4-channel

100 GHz spaced WDM-PON system with PAM-4 modulation format.
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It was shown that maximal transmission distance with BER below FEC limit of 10~2 for 100
GHz spaced PAM-4 WDM-PON system can be increased by 15 km or 25.4% (from 59 to 74 km)
if dispersion compensation with fiber Bragg grating FBG dispersion compensation module DCM
is implemented. Moreover, in the case of 50 GHz channel spacing, which was minimal, ensuring
BER<1073, maximum transmission system reach can be increased by 14 km or 24% (from 58 to
72 km) by using additional dispersion compensation with FBG-DCM.

3.3 Evaluation of 4-PAM, EDB and NRZ modulation formats performance
in WDM-PON optical access transmission system with a data
transmission speed of 20 Gbit/s per wavelength

Instead of using widely used NRZ code with physical bandwidth limitations, an alternative
solution to increase serial line rate is to use spectrally efficient multi-level signalling formats such
as M-PAM, in our case PAM-4, where number 4 means different signal amplitude levels [38].
Another way to improve limited bandwidth capacity is using an electrical duobinary EDB
modulation format. With this modulation format, transmission capacity will be increased by
improving the bandwidth efficiency and reducing channel spacing [39]. As we know, Duobinary
is a type of proficient multi-level modulation format and therefore is the area of interest due to its
increased spectral efficiency. It is being used to increase the channel capacity by improving
bandwidth utilization. The most important feature of this modulation format is usage for longer
transmission distances without regeneration and high tolerance to chromatic dispersion influence
[40].

Displayed results during this research are obtained by OptSim simulation software with the
additional use of recognized numerical computing environment — Matlab software for BER
estimation of received PAM-4 signals. At least 1024 simulated bits for all simulations to obtain a
high accuracy level of bit error rate BER was chosen. Forward-error-correction (FEC) with 1073
BER performance threshold allows the evaluation of the maximal transmission reach of the
investigated transmission system [41].

To achieve the goal - evaluate maximum transmission reach using different modulation
formats: PAM-4, EDB and NRZ, the 8-channel DWDM-PON simulation model was created. As
shown in , @ simulation scheme with different optical transmitters for the realization of
each modulation format is shown. According to ITU-T G.694.1 DWDM frequency grid, the central
frequency of 193.1 THz and channel spacing of 50 and 100 GHz is chosen for the simulation
model. Therefore, the impact of crosstalk on investigated modulation formats was also evaluated.
The optical line terminal OLT consists of eight transmitters (OLT_Tx) located in the central office
CO. The first simulation model with PAM-4 modulation was performed with a 10 Gbaud/s symbol
rate, providing 20 Gbit/s data rate per channel. PAM-4 signal is generated from two electrical data
signals by coupling them, where one of them has a twice larger amplitude than the other. To obtain
electrical data signals, two data sources with the same pseudo-random bit sequence PRBS and
NRZ drivers for each electrical signal are used to generate two NRZ coded electrical signals with
different amplitude levels.
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Figure 6. Simulation scheme of 8-channel PAM-4, EDB and NRZ modulated DWDM-PON optical transmission
system with 20 Gbit/s transmission speed per channel.

Afterwards, both electrical signals are coupled with an electrical coupler and filtered with an
electrical Bessel low-pass filter (3-dB bandwidth is 10 GHz) and sent to an external Mach-Zehnder
modulator (MZM) [39].

The second simulation model with DB modulated transmission system was realized with a 20
Gbit/s data rate per channel. In simulation model data source element has one electrical output,
where the output signal is divided into two electrical signals, where one of them is inverted by
logical NOT element. Afterwards, output data signal and the inverted copy is sent to NRZ drivers,
filtered by Bessel low-pass filters (3-dB bandwidth is 5 GHz), and passed to RF inputs of dual-
arm Mach-Zehnder modulator, together forming the EDB transmitter [42].

The third simulation model is based on NRZ transmitter and realized with the same 20 Gbit/s
data rate per channel as DB modulated transmission system. The transmitter consists of one NRZ
driver with an electrical signal input of PRBS sequence and an NRZ coded output electrical signal.
MZM provides electrical to the optical signal conversation of previously formed, and Bessel low-
pass filter (3-dB bandwidth is 19 GHz) filtered electrical signal, passing from NRZ driver.

The following fixed parameters of optical and electrical elements was used in simulation
models: continuous wavelength CW laser output power 6 dBm, extinction ratio 20 dB and 3 dB
insertion loss of MZM, standard single-mode fiber SMF with dispersion coefficient 17 ps/(nm X
km), dispersion slope 0.056 ps/nm? x km and 0.2 dB/km attenuation coefficient [43]. The
bandwidth of electrical filters has been adjusted for optimal performance of each modulation
format and have not been changed during research. As shown in Figure 6., investigated
transmission system model consists of eight channels coupled together using an optical coupler.
ITU-T G.652 single-mode fiber is used for transmission in an optical distribution network ODN.
After transmission in ODN, all channels are separated by demultiplexer based on arrayed
waveguide grating AWG located in remote terminal RT, with an equal insertion loss of 3.5 dB for
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all channels as mentioned before, simulations with various channel spacing of 50 or 100 GHz are
obtained and analyzed for research of crosstalk impact. Each receiver of optical network terminal
ONT consists of a 40 GHz PIN photodiode with sensitivity equal to -19 dBm at 10 Gbit/s reference
bitrate, the dark current of 10 nA, and responsivity 0.8 A/W [44]. The optimal electrical bandwidth
of the electrical low pass filter (LPF) was found. An electrical Bessel low-pass filter bandwidth
was adopted for more successful system performance depending on the modulation format used.
During the simulations Bessel LPF bandwidth of 15 GHz was chosen for PAM-4 modulated
signals, 10 and 17 GHz for DB and NRZ modulated electrical signals, respectively. An electrical
scope was used to measure received signal bit patterns quality, BER and eye diagrams.

The main target is to compare the performance of PAM-4, DB, NRZ modulated optical signals
for use in DWDM-PON transmission system and to find out maximal network reach each
particular modulation format. The BER threshold of 1x10® with assumed additional FEC for
investigated transmission system was used to evaluate maximal achieved distance by each
modulation format. BER of received PAM-4 signal was estimated offline through built digital
signal processing DSP algorithm in Matlab software. In contrast, the BER of received DB and
NRZ signals was estimated in the environment of OptSim simulation software by using a BER
estimator based on statistical signal analysis.

The main results of our investigated transmission system performance are shown in Figure 7..
During the simulations, it was observed that maximal achievable distance has minimal impact
depending of chosen channel spacing 100 or 50 GHz, e.g. the impact of crosstalk on BER for all
modulation formats was minor.
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Figure 7. Eye diagrams of received (a) PAM4, (b) Duobinary and (c) NRZ signals after B2B measurement, and
after maximal achieved transmission distance: (d) 50 km with PAM-4 modulated signal, (e) 56 km with DB
modulated signal, (f) 27 km with NRZ modulated signal for 8-channel 50 GHz spaced DWDM-PON system

operating at 20 Gbit/s bitrate.
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Maximal reached transmission distance with 50 or 100 GHz channel spacing is almost the same

for each modulation. However, higher spectral efficiency is achieved by 50 GHz spacing.
As one can see in , the signal quality of B2B measurements are good for all
modulated signals providing error-free transmission with 50 GHz spacing. After transmission (see
), the BER of the received EDB modulated signal was 3.7x10™* with a maximum

reached distance of 62 km. PAM-4 and NZR modulation demonstrates (see and
) 50 km and 27 km maximal transmission distance, where the BER of received signals
was 5.8x10 and 3.1x10%, respectively. As one can see from results ( ), the largest

network reach was provided by EDB modulation format, which extends the reach of optical
network up to 62 km, ensuring BER<103. PAM-4 modulation format provided successful
transmission over up to 50 km and NRZ up to 27 km long SSMF optical spans with BER below
the defined threshold.

As shown by simulation results with narrowest 50 GHz channel spacing, the use of DB
modulation format extends the reach of an optical link allowing to achieve maximal transmission
distance of 62 km, ensuring BER<10® threshold. PAM-4 modulation format demonstrated the
second-best result ensuring the BER<10 at 50 km optical line length. EDB format allowed
extending the maximum reach of an optical link by an extra 12 km or 19% compared to the four-
level pulse amplitude modulation format. The worst system performance was shown by NRZ
modulation format, demonstrating 27 km maximal reached transmission distance. This can be
explained by mainly the impact of chromatic dispersion. Investigated EDB and PAM-4 modulation
formats showed the best performance in achieving the maximal distance of the optical transmission
system, although comparatively spectral efficient PAM-4 modulation can provide higher data
transmission speeds in fiber optical networks with limited bandwidth.

3.4 Evaluation of spectrally efficient transmission of IM/DD 10G PON with
data rets up to 56 Gbit/s per wavelength using alternative multilevel
modulation formats

As 10G PON systems are not capable of supporting future services, especially in the fifth
generation 5G mobile networks, 25G is the next evolution step that must be taken [45]. However,
it is unclear which means will be used to make it. Recent ITU-T recommendations for passive
optical networks PONs, ITU-T G.9807.1 (symmetric 10G PON (XG(S)-PON)) and ITU-T G.989
(next-generation PON2 (NG-PONZ2)) describe transmission requirements for line rates of up to 40
Gbit/s per channel, while new recommendations for higher line rates (e.g., G.HSP.Req,
G.HSP.comTC, G.HSP.50Gpmd, G.HSP.TWDMpmd) are under active development [46]-[48].
The enhancements being discussed for the next-generation PON standards include the increase in
channel line rates from 10 to 25 Gbit/s [24]. Now, the 100G-EPON standard is still under
development by the Institute of Electrical and Electronics Engineers (IEEE) P802.3ca Task Force.
Itis intended to scale up to 25 Gbit/s or 50 Ghit/s per single lane capacity while reusing the existing
infrastructure of 10G-EPON [48]-[50]. Overall, the future PON is currently under development
and standardization for future broadband network solutions beyond 10 Gbps [51]-[53]. The
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evolution towards higher line rates is mainly driven by point-to-point (P2P) connections and
wireless fronthaul, e.g., the next generation of mobile cellular networks (i.e., 5G and beyond 5G),
where a 25 Gbps could be needed soon for either backhauling or new interfaces supporting the
functional splits. The x-haul of these mobile cellar networks is expected to be centralized and based
on a point-to-point P2P WDM-PON architecture [7], [46], [54]. However, due to cost
considerations and commercial viability, it is desired to re-use some components from 10 Gbit/s
transceivers operating in 10G PONs [55]. Bandwidth limitations from electrical and electro-optical
components increase significantly due to the utilization of signals with higher line rates.

Nevertheless, such elements/components are crucial for component vendors as their re-use
reduce development costs. For example, a cost of an optical line terminal OLT transmitter is about
twice the cost of the receiver and modulator of the optical network unit (ONU), which represents
the major part of the transceiver cost. Therefore, the operational capabilities of the bandwidth-
limited transceivers have received considerable attention from component vendors, optical
network operators, and research communities [23], [25], [32], [54]. The choice of a modulation
format plays a critical role in the performance of HS-PON systems to provide the necessary line
rate for the end-users [41]. It seems unreasonable that coherent technology for such relatively low
rates could penetrate this market segment at this time, despite the potential sensitivity and optical
power budget (OPB) improvements. Therefore, it is assumed that IM/DD formats will be used to
deliver 25G or even 50G over a 20 km long single-mode fiber, i.e., the conventional PON
configuration. For some applications, shorter fibers are also considered (e.g., 10-15 km when
PON-based fronthauling solutions for 5G are on the table) but some require a substantially more
extended reach (up to 40 km) [24], [54].

The desire for multi-level signaling formats such as Electrical Duobinary EDB and Pulse-
Amplitude Modulation (PAM) have been preferred to their advantages in terms of simpler
transmitter and receiver structure for HS-PONs. Coexistence with 10G PON technologies and
reuse of the deployed optical distribution network ODN are among the main challenges for
upgrading to new generation PON systems. Technically, it requires that the optical budget OPB,
which determines the maximum tolerable optical loss between an optical line terminal OLT and
an optical network unit ONU, must be compliant to E1 or E2 class. Firstly, optical amplifications
can be performed to compensate for the sensitivity degradation, either with a praseodymium doped
fiber amplifier (PDFA) as a booster in the OLT, or with a semiconductor optical amplifier (SOA)
as a pre-amplifier in the ONU. The optical power budget of 35 dB is demonstrated in [53], [56],
where both such optical amplifiers are used for the 25 Gbps PAM-4 downstream transmission.
Although they achieve a higher optical power budget, the PDFA provides more than 10 dB gain.
Furthermore, the attribution of digital post-equalization is not discussed. Digital equalization
techniques, such as linear feed-forward (FF) equalizer or decision feedback (FB) equalizer, can
help overcome the transceiver and link induced ISI.

This research part aims to bridge the knowledge gap by countifying the gain that digital signal
post-equalization has on the optical power budget in IM/DD PONs with NRZ-OOK, EDB, PAM-
4, and PAM-8 formats. In this research, is considered a PON architecture based on point-to-
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multipoint passive optical power splitting in the ODN and focus on the downstream transmission
at data rates above 25 Gbit/s over a single wavelength in the C-band. Furthermore, as the receiver’s
bandwidth is 8 GHz, it is investigated whether components intended for the 10G operation can be
used for 25+ Gbps operation. This enables the full compatibility with XG(S)-PON and 10G-EPON
and leads to smooth migration of customers to higher data rates in a cost-effective way.

The experimental setup of a 25+ Gbps IM/DD PON system is shown in . It resembles
a PON architecture based on point-to-multipoint passive optical power splitting in the outside
distribution network. Downstream transmission at data rates above 25 Gbit/s over a single
wavelength in the C-band is considered. It is fully compatible with XG(S)-PON and 10G-EPON,
and thus, it enables smooth migration of customers to higher data rates without needing to change
the ODN. Furthermore, the system’s throughput can be increased by exploiting the WDM
technique and adding new wavelengths as required. In the OLT, the output of a continuous-wave
laser source CW operating at 1550 nm wavelength is connected to the dual-arm Mach—Zehnder
modulator (MZM, Sumitomo, T.DEH1.5-40-ADC). An Sai(t) input of the MZM, having a 3 dB
bandwidth of 30 GHz, 9 dB insertion loss (IL), and 15 dB extinction ratio, is driven using analog
waveforms from an arbitrary waveform generator (EAWG, Tektronix, AWG70001A) having 13
GHz analog bandwidth, up to 50 GSa/s sample rate and 8 bits vertical resolution. These waveforms
are obtained using a 2*°-1 long pseudo-random bit sequence (PRBS15) and bit-to-symbol (B2S)
mapping performed in MATLAB prior to the digital-to-analog conversion (DAC). The electrical
signal after the output of the AWG was linearly amplified by an electrical broadband amplifier
(EA) and fed into the electrical RF input of one arm of the dual-drive MZM. The second arm was
loaded with a 50-Ohm load. To optimize the BER performance, we adjusted a bias voltage of the
MZM. In such a way, we impact the MZM’s chirp parameter. This adjustment ensures the best
possible performance in terms of the dispersion-tolerance, which directly impacts signal quality.
Note that the modulator’s chirp is a key factor enabling dynamic tunability of the transmission
reach in IM/DD-based optical fiber links [57]. After the MZM, the modulated optical signal is
coupled into the feeder fiber and transmitted over a 21 km long standard single-mode fiber SMF
link. The input optical power of +4 dBm ensures the ODN compliance to the E1 (18-33 dB) power
budget class for several modulation format alternatives. After the downstream transmission, the
optical signal is passively split by a 1-to-N (1:N) optical power splitter. In an ONU, the split optical
signal is pre-amplified by an SOA (Samsung Electronics, OA40B3A, InP/InGaAsP, 1550 nm)
prior to the detection

E =

Feeder fiber

Experimental setup of the 25+ Gbps IM/DD PON system used for the power budget comparison.
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The variable optical attenuator (VOA), placed before the receiver, is used to adjust the received
optical power required for the OPB assessment and to protect it from overload. The receiver
consists of a photodiode (PIN, Discovery, DSC-R409, 30 GHz, 0.7 A/W) and a digital storage
oscilloscope (DSO, Agilent Technologies, DSOX93304Q, 33 GHz, 80 GSa/s). The DSO is used
to limit the receiver’s minus 3 dB bandwidth to 8 GHz using a 4th order Bessel-Thompson filter
to digitize the received waveforms and store the digitized for further post-processing. The applied
low-pass filtering LPF is imposed to emulate the bandwidth limitations at the receiver’s Rx side,
aiming to investigate whether components intended for the 10G operation can be used for higher
line rates. The offline digital signal processing DSP module consists of clock recovery, resampling,
linear post-equalization (if considered), and bit-error-rate BER estimation. The signal is post-
equalized by a linear symbol-spaced equalizer that uses feed-forward and feedback taps to
compensate for analog imperfections. For BER estimation, direct error counting is used. It relies
on the bit-by-bit comparison of the transmitted and received bit sequences. More than 10° bits are
available for the BER estimation at the receiver.

Here is reveal how the signal post-equalization impacts the achievable optical power budget of
the IM/DD PON system. Before optical power budget analysis, the summarized analyses for the
pros and cons of transceivers exploiting the modulation formats of the interest (see Table 1.).
Aspects are evaluated such as spectral efficiency of the modulation scheme, power consumption
(as a line card must supply enough electrical power), transmission reach (considering an MZM
with non-zero chirp factor), and simplicity of the transmitter and receiver (considering the
complexity of the driving circuits and pre-/post- processing requirements).

Table 1.

Pros and cons of transceivers exploiting the considered intensity modulation direct detection
(IM/DD) schemes.

Modulation Spectral | Transmission Power Transmitter | Receiver
Format Efficiency Reach Consumption | Simplicity | Simplicity
NRZ - - + ++ ++
EDB + ++ - - -
PAM-4 ++ ++ - - -
PAM-8 +++ + - - -

For the optical power budget assessment, the conventional BER curves show how pre-FEC
BER values change with the received optical power. Two different pre-FEC BER criteria are
considered: (i) a 7% overhead (OH) HD-FEC threshold of 3.8x107* and (ii) a 20% OH soft-
decision (SD) FEC threshold of 2x1072. It is assumed that an FEC code can correct all errors for
the pre-FEC BER below 3.8x1073.

shows BER curves and eye diagrams for the 28 Gbaud OOK/EDB/PAM-4 and 14
Gbaud PAM-4/8 modulated signals in the IM/DD PON systems. First, the system performance
without any post-equalization ( and ) is analyzed, and then, focus on
improvements that the linear post-equalization offers ( and ) is obtained.
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The optical power budget values (together with the corresponding values of the available power
margin) obtained for all considered cases are summarized in Table 2.. For the power margin
calculation, the insertion loss of 4.4 dB for the feeder fiber, 17.3 dB for the 1:32 optical power
splitter, and 2.2 dB for the drop fiber is assumed A negative power margin (as for the 28 Gbaud
PAM-4) means that the splitting ratio of 1:32 is not supported. Note that the average insertion loss
of 1:16 splitter is at least 3 dB lower, which enables the 28 Gbaud PAM-4 alternative.

Table 2.
Optical power budget and available power margin for the explored alternatives and post-
equalizer structures (number of FF and FB taps).

Signals w/o 4-FF 9-FF&5-FB 43-FF&21-FB

28 Gbaud OOK - 29 dB/5.1dB 31dB/7.1dB 31dB/7.1dB

28 GBaud EDB 27dB/3.1dB 29 dB/5.1dB 30 dB/6.1dB 30dB/6.1dB

14 Gbaud PAM-4 | 26 dB/2.1dB 27 dB/3.1dB 27 dB/3.1dB 27 dB/3.1dB
14 Gbaud PAM-8 - - - -

28 Gbaud PAM-4 - - 22dB/~19dB | 23dB/-0.9dB

In the configuration without the post-equalization, the HD-FEC requirements are met for two
cases: (i) 28 Gbaud EDB and (ii) 14 Gbaud PAM-4. These signal formats allow achieving the HD-
FEC requirements and the optical power budget of 27 dB and 26 dB, respectively. Even for the 14
Gaud PAM-8, the linearity is acceptable, and only a high signal-to-noise ratio SNR requirement
hinders to reach the HD-FEC performance. A dispersion-induced power fading degrades the
performance for the 28 Gbaud OOK and PAM-4, and chromatic dispersion compensation or signal
equalization must be applied to reach the BER threshold of 3.8x1073. To test this, a linear equalizer
whose structure consists of 43-FF&21-FB taps. The number of taps is chosen to maximally
improve the system’s performance by tackling the bandwidth limitations due to the receiver’s side
bandwidth and chromatic dispersion. Note that linear equalization using FF taps only is
implemented to overcome bandwidth limitations and ISI, whereas FB taps are added to the
structure to improve the performance in the presence of noise.

The results show that such post-equalization (43-FF&21-FB taps) significantly improve the
BER performance, and thus, it enhances the optical power budget as compared to the previous case
without the post-equalization. The optical power budget of the 14 Gbaud PAM-4 is increased by
1 dB. The corresponding value for the 28 Gbaud EDB is 3 dB. More importantly, the post-
equalization enables more options of the modulation format alternatives. The HD-FEC
requirement is met for the 28 Gbaud OOK and 28 Gbaud PAM-4 modulations. Moreover, the
signal quality is so good that it allows achieving the optical power budget of 31 dB and 23 dB,
respectively. Although the BER improvement is not enough to meet the HD-FEC requirements for
the 14 Gbaud PAM-8 signals, its BER curve approaches to the threshold and a slight SNR
improvement, e.g., using a nonlinear equalization, would aid in meeting this requirement.

shows the corresponding eye diagrams captured for received optical power values that allow
detecting signals with the BER below 3.8 x 1073 or close to it as in the 14 Gbaud PAM-8 case.
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Next and to better explore the impact that post-equalization has on the optical power budget and
to emphasize its importance, was used three equalizer configurations and compare the OPB for
each of them: (i) without post-equalizer, (ii) post-equalizer with only 4-FF taps, (iii) 9-FF&5-FB
taps. Figure 10. presents the results for scenarios whose combination of data rates and modulation
formats ensures line rates no higher than 28 Gbit/s—28 Gbaud OOK/EDB and 14 Gbaud PAM-4,
while Figure 11. includes the 14 Gbaud PAM-8 and 28 Gbaud PAM-4. Figure 10. shows that an
equalizer with just 9-FF&5-FB taps significantly improves the performance of the 28 Gbaud OOK
system.
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Figure 9. Quality of transmission (QoT) characteristics for the 28 Gbaud OOK, 28 Gbaud EDB, 14 Gbaud PAM-4,
14 Gbaud PAM-8, and 28 Gbaud PAM-4 signals in the IM/DD PON system: (a) BER vs. received optical power
(ROP) before the digital post-equalization; (b) BER vs. ROP after the digital post-equalization employing 43-
FF&21-FB taps; (c) eye diagrams captured in the ONU at the highest ROP and before the digital post-equalization;
and (d) eye diagrams captured in the ONU and ROP values that ensure BER < 3.8 % 10—3 after the digital post-
equalization.
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The optical power budget is 29 dB, which is by 2 dB smaller as compared to the case with 43-
FF&21-FB taps. Unfortunately, only FF taps are not able to provide the necessary improvement
to meet the pre-FEC BER requirement. At —18 dBm of the received optical power, the BER
approaches but does not crosses the defined threshold. As for the 14 Gbaud PAM-4 and 28 Gbaud
EDB, an equalizer with just 4-FF taps is enough to improve the performance and leads to a higher
sensitivity—by 1 dB and by 3 dB, respectively. Using a more complex structure with more taps
does not enhance the performance, and the optical power budget remains unchanged.
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Figure 10. Plots of BER vs. ROP and post-equalizer structure for the (a) 28 Gbaud OOK, (b) 28 Gbaud EDB, and
(c) 14 Gbaud PAM-4 signals accompanied by the corresponding eye diagrams captured in the ONU before and
after digital post-equalization employing 43-FF&21-FB taps.
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Figure 11. Plots of BER vs. ROP and post-equalizer structure for the (a) 14 Gbaud PAM-8 and (b) 28 Gbaud PAM-
4 signals accompanied by the corresponding eye diagrams captured in the ONU before and after digital post-
equalization employing 43-FF&21-FB taps.

42



Further, is explored two scenarios—14 Gbaud PAM-8 and 28 Gbaud PAM-4—ensuring a
higher line rate (42 Gbps and 56 Gbps, respectively). shows results for the 8-level
PAM signals, 14 Gbaud PAM-8, which was used to test the MZM driver linearity. The obtained
eye diagrams evidence their good linearity as signal levels are equally distributed, but we see that
the system is SNR limited as the upper and lower eyes are noisy. Therefore, applying even strong
linear post-equalization (i.e., using 43-FF&21-FB taps) does not improve the quality significantly
to fulfil the performance requirement, although the BER approaches the threshold of 3.8x1073,
Finally, shows that the linear equalization with 9-FF&5-FB taps is sufficient to fulfil
the HD-FEC BER requirements and reach the optical power budget of 22 dB for the 28 Gbaud
PAM-4 alternative. A more complex structure of the equalizer does not provide significant
improvements neither in terms of the signal quality nor in the optical power budget. The system is
partially SNR limited. Insets in show the best eye diagrams for the configuration
without the equalizer and with 43-FF&21-FB tap equalizer. The latter has a relatively large eye-
opening. The fact that the BER threshold of 2x1072 is met for all considered modulation format
alternatives proves the viability of IM/DD formats to be used in HS-PON solutions delivering 25+
Gbit/s or even 50+ Ghit/s in commercial PONs if SNR improvement and modulator chirp
management are achieved.

The obtained results show that (i) 10G PON component bandwidth is enough to achieve net-
rates above 25 Gbit/s; (ii) linearity of the optoelectronic components allows operating them using
schemes with multilevel modulation formats; and (iii) in combination with the digital signal post-
equalization, the obtained optical power budget is compliant with E1 class (OPB = 18-33 dB).
The 28 Gbaud EDB and 14 Gbaud PAM-4 schemes can be used in PONs even without any post-
equalization. The signal quality is such that it fulfils the HD-FEC requirement and ensures a power
margin of 3.1 dB. For the 28 Gbaud NRZ-OOK, an equalizer with FB taps is required; a 9-FF&5-
FB tap equalizer helps to overcome ISl in the presence of noise, which leads to the optical power
budget of 29 dB. Finally, data rates up to 56 Gbps can be supported by the PON employing the
PAM-4 modulation. Although a 1:32 splitting ratio might not be feasible due to high insertion loss
of such a splitter, it provides the optical power budget of 23 dB. Therefore, the considered IM/DD
PON alternatives together with digital signal equalization has the potential to ensure the
sustainability for future PONSs with line rates well beyond 25 Ghit/s in the access segment of optical
networks.
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4 IMPACT ASSESSMENT OF THE USED OPTICAL TRANSMISSION
ENVIRONMENT FOR THE RECEIVED SIGNAL QUALITY TO
DEVELOP A HIGH-SPEED SPECTRALLY EFFICIENT
WDM-PON BROADBAND TRANSMISSION SYSTEM

4.1 Realization of WDM-PON fiber optic transmission system for
performance evaluation depending on the data transmission rate up to 32
Gbit / s per channel and the total optical line length

Third-generation fiber-to-the-x (FTTx) will introduce wavelength division multiplexing WDM
technology to increase data rates up to 40 Gbit/s and coexist with current communication systems.
WDM passive optical network WDM-PON based fiber-to-the-home (FTTH) system architecture
together with the Next-generation passive optical network (NG-PON) can provide a solution
related to nowadays problems with transmission capacity. It is expected that NG-PON systems
will become more cost-efficient at high per-user data rates, providing different transmission speeds
for end users based on the pay-as-you-grow approach.

Accordingly, wavelength division multiplexed passive optical access networks WDM-PONs
can be the best solution to modern capacity-related problems and support high data rates providing
large distance coverage between network nodes to keep up with the increasing demand traffic [3]—
[4]. The wavelength division multiplexing WDM technique is a solution to deal with Internet
traffic by using the bandwidth of optical fiber more effectively. It is considered a definitive solution
for future telecommunication infrastructure upgrades, providing almost unlimited bandwidth to
each subscriber. WDM-PON based fiber to the home FTTH system architecture can compete with
the Next-generation passive optical network NG-PON solution related to current problems of
transmission capacity [58]-[59].

Chromatic dispersion CD is a fundamental problem in optical transport networks [41]. The
distortion of the signal leads to intersymbol interference, resulting in data losses and traffic
interruption. In order to protect the signal from losses and affection of CD during transmission in
optical fiber, appropriate technique by dispersion compensation based on fiber Bragg gratings FBG
can save costs and meet the technical requirements needed to facilitate higher data rate optical
transport network [60]. The main advantage of using fiber Bragg grating FBG dispersion
compensation module DCM is low insertion loss and greater power capacity without introducing
additional non-linear signal effects. They have become a key factor, along with erbium-doped fiber
amplifiers (EDFASs) increasing broadband fiber optics transport networks [61]-[62]. The
introduced system model is used to obtain the system performance for different operating data
rates of up to 32 Gbit/s per downstream transmission channel. The purpose of this research was to
evaluate the performance of investigated 100 GHz spaced WDM-PON transmission system with
the most often used transmission speeds of up to 32 Gbit/s per channel and obtain the maximum
reach of the system with chromatic dispersion CD compensation, under the condition that it is still
possible to achieve forward error correction pre-FEC BER of 1x10-.
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Firstly experimentally, single-channel passive optical network PON performance after 80 km
transmission through standard single-mode fiber (SSMF) span, with additional use of implemented
dispersion compensation module FBG-DCM, is shown. Secondly, the additional effect of crosstalk
is obtained with a simulative-experimental model. The purpose of the experimental section was to
observe experimental system physical parameters and the impact of used components. Therefore,
the properly adjusted 16-channel WDM-PON transmission system model was created in the
newest RSoft OptSim simulation software.

The experimental system part is represented in Figure 12.. The output of the laser source with
8.49 dBm output power at A = 1552.605 nm is connected to the Mach-Zehnder modulator MZM
input. A polarization controller (PC) is placed before the MZM to reduce polarisation-dependent
losses. An MZM (bias point 3.14 V) is driven at data rates of 10 Gbit/s up to 32 Gbit/s by a 2° long
pseudo-random bit sequence (PRBS-9) non-return-to-zero NRZ signal from an electrical arbitrary
waveform generator EAWG. The modulated output from the MZM is being amplified by fixed
output power (fixed +10 dBm output power) erbium-doped EDFA. Then 100 GHz spaced arrayed
waveguide grating AWG multiplexer filters out particular optical channels. The output of the
multiplexer is connected to the input of the second EDFA with fixed +14 dBm output power and
transmitted through 80 km long ITU-T G.652 rec. standard SMF section with additional CD pre-
compensation by tunable FBG-DCM, which has 3 dB insertion loss at 1550 nm wavelength. After
the ODN transmission part, the 100 GHz spaced AWG de-multiplexer is connected through a
variable optical attenuator VOA. The output of the AWG de-multiplexer’s central channel (193.1
THZz) is connected to a 50 GHz photodetector PIN. The detected electrical signal is sent to a digital
storage oscilloscope DSO to analyze the signal - display the eye diagrams, and perform BER
measurements. Research is divided into two parts: 1% experimental part, where

(a) Electro-Optical Conversion (b) ODN containig , == = = == == = = =—
N Components: Mux&De-Mux and F)EIG-DCM_ / ONTRXL ooy Hiiialy
| (e) SSMF fiber spools, {d) Photodiode il

B el
Optical distribution
network (ODN)

Users
W= L

CW: Continuous wavelength laser source, PC: polarization controller, M.ZM Mach-Zehnder modulator, AWG: arbitrary waveform generator, EA:
electrical amplifier, EDFA: erbium-doped fiber amplifier, FBG-DCM: fiber Bragg grating dispersion compensation module, SSMF: standart single mode
fiber, VOA: variable optical attenuator, PS: power splitter, PM: oplical power meter, PIN: photodiode, DSO: digital storage oscilloscope.

WODM-PON m pararm H
- 16 WDM channels « CD compensation with FBG-DCM « Optical line length L = 40/80 km and - Transmission speed per channe|
- NRZ coding - Channel spacing Af = 100 GHz z (maximal achievable distance) R =10, 20, 25, 28, 32 Gbil/'s

Figure 12. An experimental model of NRZ-OOK modulated up to 32 Gbit/s per channel WDM-PON optical
transmission system.
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we obtain limiting factors of physical parameters and impact of components used in WDM-PON
designed transmission system model and 2" part, investigation of the simulation model with
improved system capacity up to 16 channels, allowing us to observe the effect of crosstalk and
non-linear optical effects NOE [63]. As shown in the investigated WDM-PON
simulation scheme consists of 16 channels. According to ITU-T G.694.1 rec., the channel spacing
is chosen 100 GHz, and the central frequency of the middle channel is 193.1 THz (A = 1552.524
nm), which is based on experimentally used one [64].

According to PON architecture, the proposed simulation model central office CO consists of an
optical line terminal OLT with sixteen transmitters (OLT_Tx). Each particular OLT_Tx
transmitter based on widely used NRZ line code consists of a data source element with 2° long
pseudo-random bit sequence PRBS9 connected to the NRZ driver. The coded electrical output
signal is directly sent to MZM, converting electrical to the optical signal. Continuous wavelength
CW laser with + 8.49 dBm output power was used for each transmitter. Optical signals from each
OLT_Tx are coupled together using optical AWG multiplexer with 100 GHz channel spacing, 3.5
dB insertion loss at 1550 nm wavelength, and a 3-dB bandwidth of 80 GHz. Afterwards, coupled
signals are amplified by fixed output power (fixed +14 dBm output) EDFA.

According to ITU-T G.989.2 Next-generation PON standard (NG-PON2) definition of optical
distribution network ODN length, we have chosen 40 km and twice larger 80 km optical fiber
transmission distances [46]. An ITU-T G.652 optical fiber SMF with 17 ps/(nmxkm) dispersion
coefficient and 0.2 dB/km insertion loss (at 1550 nm reference wavelength) was used in our
research. CD pre-compensation by fiber Bragg grating-based dispersion compensation module
(FBG-DCM) is realized for coupled channels before transmission through transmission fiber span.
An additional attenuator with 3 dB attenuation is used to implement FBG-DCM insertion loss.
After transmission through the SMF optical transmission line, all-optical channels are separated
by AWG de-multiplexer located in remote terminal RT, with 100 GHz channel spacing, 3.5 dB
insertion loss, and 3-dB bandwidth 80 GHz. The receiver consists of optical network terminals
ONTs, where each receiver (ONT_Rx) consists of a 50 GHz PIN photodiode based on
experimentally used one, with sensitivity equal to +4 dBm, dark current of 10 nA and responsivity
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Comparison of experimentally measured BER versus received optical power for investigated single-
channel PON transmission system with data rate of up to 32 Gbit/s with use of FBG-DCM module for ODN length
of 80 km.
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of 0.7 A/W [65]. The optimal 5-pole electrical Bessel low pass filter LPF bandwidth was found
for each operating bitrate based on the most successful system performance. An electrical scope
and BER estimator were used during simulations to measure received signal bit patterns quality.
The Figure 13. shows experimentally obtained BER of the transmitted signal with data rate of up
to 32 Gbit/s versus received optical power at PIN after 80 km transmission through ODN. The
measured optical output power after transmission through 80 km ODN length varied from -4.5 to
7.1 dBm, where the BER of received NRZ-OOK signals was from 1.2x10?2 to 1.4x107%,

The obtained BER of the operating data rate of up to 32 Gbit/s for 100 GHz spaced 16-channel
wavelength division multiplexed WDM-PON passive optical transmission system in response to
received optical power at PIN receiver is shown in Figure 14. in two different scenarios — with 40
and 80 km of SMF fiber length.
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Figure 14. Comparison of measured BER versus received optical power with use of DCM module for ODN length
of (a) 40 km and (b) 80 km for investigated 16-channel WDM-PON transmission system at operating bitrate up to 32
Gbit/s per channel.

Applying for shorter transmission distances of ODN part, it is possible to decrease impact of
NOE effects in the optical fiber link. In the scenario with a shorter fiber link length (40 km), the
gain of the second used EDFA was reduced to 8 dBm, respectively. The measured optical output
power after transmission through the 40 km ODN part varied from -1.1 to 7.1 dBm, where the
BER of received NRZ-OOK signals was from 2.2x1072 to 5.2x10°% (see Figure 14(a)). In the
second scenario with 40 km SMF fiber ODN link in response to received optical power is shown
in Figure 14(b), where measured optical output power after transmission through 80 km ODN
length varied from -1.1 to 7 dBm, where the BER of received signals was from 2.2x1072 to 1.3x10"
19

As shown in Figure 15(al-a5), in B2B configuration, the signal quality for all operating data
rates is good, the eye is open, and error-free transmission is provided. After 80 km transmission in
an experimental and simulative environment, the obtained simulative-experimental results are
mainly similar (see Figure 15(b) and Figure 15(c)). Performance comparison for investigated 100
GHz spaced 16-channel WDM-PON transmission system with transmission of operating data rates
per channel of up to 32 Gbit/s thought ODN part, with different lengths of 40 and 80 km SMF
fiber spans is shown in Figure 16..
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Figure 15. Eye diagrams of experimentally received signal: (a) after B2B transmission, (b) analyzed in OptSim
simulation software environment after 80 km transmission with the use of FBG-DCM module and (c) after 80 km
transmission with the use of FBG-DCM module for investigated PON transmission system with operating data rates
of (1) 10 Gbit/s (2) 20 Gbit/s, (3) 25 Gbit/s, (4) 28 Gbit/s, (5) 32 Gbit/s per channel.

Additional losses in optical fiber line and effect of crosstalk and NOE on transmitted signals
for longer distances of 80 km lead to performance decrease of 100 GHz spaced 16-channel WDM-
PON transmission system, where the BER at operating 10 Gbit/s data rate per channel of the
received signal (worst performing channel) was 1.3x10° (see Figure 16(b1)). After decreasing
ODN length to 40 km the crosstalk and NOE effects are reduced significantly, where the BER of
the channel with worst performance operating at 10 Gbit/s data rate was 5.2x10°° (Figure 16(al)).
After transmission through ODN fiber length defined distances as 40 and 80 km, the BER at
operating 32 Gbit/s data rate per channel of received signals was 1.1x10"* and 1x107%* (see in
Figure 16(a5) and Figure 16(b5)).
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Figure 16. Eye diagrams of experimentally received signal with use of FBG-DCM module, (a) after 40 km
transmission and (b) after 80 km transmission for investigated 16-channel WDM-PON transmission system at
operating bitrate of: (1) 10 Gbit/s (2) 20 Gbit/s, (3) 25 Gbit/s, (4) 28 Gbit/s, (5) 32 Gbit/s per channel.

The purpose of this last section was to numerically evaluate the performance of NRZ-OOK
modulated 100 GHz spaced 16-channel WDM-PON system together with implementation of
dispersion compensation and find the maximum network reach per operating data rate. As
mentioned before, the BER threshold in our investigated transmission system with assumed
additional FEC is 10°3. By using the FBG-DCM dispersion compensation technique, the maximum
achievable transmission distance for the system operating at data rates of 25, 28, and 32 Gbit/s per
channel was 105 km, where the BER of the received signal was 3.9x107%, 9.9x10*and 7.5x10™*
(see Figure 17(c-e)). As it is shown by simulation results with 10 Gbit/s operating data rate per
channel for investigated 100 GHz spaced 16-channel WDM-PON transmission system, maximum
achievable transmission distance was 109 km, where the BER of received signal was 8.1x1074,
please see Figure 17(a). The second-best result with 106 km maximal achieved transmission
distance was with the operating data rate of 20 Gbit/s per channel, where the BER of received
signal was 9.4x1074, please see Figure 17(b).

After 109 km transmission After 106 km transmission After 105 km transmission
[a.u)__ [Worst channel’s eye, BERSS.1x20")  {aia) (Worst channel's eye, BERySAR0"] (g  [Worst chosmels eye, BER1.9010")
o { i =

0 002005007 01 Q1201501702 0 002 004 Qo6 008 O1 O 0.01 6.0 0.03 0.04 0.05 0.06 007 0.0
fa) Tiene (ns) (b} T [} i) Time (na)

After 105 km transmission After 105 km tronsmission
fum] _(Worst channel's eye, BERSI 800"} (g _(Wirst chonnel s eye, BEReTSe10)

0 001 002 003 004 005 006 007 O G01 002 K03 004 005 006
d Time [sa] fe) Tima {ns)

Figure 17. Eye diagrams of received signal after maximal achieved transmission distance with dispersion
compensation by FBG-DCM module and operating bitrate of: (a) 10 Gbit/s (b) 20 Gbit/s, (c) 25 Gbit/s, (d) 28
Gbit/s, (&) 32 Gbit/s per channel for 4-channel 100 GHz spaced NRZ-OOK modulated WDM-PON transmission
system.
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4.2 Comparison of the performance of an experimental 40 km long DWDM-
PON 4-channel transmission system with a total transmission rate of up
to 160 Gbit / s depending on the applied DCF and FBG dispersion
compensation methods and data transmission speed in the channel

With the massive deployment of coherent optical fiber transmission systems at 100 Gbit/s in
backbone networks, the pressure has shifted to the metro networks. Intensity modulation with
direct detection IM/DD transmission technique is preferred due to its advantages of low cost and
easy implementation, where chromatic dispersion CD induced power fading is one of the key
limiting factors in IM/DD transmission systems [66]-[69]. Chromatic dispersion CD is possible to
compensate in both - optical or electrical domains. Depending on the optical domain dispersion
profile, the effects of CD can be either removed locally by fiber Bragg grating FBG or can be
compensated throughout the dispersion-compensating fiber DCF [66], [70].

In previous research, was concluded that intensity non-return-to-zero on-off keying NRZ-OOK
modulation format, as well four-level amplitude modulation PAM-4 modulation format, which has
higher spectral efficiency and potentially can provide higher data transmission speeds in fiber
optical networks with limited bandwidth, are still affected with the chromatic dispersion CD,
which is one of the main distance-limiting factors [41], [71].

The main purpose of this research is to evaluate the performance of experimentally developed
dense wavelength division multiplexed DWDM transmission system and compare the most often
commercially used CD compensation techniques such as CD compensation based on dispersion
compensation fibers (DCF) and compensation based on fiber Bragg grating FGB dispersion
compensation module DCM. The experimental 4-channel DWDM optical transmission system
model is used to evaluate system effectiveness for different bitrates of up to 40 Gbit/s per
wavelength and compare widely used techniques of CD post-compensation in terms of received
signal quality, e.g. bit-error-ratio BER and eye diagrams.

The experimental system is shown in .The output of four continuous-wave CW laser
sources with channel spacing of 100 GHz with related 10 dBm output power for each particular
source are coupled together by a 100 GHz spaced arrayed waveguide grating AWG
multiplexer[64]. Polarization controllers (PCs) are placed before the multiplexer to reduce each
laser source's polarisation-dependent loss. The output of AWG is connected to the input of the
external Mach-Zehnder modulator MZM. An MZM (bias point 3.14 V) is driven at bitrates from
20 Gbit/s up to 40 Gbit/s by a 2'* long pseudo-random bit sequence (PRBS11) non-return-to-zero
NRZ signal from an electrical arbitrary waveform generator EAWG.

The modulated output from the MZM is connected to the de-correlation module through a
monitoring splitter (PS1) for measurements of the optical spectrum. The output of the de-
correlation module with four separated and delayed WDM channels is amplified by the first
erbium-doped fiber amplifier EDFA with fixed output power (+23 dBm) and transmitted through
40 km long ITU-T G.652 standard SSMF fiber span with dispersion coefficient 17.15 ps/(nm x
km), dispersion slope 0.096 ps/nm? and 0.27 dB/km attenuation coefficient (at A=1550 nm
reference wavelength).

50



A=1550.90 nm

cw-1 3 - = ¥

¥/

A=1553.41 nm

cw-4
Yz

-

\_| EDFA

R Ed
{a) CW Laser sources, (b) Electro-Optical Conversion,
(¢} De-correlation module, (d) SSMF fiber spoal,

= Electical path
(e) Di ion unit: DCF & FBG, C] = P

(1) EDFA amplifier & VOA, (g) Photodiode and DSO Optical path
CW: Continuous wavelength laser source, PC: polarization EAWG: electrical arbitrary . EA: edectrical amplifier, MZM: Mach-Zehnder modulator,

PS: power splitter, OSA: optical spectrum analyzer, EDFA; erbium-doped fiber amplifier, SSMF: standar single mode fiber, FBG-DCM: fiber Bragg grating dispersion
compensation module, DCF: dispersion compensating fiber, VOA: variable optical attenuator, PM: optical power meter, PIN: photodiode, DSO: digital storage osclloscope.

+ 4 WOM channels « CD compensation; FEG-DCM & DCF « Optical line length L = 40km - Transmission speed per channel
- NRZ coding - Channel spacing 4f = 100 GHz - Transmission over: C-band R =20 25 28 32 40 Gbit's

Figure 18. Experimental setup for comparison of the effectiveness of dispersion compensation techniques in 4-
channnel NRZ-OOK modulated DWDM optical transmission system with a total transmission capacity of up to 160
Gbit/s.

The monitoring splitters (PS3) after transmission through SMF fiber before dispersion CD post-
compensation and (PS4) after CD post-compensation for optical spectrum measurements are also
used. The CD post-compensation is consecutively investigated by using:

¢ Tunable fiber Bragg grating dispersion compensation module FBG-DCM, which has 3.5
dB insertion loss at A=1550 nm wavelength, dispersion coefficient of -680 ps/(nm x km);

e Dispersion compensation fiber (DCF) spool with a length of 5.684 km, which has 4.75 dB
insertion loss (at A=1550 nm reference wavelength) with dispersion coefficient of -686.76
ps/nm/km and -2.48 ps/nm? dispersion slope was used as well.

After transmission through SSMF fiber span and CD post-compensation, the 100 GHz spaced
AWG de-multiplexer is connected to the second EDFA with fixed +10 dBm output power. The
output of EDFA amplifier is connected to 50 GHz photodiode PIN with sensitivity equal to +4
dBm for BER of 107'2, the dark current of 10 nA and responsivity of 0.8 A/W through a variable
optical attenuator VOA for measurements of received signal bit patterns quality (e.g. eye diagrams)
and BER [65].

To increase the capacity of the experimental communication system, the number of WDM
channels was increased by implementing a symmetrical adaptive decorrelation SAD method [72],
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[73]. MZM modulator used experimental transmission system is driven at bitrates from 20 Gbit/s
up to 40 Gbit/s by a 2'*-1 long pseudo-random bit sequence NRZ signal from an electrical arbitrary
waveform generator EAWG. The output of four laser sources with a spacing of 100 GHz are
coupled together by AWG multiplexer and sent to the MZM input. After MZM output, four 100
GHz spaced modulated optical channels are being separated with the de-correlation module, which
consists of (1) 100 GHz spaced AWG de-multiplexer (De-MUX), (2) SMF optical fiber spans with
different lengths, and (3) optical coupler (see Figure 19.). After separation of modulated optical
signals, the optical SMF fiber spans with different lengths are used for time delay, where 1-meter
long optical fiber span is used for the second channel, 2 and 3-meters long SMF spans are used for
third and fourth separated WDM channels.

)|

Figure 19. Setup of de-correlation module: (a) experimentally created, (b) schematics of channel separation
principle, where such as optical components are used: (1) 100 GHz spaced AWG de-multiplexer, (2) SMF optical
fiber spans, (3) 1x8 optical coupler.

The first output of AWG DE-MUX is connected directly to the coupler. After each optical
channel has been de-correlated, all channels are combined by an optical coupler for further data
transmission. Each transmitted bit length of the optical fiber according to the used bitrate is
calculated by the following equation where SMF fiber core refraction index is 1.4682 at A=1550
nm wavelength:

L=T><(é)x100 (1)

where, L — fiber length for 1 bit (cm);
T — bit duration (s);
c — light speed in vacuum (km/s);
ng — optical fiber effective group index of refraction;

According to the bitrate (from 20 Gbit/s up to 40 Ghit/s) of the NRZ-OOK signal, the optical
path length of 1 bit is shown in Table 3..
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Table 3.
Optical path length for 1 bit of transmission

Bitrate (Gbit/s) 20 25 28 32 40
Fiber length for 1 bit
transmission (cm)

1,02 0,81 0,72 0,63 0.51

Each separated modulated NRZ-OOK signal based on the used de-correlation technique
accordingly by the used bitrate per channel with PRBS11 sequence has constant bitstream delay,
please see Table 4..

Table 4.

PRBSL11 delay in bits for transmission system by use of the de-correlation technique

Experimentally used bitrate Gbit/s
Bitrate (Gbit/s) 20 25 28 32 40
PRBS delay (bits) CH2 98 122 137 157 196
% of total PRBS length 5% 6% 7% 8% 10%
PRBS delay (bits) CH3 196 245 274 313 392
% of total PRBS length 10% 12% 13% 15% 19%
PRBS delay (bits) CHa 294 367 411 470 587
% of total PRBS length 14% 18% 20% 23% 29%

To determine the exact dispersion coefficient for the standard single-mode optical fiber used in
the experimental part and determine the necessary length of DCF fiber spool for total accumulated
dispersion compensation, CD measurements for SSMF fiber span were performed. Optical domain
(OTDR) measurements for standard single-mode optical fiber span was also prepared to clarify
the optical link section match of experimental 4-channel 100 GHz spaced NRZ modulated DWDM
system according to ITU-T G.989.2 definition of optical distribution network ODN length. In
experimental optical transmission system, second EDFA was used in terms to satisfy input optical
power level of high power InGaAs 50 GHz PIN photoreceiver under high-speed up to 40 Gbit/s
WDM transmission systems conditions, where post-amplification is not required, as PIN photo
receivers neither avalanche photodiode (APD) with a much lower input power level are used [65].
According to OTDR verified measurements, the length for experimentally used SSMF fiber span
is 42.13 km with 11.49 dB total insertion loss. The experimentally measured SMF fiber span
chromatic dispersion coefficient and total chromatic dispersion depending on bandwidth in
telecommunication S, C and L transmission bands are shown in and
As shown in , the standard single-mode optical fiber span measured dispersion
coefficient and total dispersion at reference wavelength A=1550 nm is 17.15 ps /(nm x km)) and
688.71 ps/nm at dispersion slope of 0.096 ps/nm?. The most suitable DCF optical fiber span was
selected to perform accumulated dispersion compensation. Afterwards, after the most appropriate
choice, optical domain OTDR measurements was prepared to the latest calculate achieved the
maximum DWDM system’s optical link sections length.
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Figure 20. Experimentally measured SMF fiber span: (a) chromatic dispersion coefficient and (b) total chromatic
dispersion depending on bandwidth and used wavelength.

According to verified OTDR measurements, it was concluded that the length of the
experimentally used dispersion compensating fiber spool is 5.68 km with 4.75 dB total insertion
loss of 0.83 dB/km. Experimentally obtained dispersion compensating fiber spool CD coefficient
and total chromatic dispersion depending on bandwidth in telecommunication S, C and L
transmission bands are shown in Figure 21(a) and Figure 21(b). As shown in Figure 21., the DCF
fiber spool measured dispersion coefficient and total dispersion at reference wavelength A=1550
nmis -123.06 ps / (nm x km)) and -697.82 ps/nm at -2.48 ps/nm? dispersion slope. DCF fiber gives
the opportunity to increase the length of our 4-channel 100 GHz spaced DWDM optical
transmission system for an additional 45.68 km or extra 13.5 % and achieved that the maximum
DWDM system’s link length of 47.81 km.
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Figure 21. Experimentally measured DCF fiber spool: (a) chromatic dispersion coefficient and (b) total chromatic
dispersion depending on bandwidth and used wavelength.
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The 4-channel 100 GHz spaced NRZ modulated and de-correlated optical signals spectrum
before launching into a 40 km long SSMF fiber span of DWDM optical transmission system which
is driven by one Mach-Zehnder modulator MZM and operating at a bitrate up to 40 Gbit/s per
channel are shown in Figure 22.. Applying for the use of DCF post-compensation for 4-channel
100 GHz spaced NRZ modulated DWDM transmission system, the received optical signals are
mainly affected by NOE effects. The reason for that is the input optical power of a DCF fiber
which exceeds a certain value optical power density in the fiber core. It becomes excessively high
because the effective cross-sectional area of the fiber is only Aefr =20 um?, triggering the nonlinear
polarization of fiber materials. As shown in Figure 23., the experimentally received signal after
40 km transmission trough SSMF optical fiber link with dispersion compensation by (a) fiber
Bragg grating dispersion compensation module FBG-DCM and (b) by dispersion compensation
fiber DCF for investigated NRZ modulated 4-channel 100 GHz spaced DWDM optical
transmission system at operating bitrates of up to 40 Gbit/s per channel is good, eye is open and
error-free transmission is provided. Performance comparison was demonstrated for 4-channel 100
GHz spaced NRZ modulated DWDM transmission system at operating total capacity up to 160
Gbit/s over 40 km SSMF fiber optical link, with different dispersion-compensating techniques.
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Figure 22. Optical spectra: (a) after B2B transmission through SSMF fiber, (b) after 40 km transmission through

SSMF fiber and (c) after 40 km transmission through SSMF fiber with use of dispersion compensation by DCF for
multiplexed 4-channel NRZ modulated DWDM optical transmission system at bitrates of up to 40 Gbit/s per channel.
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Additional insertion losses in dispersion-compensating optical fiber DCF line and affection of
NOE on transmitted signals lead to performance decrease of experimental 4-channel 100 GHz
spaced DWDM optical transmission system, where the BER at operating 20 Gbit/s and 40 Gbit/s
bitrate per channel of received signal was 5.8x1072 and 1.27x107° due optical power level on PIN
photoreceiver -1.65 dBm and +2.36 dBm (see Figure 23(b1) and Figure 23(b5). After decreasing
total optical link length by replacing DCF and applying for fiber Bragg grating tunable DCM
module the NOE effects are reduced significantly, where the BER of operating at 20 Gbit/s and 40
Gbit/s bitrates per channel was 5x1072 and 2.45x107° due optical power level on PIN photoreceiver
-0.21 dBm and 3.3 dBm (see Figure 23(al) and Figure 23(a5)). As shown in Figure 23(a) and
Figure 23(b) sections, comparison depending on bitrate per channel from 20 Gbit/s up to 40 Gbit/s,
with previously discussed dispersion compensation techniques implementation into experimental
4-channel DWDM optical transmission system, according to systems performance, the received
signal quality is shown (e.g. eye diagrams of received bit patterns).
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Figure 23. Eye diagrams of the experimentally received signal after 40 km transmission trough SSMF fiber with
dispersion compensation by (al-a5) fiber Bragg grating dispersion compensation module FBG-DCM, (b1-b5)
dispersion compensation fiber DCF for investigated NRZ-OOK modulated 4-channel 100 GHz spaced DWDM

optical transmission system at bitrates of:(1) 20 Gbit/s, (2) 25 Gbit/s (3) 28 Gbit/s, (4) 32 Gbit/s and (5) 40 Gbit/s

per channel.
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4.3 The combined solution of space-division multiplexed (SDM) and
wavelength division multiplexed (WDM) technologies to implement a
spectrally efficient high-speed fiber optic transmission system

Today's widely used single-core single-mode optical fiber (SC-SMF) is already close to its
fundamental capacity of 100 Thit/s, limited by amplifier bandwidth and non-linear noise. The
single-mode multicore optical fiber (SMCF) solution offer space-division- multiplexing
compaction SDM technology application. The multicore optical fiber (MCF) technology is also
being considered for microwave photonics applications such as multi-cavity optoelectronic
oscillators [74], and signal processing [75], since it offers identical mechanical and environmental
conditions for all parallel cores. MCFs have also been implemented in fibre-wireless links such as
a full-duplex, 802.11ac-compliant, 3x3 Multiple-Input Multiple-Output (MIMO) system using 7-
core fiber [76], and Centralized Radio Access Networks (C-RANS) [77].

The experimentally developed setup for a 7-channel optical transmission system with a data
transmission speed of 2.5 Gbit/s per A using the NRZ-OOK modulation format via the new
generation 2 km long SMCF optical fiber with seven cores, please see in Figure 24.. The
implementation of the experimental optical transmission system was performed at the Technical
University of Denmark DTU using the existing equipment of the DTU. An experimental 7-channel
optical transmission system using one 2 km long SMCF optical fiber was developed in the
laboratory. The experimental setup includes a 2 km long 7- core MCF with 4 upstream
transmission channels through (cores 0,1,3,5) and 3 downstream transmission channels trough
(cores 2,4,6). The transmission system used a single laser light source with a central wavelength
of 1500.12 nm and output power of 12 dBm, connected to a Y-type (50:50) optical power splitter.
The output of each splitter was connected to one of the two used optical inputs of the MZM-1 and
MZM-2 optical modulators. Before using optical modulators for the transmission system, the
operating quadrature BIAS points of the modulator were clarified.
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Curves were created to determine the modulator operating BIAS point from the optical power
level at the modulator output and the DC power supply output voltage. The operating voltage point
is determined by finding the minimum and maximum of the sinusoidal function and calculating
the two voltages' average, resulting in a working point in the linear region.

The characteristics of the MZM-1 Fujistu 10G modulator are shown in . Optimum
DC power supply output voltage was determined for the MZM-1 Fujistu 10G modulator. The
minimum voltage point has a minimum of 4.2 V and a maximum of 9.8 V. Calculating the average
value of both voltages - 7 V, results in a working point in the linear range. The minimum 2.2 V
and maximum 4.6 V operating voltage points were set for the MZM-2 Covega 10G modulator.
Calculating the average value of both voltages — 4.7 V, results in a working point in the linear
range. Adjustable polarization controllers (PC1, PC2) were used to reduce the polarization
between the laser light source and the modulators.
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The characteristic curve of (a) Fujistu 10G and (b) Covega 10G modulator received optical power
versus DC source output voltage.

The Field Programmable Gate Arrays (FPGA, Altera Stratix V FPGA) module containing 7
transmitter channels was used to generate an electrical NRZ signal with a pseudo-random bit
sequence PRBS. For the MZM-1 modulator, the electrical RF signal was generated with the
PRBS7 pseudo-random bit sequence, for the MZM-2 modulator, the electrical RF signal is
generated with the PRBS15. Using the option of the Altera Stratix V FPGA module to detect and
evaluate the signal BER value, the quality of the received signals was evaluated throughout the
experiment. The FPGA module also supports obtaining an eye diagram for the received signal.
However, the module's output with an external clock signal was connected to the DSO Agilent
86100A digital oscilloscope during the experiment. After the 10 HGz PIN photodiode, the
electrical signal was divided by RF splitter to evaluate the BER by dividing one output to the
receiving part of the FPGA. The other output was connected to the DSO to evaluate the signal
quality according to the eye diagram and opening.

The modulated optical signal for each modulator: MZM-1, MZM-2 was divided into four
channels using two 1x4 optical splitters. EDFA amplifiers were connected in the switching phase
between the 1x4 optical power splitters and the output of each modulator. The outputs of the 1x4
optical power splitter were connected to a spliced SMCF 2 km long fiber (FAN-IN) core coupler
inputs. For the MZM-1 modulator, the electrical RF signal is generated with the PRBS 7; for the
MZM-2 modulator, the electrical RF signal is generated with the PRBS15. The optical signal with
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the PRBS7 from the MZM-1 modulator after the 1x4 splitter was decorrelated and fed through the
input of (FAN-IN) core coupler to the respective SMCF 2 km long optical fiber cores (0, 1, 3, 5).
An optical signal with a PRBS15 from the MZM-2 modulator was applied to the SMCF fiber cores
(2, 4, 6). As shown in Figure 26., the 7-core SMCF with FAN-IN and FAN-OUT was used during
the experiment.

The transmitted optical signals are received at the corresponding core for each SMCF fiber core
using a (FAN-OUT) core coupler. A tunable optical attenuator VAO was connected to the
corresponding core output by using a (FAN-OUT) core coupler. The output of the tunable
attenuator was divided using an optical power splitter (1% to 99%), where at 1% output, the optical
power meter (PM, HEWLET 8583A) was connected, and at 99% output PIN photodiode (PD,
AMONICS 10G) was connected. An additional 26dB broadband RF signal amplifier was
connected at PD output. The received RF signal had to be amplified because the signal generated
at the output of the FPGA module had too low a voltage value (400 mV-pp). The electrical signal
after the EAwas split by an RF splitter, connected to the DSO and FPGA for real-time BER
estimation.

The laser light source (LD, COBRITE DX1) and the high-sensitivity optical power meter (PM,
HEWLET 8583A) were used to measure the loss and crosstalk impact of each 7-core SMCF fiber
core. The attenuation introduced by each core of 2 km SMCF was measured by connecting a laser
light source with a certain optical output power to each individual core. The power meter at the
other end of the SMCEF fiber core was used to determine the optical power level and calculate the
input and output power difference (see Table 5.).

Splice point Splice point
2.3dB
MCF MCF

Fan-in I:I 1.2dB 1.2dB I:I Fan-out |

Top view
Insertion loss (IL) at -:};fﬁj' 1T “‘m‘ﬁ_\{j\‘m\
splice points

TN

o il ;___ o, g
/ #Mﬂ!ﬂ% 11TV ;

1 2 3 4 5 6 7 7 6 5 4 3 21 :
SC (APC) SC (APC) Front view

Figure 26. The 7-core MCF fiber used in the experiment with spliced (FAN-IN, FAN-OUT) core couplers.
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Table 5.
Attenuation per each core of a 2 km long 7-core SMCF optical fiber

Fiber core number, (No) Attenuation, (dB)
0 2,08
1 5,59
2 4,59
3 3,75
4 3,05
5 4,72
6 4,32

From the obtained data shown in Table 5. it can be concluded that the attenuation introduced
by the SMCF optical fiber is 5 to 10 times higher than for the standart single-mode SMF fiber (0.2
dB/km @ A = 1550 nm), which is explained by the introduced attenuation at splicing places of the
SMCEF fiber together with the FAN-IN and FAN-OUT transitions.

The effect of each SMCF fiber core crosstalk was also measured using the light source LD and
power meter PM. The results were summarized in a 7x7 crosstalk effect matrix. To measure the
effect of crosstalk, a light source was connected to each MCF fiber core, and the output power of
all other existing MCF fiber cores was measured. The effect of crosstalk on cores of different
locations was determined by measuring and analysing the results, see Table 6..

Table 6.
2 km 7 core SMCF fiber core crosstalk 7x7 matrix
Output / to core
Co C1 C2 C3 C4 C5 C6

Co -384 | 414 | -46,1 -36,8 | -39,0 -40,00

C1 -49,3 -40,0 -43,7 -484 | -394 -45,7

g 2 C2 -350 | -54,9 -44,2 -64,0 | -54,5 -52,5

'g P C3 -39,7 | -56,2 | -43,0 445 | -47.2 -60,5

15 = Cc4 -37,1 | -51,4 | -50,0 -45,5 -62,0 -42,5

C5 -440 | -375 | -52,3 -46,7 -54,6 -39,0

C6 -40,3 | -58,2 | -58,0 -47,1 -415 | -34,7

Overall impact -32,0 | -34,7 | -36,2 -37,6 -348 | -32,2 -35,0
The shows the measured pair-wise power coupling between all 7 cores. The
total crosstalk (summation of each core contribution) is shown in . The central core

(core 0) exhibits the highest crosstalk as expected, and other outer cores (1,2,4,6) have roughly
equal crosstalk where core 3 and core 5 are much lower and higher than the other outer cores,
respectively.
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Figure 27. (a) Measured pairwise crosstalk between cores and (b) measured total crosstalk per core.

The obtained BER of core-0 in response to received optical power at photodiode PD is shown
in Figure 28. in two different scenarios, with and without signal pre-emphasis for mitigation of
signal distortions. Applying the FPGA pre-emphasis option it is possible to reduce the effect of
distortions in each core, and the BER is far below the forward error correction FEC limit, as shown
in Figure 28(a) and Figure 28 (b). The measured optical output power of core 0 after 2 km MCF
transmission varied from -12.55 to -4.35 dBm, where the 2.5 Gbps NRZ-OOK signal’s BER
without equalization was from 1.4x102 to 8.7x107, but with equalization, it varied from 2.6x10*
to 5.1x107, as shown in Figure 28(a). Eye diagrams of the received signal without any signal
equalization and with the use of FPGA equalization are shown in Figure 28(c) and Figure 28(d).
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5 DEVELOPMENT AND EVALUATION OF SPECTRALLY EFFICIENT
NEXT-GENERATION MOBILE OPTICAL SYSTEMS FOR
MILLIMETER-WAVE RADIO SIGNAL TRANSMISSION

5.1 Research and analysis of the application of Radio over Fiber (ROF) in
the solution of future mobile communication systems

The fifth-generation 5G mobile communications will greatly impact different use cases such as
stadiums, hospitals, railway stations, homes, and businesses using conventional wireless access
technology [78]-[80]. 5G will feature data transmissions up to tens of gigabits, ultra-low latency,
and high-reliability communication. On the one hand, this will change and significantly improve
several different applications like the Internet of Things 10T, augmented and virtual reality VR,
and super high-resolution video streaming (4K/8K) [78]-[80]. On the other hand, 5G technology
still needs to satisfy stringent key performance indicators (KPIs) such as higher bandwidth and
data-rate per user, increased number of connected devices, lower energy consumption, and reduced
end-to-end latency [8], [80]-[82].

Considering the required capabilities of 5G and beyond 5G mobile radio communication
networks and their techniques, an optical fiber can be considered as the primary complement for
5G/beyond 5G fronthaul and backhaul networking [83]-[84]. As the passive optical network PON
is a cost-efficient, mature, and the most widespread access architecture being deployed worldwide
with even more recent massive deep fiber installations near end-user premises it is clear that the
convergence of both technologies (here meaning radio signal transmission and light-guide systems
(fiber optical communication systems) is a natural process [85]-[87].

The Electronic Communications Committee of the European Conference of Postal and
Telecommunications Administrations (CEPT) has recently harmonized the first bands for 5G
applications [88]. These bands are 3.4 - 3.8 GHz (sub-6 GHz band) and 24.25 - 27.5 GHz (so-
called 26 GHz band). Furthermore, the CEPT has identified the 26 GHz band for early European
harmonization as it provides over 3 GHz of contiguous spectrum and more favorable propagation
than the higher frequency bands also under consideration. In addition to the 26 GHz band, the 28
GHz band has emerged as the second most important band for 5G networks [79]. Currently, the
research and development of the 5G mobile systems at the higher frequencies, e.g. 28 GHz band,
has been considered for urban areas and communication between vehicles [89]. These unlicensed
or slightly licensed millimeter-wave (mm-Wave) frequency bands are very attractive for future 5G
mobile radio communication networks. Therefore, to achieve ultra-high capacity and bring
ubiquitous high-bitrate wireless connectivity per mobile user, the cost-effective hybrid photonics-
wireless mm-wave interface communication systems are required, where wireless transmission on
millimeter-wave bands can be realized [90]. According to ITU-T G. 9803 rec. describing radio-
over-fiber RoF systems, the PON network is desired for mobile fronthaul of latest 5G mobile
systems with functions to provide the connection between the baseband units BBU pool and radio
units RU. As shown in , mobile fronthaul of 5G and beyond 5G systems over
wavelength-division multiplexed passive optical access network PON can be realized using a
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centralized/cloud radio access network C-RAN architecture. As shown in Figure 29., low latency
and high capacity WDM optical access network providing optical fiber connectivity near or very
close to the antenna premises such as fiber-to-the-antenna (FTTA), can be a preferable and cost-
effective solution for the 5G transport [83], [91].Passive optical access networks are considered
feasible solutions for the cost-effective integration of C-RAN and transmit both intermediate radio
frequency (IF) and baseband signals by a single or multiple wavelengths per optical channel over
a single fiber in a cost-efficient way into the already deployed fiber infrastructure. As mentioned
before, in terms of the access network, mobile fronthaul are based on FTTA links with optical
fibers deployed very close to the antenna [83].

Traditionally widely used PON network architecture can be technologically modified to radio-
over-fiber RoF link for 5G mobile communications, which is seamlessly integrated into the PON
segment, leaving the existing optical distribution network ODN part unchanged [82]. Additionally,
the analog mm-wave radio over fiber RoF as one of the promising solutions is considered for the
latest 5G mobile systems by transmitting intermediate signals (used for generation of mm-wave
RF signals in the receiver side) through the fronthaul optical link [8]. Instead, to applying for more
advanced modulation formats like multi-level quadrature amplitude modulation (M-QAM) and
duobinary (DB), the M-PAM, where M is abbreviated as different signal amplitude levels, offers
a simple way to enhance the spectral efficiency and at least double the bitrate per wavelength using
the same optical bandwidth [92]-[93]. Accordingly, the 4-level pulse amplitude modulation format
(PAM-4) attracted much attention to its relative ease of implementation which offers a good trade-
off between performance and complexity allowing to double the bit rate in the channel without
doubling the necessary bandwidth, if compared to the NRZ-OOK link [41], [92]-[93]. In
connection with this, the high-speed PAM-4 -based optical link for the common public radio
interface (CPRI) in mobile fronthaul is still discussed [71].
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Figure 29. Centralized mobile fronthaul over wavelength-division multiplexed passive optical access network PON.
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5.2 Performance evaluation in a simulated environment of NRZ-OOK
modulated ARoF-WDM PON transmission system with 2.5 Gbit/s data
rate per channel depending on the used upconversion of optical signals

The fifth generation 5G currently is the latest generation of cellular mobile communications.
Infrastructure for 5G needs to deliver solutions, architectures, technologies, and standards for the
next decade's ubiquitous 5G communication infrastructures. Traditional radio access networks
RANSs, which combines baseband processing and radio functions at each physical base station, are
also used in long-term evolution LTE cellular 4G generation technology [94]. 5G is still under
research and discussion, but it is already known that baseband processing for many cells will be
centralized and stands for Cloud RAN or Centralized RAN (C-RAN) with benefits of improved
performance and cost reductions as a result of pooling resources. Enabling C-RAN for the 5G
front-haul architecture will evolve it into a more complex network, where additional costs of the
increase in capacity requirements can be reduced. The basic front-haul is assumed to run over a
common public radio interface CPRI, processed in the Base-band units BBU and sent to the remote
radio head (RRH). Nowadays, it is being considered that 5G wireless communications will use the
backhaul section of existing optical fiber links between remote radio units (RRU) and BBUs
located in the central office CO side [95]-[96]. Compared to the spectrum below 6 GHz used for
mobile communications, millimeer waves have enormous available bandwidths. Millimeter wave
is a promising candidate to address the capacity demands of 5G. Integrated backhaul for 5G
millimeter wave could be placed easily in urban areas, without additional effort, cost for wired
backhaul and connection to the core network [97]. Currently, research and development of the 5G
mobile systems at the higher frequency, such as 28 GHz band, has been considered for urban areas
and vehicular communications [98]. Two possible RF bands of 6 GHz and ka-band of 28 GHz are
considered for 5G spectrum[98]-[99]. With PON's segment, the radio-over-fiber RoF provides a
unique solution for fiber optical infrastructure, which can be the next step for 5G wireless
transmission implementation, ensuring energy saving and cost reduction [100]. However, it is
known that these solutions have mainly impact from linear (e.g. chromatic dispersion CD) and
non-linear (e.g. nonlinear optical effects NOE) impairments for each sub-carrier signals in fiber
optical links that is the main distance-limiting factor for the high-frequency transmission[41], [60],
[62], [101]. Several novel schemes are investigated during the last decade, allowing transmitting
28 GHz radio frequency (RF) carriers through optical modulation techniques for analog radio-
over-fiber A-RoF links.

The goal of this simulation model was to evaluate the performance and maximum reach for
investigated A-RoF WDM-PON transmission system with four 2.5 Gbit/s NRZ-OOK modulated
channels, where BBUs are implemented in CO allowing transporting of intermediate frequencies
along existing fiber optical distribution network ODN under condition that it is still possible to
achieve pre-forward error correction pre-FEC BER of 10-%or lower. Displayed are obtained by
OptSim simulation software. Additional use of Matlab software was performed to display
estimated results of received signals. As shown in , the investigated A-RoF WDM-PON
optical transmission system model consists of 4 channels operating at 2.5 Gbit/s bitrate each.
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Figure 30. Simulation scheme of 4-channel 2.5 Gbit/s per channel NRZ-OOK modulated A-RoF WDM-PON optical
transmission system with investigated A-ROF transmitters: (1%%) using one laser source as LO, (2") use of two
coupled light sources and (3™) use of the sinusoidal signal generator as LO for generation of 28 GHz mm-wave
signal.

According to ITU-T G.964.1 rec., dense WDM architecture with 100 GHz channel spacing and
193.1 THz central frequency is chosen [64]. Baseband units BBUs pool in proposed model
architecture is integrated into WDM-PON central office CO side, which consists of optical line
terminal OLT. CO includes optical line terminal OLT with four transmitters (OLT-Tx) modified
for A-RoF system data containing 28 GHz carrier frequencies generation [46].

Electrical pseudo-random bit sequence PRBS data source and NRZ driver, which encodes the
logical data form by using the non-return to zero NRZ technique, are directly sent to low-pass filter
LPF with 3 GHz 3-dB bandwidth in such a way generating widely used on-off keying non-return
to zero NRZ-OOK modulated signal for all investigated system types of A-RoF implementation
[102].

Three possible A-RoF system types for a different generation of mm-wave inside transmitters
(Tx) of simulation environment model is investigated:

e The simulation model of the first A-RoF transmitter was designed using two
continuous wavelength CW light sources with a linewidth of 50 MHz each, where one
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of them with an output power of +10 dBm is directly connected to intensity Mach-Zehnder
modulator MZM. The second light source operates as local oscillator (LO) and is used for
the generation of intermediate frequency (tone) with an output power of +2.6 dBm. Such
an output power of a second CW laser is set to ensure equal power level of both optical
tones afterwards being coupled by a power coupler. The frequency spacing between both
above-mentioned lasers is set to be 28 GHz, accordingly enabling to generate 28 GHz (ka-
band) mm-wave (detailed illustration, please see in Figure 31.). By homodyne up-
conversion, channel interval between two laser sources are equal for necessary mm-wave
generation, in this case for 28 GHz ka-band intermediate frequency generation.

Optical mm-Wave (24 GHz - 300 GHz) generation principle:

* Optical receiver receives an optical data signal at one frequency and tunable LO signal at

anothe . -
r Optical signal mm-Wave RF
* RF signal is generated through . signal
heterodyne photonic up- 2 i 2
conversion on a photodiode 8 Hiati Lo e S
e frequency spacing between
these two signals is equal to the M\ . \
desired mm-Wave frequency | '.I o f ',I
| |
e 26.5 - 28 GHz (Ka-band) L N L .
Frequen'cy Frequen'cy
5G NR sub-6GHz 5G N
(e.g. 3.4-3.6 GHz) d (e.g. 2 5-29.5 GHz)
L J

1 I I
6 GHz 24 GHz 100 GHz
Figure 31. Optical mm-Wave generation by the homodyne up-conversion principle.

The inter-channel frequency difference of the first data modulated optical carrier (F1)
and second local oscillator optical carrier (FLo1) is equal to the necessary mm-wave radio
frequency RF for transmitting wireless signals at the receiver side. By transmitting the two
carrier signals F1 and FLox with an appropriate inter-channel interval through the ODN,
providing backbone routing network operation, an uplink conversion of the transmitted
signal to a carrier frequency IF is performed by a broadband semiconductor photodiode
PIN within a single optical channel. Here IF = FLo1 - F1, enabling the direct wireless
transmission of data between remote base station radio units RU as well as multiple-input
and multiple-output MIMO antennas [103], [104], [105].

The second A-RoF transmitter for WDM-PON optical transmission system was realized
by use of two separately coupled continuous wavelength light sources with 28 GHz channel
interval between two channels with a related output power level of 10 dBm and sent to
external MZM. In such a way, both optical tones are modulated in this scenario.
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e Third A-RoF transmitter realization for intermediate frequency generation is more
complex, CW laser source with 10 dBm output power is directly connected to first MZM,
which has 3 dB insertion loss and 20 dB extinction ratio modulator BIAS point is adjusted
at its zero point. Sinusoidal signal generator with 14 GHz sinusoidal electrical signal (half
of proposed IF frequency) is directly connected to first MZM electrical signal input. The
output of the first MZM with two 28 GHz spaced optical tones are amplified with an EDFA
amplifier and divided by a 50% percent optical power splitter with 3.5 dB insertion loss.
Afterwards, each tone is filtered out by a variable optical band-pass filter (BPF) with 20
GHz 3-dB bandwidth for each optical signal. The second optical signal is attenuated
accordingly to the first modulated signal optical power level after MZM to ensure equal
related power level for both optical signals. Finally, both optical signals are coupled
together and prepared for transmission in fiber optical part.

Optical signals from each OLT-Tx are coupled together using arrayed waveguide grating AWG
multiplexer with 3.5 dB insertion loss and 100 GHz channel interval where 3-dB bandwidth is 40
GHz. An optical signal pre-amplification by an erbium-doped amplifier EDFA with optimized
gain accordingly to each A-RoF implementation type is realized before launching coupled optical
signals into ITU-T G.652 rec. single-mode optical fiber SMF span, with 0.02 dB/km attenuation
and 17 ps/nm/km dispersion coefficients at 1550 nm reference wavelength. An additional variable
optical attenuator VOA is used to obtain BER in terms of received optical power. After
transmission through ODN, intermediate frequency optical signals are separated by AWG de-
multiplexer with 3.5 dB insertion loss, 100 GHz channel interval, and 40 GHz 3-dB bandwidth,
located in optical network terminals ONTSs. After optical-to-electrical conversion, the electrical
data containing RF signals are sent throughput a remote radio unit RRU. The next containing step
is to produce mm-wave transmission between multiple-input and multiple-output MIMO antennas.

The receiver side consists of optical network terminals ONTs. Each ONT receiver (ONT-Rx)
consists of a PIN photoreceiver with 50 GHz 3-dB electrical bandwidth with a sensitivity level of
+4 dBm for BER of 1072 and a dark current of 5 nA and responsivity of 0.65 A/W [106]. Electrical
Bessel band-pass filter BPF with 3 GHz 3-dB electrical bandwidth tuned to 28 GHz central
frequency is used for each containing channel carrier frequency pre-filtering. Filtered intermediate
frequency signal down-conversation is realized by homodyne signal processing technique using
passive Schottky diode-based envelope detector (ED) with video-bandwidth 28 GHz [107].
Afterwards received modulated baseband signal is filtered by an electrical Bessel low-pass filter
LPF with 3 GHz 3-dB electrical bandwidth. The scope and BER estimator based on statistical
signal analysis was used to measure the received signal e.g., showing bit pattern and bit-error-rate
BER. Received signal with worst BER performance for the middle channel, where the highest
impact of crosstalk is observed in displayed results ar shown.

The 4-channel 100 GHz spaced signals spectrum of each channel in B2B and after 20 km
transmission for investigated ARoF WDM-PON optical transmission system are shown in
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Figure 32. Optical spectrum of multiplexed 4-channel WDM-PON system before B2B and after 20 km transmission
through ODN, for photonic up-conversation and generation of single 2.5 Gbit/s NRZ modulated 28 GHz carrier by
different A-RoF implementation: (a) using one laser source as LO, (b) using two coupled light sources, (c) using
sinusoidal signal generator as LO.

The obtained BER of each A-RoF transmitter in response to received optical power at PIN
photoreceiver is shown in Figure 33.. Results are obtained in two different scenarios, with 20 and
40 km ODN fiber length.
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Figure 33. Comparison of measured BER after ED versus received optical power for 2.5 Gbit/s NRZ-OOK signals
depending of A-RoF implementation realization type and use of photonics up-conversion method for 28 GHz carrier
frequency.
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In B2B the signal quality for all implemented A-RoF transmitter types is good, the eye is open
and error-free transmission of investigated WDM-ROF system with 100 GHz channel spacing can
be provided.

Accordingly, to Next-generation PON standards (NG-PON2), ITU-T G.989.2 ODN fiber
distance classes with a defined length of 20 and 40 km with equal differential optical path loss of
a maximum 8 dB for the designed simulation model was chosen. By increasing the length of the
distribution network up to 40 km, after transmission, the BER of received signals with the use of
2" implemented A-RoF transmitter was 2.6x10°22, Additional losses in optical fiber line and CD
effect after increasing length show the relevance of WDM-PON transmission systems performance
reduction, where the BER of implemented 1 and 3" A-RoF transmitter after received signals was
2.9x10% and 7.2x107%1,

According to ITU-T G.989.2 recommendation, the specified valid optical link distances is up
to 40 km, but it is also possible to support longer distances, which may require the usage of
extenders. Therefore, the transmission distance of fiber optical link section was extended up to 60
km. After extending the link section, that maximal possible reached distance for 2" implemented
A-RoF transmitter was 57 km with the BER of 3.6x10, please see Figure 34(b). As shown in
Figure 34(a) and Figure 34(c) with 1% implemented A-RoF transmitter using one laser source as
LO and 3 implemented A-RoF transmitter with use of the sinusoidal signal generator as LO, the
BER of received signal was 3.3x10™ and 5.1x10*, with maximum reached distance of 65 and 63
km, respectively.

After 65 km transmission After 57 km transmission After 63 km transmission
{Worst channel's eye, BER=3.6x10")
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Figure 34. Eye diagrams of received 28 GHz carrier signal after ED detection by A-RoF implementation (a) after
65 km transmission using one laser source as LO, (b) after 57 km use two coupled light sources and (c) after 63 km
use of sinusoidal wave generator as LO for 4-channel 100 GHz spaced WDM-PON transmission system with 2.5
Gbit/s transmission speed per channel

5.3 Evaluation of spectrally efficient AR oF-WDM PON transmission system
in a simulation environment using PAM-4 modulation format providing
data transmission speed up to 5 Ghit/s in the channel.

For research of millimeter-wave (mm-wave) hybrid photonics-wireless access system, the VPI
Photonics Design Suite software was used. Here was designed and simulated 8-channel 2.5 Gbaud
per channel PAM-4 modulated WDM-PON optical transmission system with embedded analog
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mm-wave RoF transmission of 28 GHz mm-wave signal for 5G mm-wave hybrid photonics-
wireless interface, as it is shown in Figure 35..

The goal of this hybrid photonics-wireless analog mm-wave RoF-WDM-PON system simulation
model was to evaluate the performance and system reach up to 40 km according to NG-PON2 link
section requirements, under the condition that it is still possible to achieve pre-forward error
correction (pre-FEC) BER level of 1x10~2% or lower [108]. According to RoF ITU-T G.9803.
recommendation, in investigated 8-channel analog mm-wave RoF-WDM-PON transmission
system, depicted in Figure 35, the baseband units BBUs are located in the service provider’s
central office CO, allowing to transport intermediate frequencies IF over the optical front-haul
network, and lastly performing signal up-conversion in radio units RUs located at the receiver side
of the base station (BS) [109].

Here for the generation of an mm-wave signal, on the receiver side, was used the simplest
realization scheme - two coupled laser sources (CW1 and CW2), which both were modulated with
the same data. As it is shown in Figure 35., passive optical access network PON architecture,
standardized to NG-PON2 requirements, can be technologically transformed into an analog mm-
wave RoF-WDM-PON transmission system through the RoF segment integration. The proposed
analog mm-wave RoF-WDM-PON transmission system designed to transmit intermediate
frequencies IF over commercially used fiber optical network is a perspective solution for the latest
fifth-generation (5G/5G+) cellular mobile communication network. According to the fundamental
PONs architecture, the frequency grid according to ITU-T G.694.1 rec (dense WDM systems) is
chosen for investigated 8-channel hybrid analog mm-wave RoF-WDM-PON system, where the
central frequency is anchored on 193.1 THz and channel spacing is 50 or 100 GHz [64]. As it is
shown in Figure 35., the CO includes OLT with 8 transmitters modified as RoF transmitters
(ROF_Tx) and designed for heterodyne analog mm-wave RoF system, where 28 GHz intermediate
frequencies are generated.

Each ROF_Tx transmitter based on heterodyne up-conversion technique by using two
separately coupled continuous wave CW laser sources, with 28 GHz frequency difference for
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Figure 35. Simulation scheme of 8-channel 2.5 Gbaud per channel PAM-4 modulated analog RoF WDM-PON
optical access system where 28 GHz mm-wave signal transmission for 5G the mm-wave hybrid photonics-wireless
interface is realized.

70



necessary mm-wave generation (e.g. 28 GHz (Ka-band)) with +9 dBm output power is directly
connected to differential Mach-Zehnder modulator MZM resulting in +3.5 dBm optical transmitter
average output power [103], [104].

The parameters of the MZM, including Sz1 frequency response, are set according to the Photline
MX-LN-10 intensity modulator [110], [111]. The modulation of both optical signals is ensured as
follows. Both arms of the differential MZM are driven by the same electrical PAM-4 signal, while
bias voltage with opposite signs is ensured. The electrical PAM-4 signal is provided by dividing
pseudo-random bit sequence PRB) from PRBS generator into two subsequences (sequence of most
significant bits (MSBs) and the sequence of least significant bits (LSBs) with a bit rate of 2.5
Ghit/s each and generating electrical NRZ signals with appropriate amplitude levels. The NRZ
signals are then combined into one PAM-4 signal with a data rate of 5 Gbit/s (2.5 Gbaud /s),
amplified by an electrical amplifier whose parameters are set according to the technical
specification of the SHF 100 BP amplifier [112]. All optical signals from each ROF_Tx transmitter
are coupled together by using an arrayed waveguide-grating AWG multiplexer.

The optical signal at the output of the multiplexer for 100 GHz and 50 GHz channel spacing is
shown in Figure 36(a) and Figure 36(b). As it is shown in Figure 36., each physical optical
channel of AWG contains two optical signals with 28 GHz spacing, which are further used for the
generation of mm-wave signals in the receiver side through the photonic upconversion process on
the photodiode.
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Figure 36. Optical spectra of multiplexed 8-channel hybrid photonics analog RoF WDM-PON access system with
(a) 100 GHz and (b) 50 GHz channel spacing and (c) received down-converted 2.5 Gbaud PAM-4 modulated 28
GHz mm-wave signal eye diagram after B2B transmission with 100 GHz channel spacing and (d) received down-
converted 2.5 Gbaud PAM-4 modulated 28 GHz mm-wave signal eye diagram after B2B transmission with 50 GHz
channel spacing.
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At the receiver side, the signal is demultiplexed utilizing AWG demultiplexer, which
corresponds to wavelength-routed WDM-PON WR-WDM-PON architecture. The 3-dB
bandwidth of each channel of AWGs was set to 75 GHz for 100 GHz channel spacing and 35 GHz
for 50 GHz channel spacing [113], [114]. Optical signals are transmitted through the ODN link
section in the optical C-band via ITU-T G.652 standard-compliant single-mode optical fiber
(SSMF).

The receiver side consists of optical network terminals ONTs, where each ONT receiver
(ROF_RXx) consists of a photoreceiver PIN with 3-dB bandwidth of 36 GHz, the sensitivity of -18
dBm at a bitrate of BER of 102, the dark current of 1 nA and responsivity of 0.7 A/W [64]. Pre-
filtering of the received electrical signal after PIN is realized by the electrical band-pass filter BPF,
which has a 28 GHz central frequency and 5 GHz 3-dB electrical bandwidth. Finally, down-
conversation is realized by the envelope detector, which is emulated multiplying the signal by
itself and filtering it using a low-pass Bessel filter with a 3-dB bandwidth of 2.5 GHz [107], [115]-
[117].

The eye diagrams for the received and down-converted 100 GHz and 50 GHz spaced 2.5 Gbaud
PAM-4 modulated 28 GHz mm-wave signal for B2B transmission are shown in Figure 36(c) and
Figure 36(d). The spectrum of electrical radio signal on the output of 36 GHz PIN photodiode,
and after filtering by 28 GHz BPF filter with 5 GHz 3-dB bandwidth is shown in Figure 37.. As
shown in Fig. Figure 37(b), the signal’s baseband part is suppressed by the 28 GHz passband
filter. Of course, the signal after the PIN receiver can be split (e.g. by using RF power divider),
and then one of the outputs can be filtered by a low-pass filter, therefore enabling access to the
transmitted data in the ONU, before further transmission in RF domain through antenna operating
in the mm-Wave band, e.g. K/Ka-band.
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Figure 37. Electrical RF signal spectrum (a) on the output of PIN photodiode, and (b) after filtering by 28 GHz
BPF filter with 5 GHz 3-dB bandwidth.

However, to obtain received signal quality, the down-conversion from RF frequency (28 GHz)
to baseband by using the bandpass filter and envelope detector, as it should be realized in hybrid
analog mm-wave RoF optical access systems, after receiving the transmitted RF signal, e.g. 28
GHz, is shown.
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The feasibility of the designed hybrid photonics-wireless system is verified by the performance
indicators as pre-forward-error-correction pre-FEC BER threshold BER<107% and eye diagrams of
received and down-converted mm-wave radio signal. The obtained results of the worst-performing
channel for transmission distances of up to 40 km over SMF ODN section for PAM-4 modulated
8-channel analog mm-wave RoF-WDM-PON transmission system with 100 GHz channel spacing
is shown in Figure 38..

After transmission through 20 km of ODN, including SSMF fiber, the BER is significantly
lower than the FEC threshold, where the BER of received signals was 4x10°€. While after 40 km
transmission through ODN the BER of received signals was 2.8x1073, which is slightly above the
FEC threshold. That means that it is technically challenging to ensure such transmission distance,
and more comprehensive future research on the limits of the transmission system parameters for
the implementation of such a long transmission distance (40 km) is desirable.
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Figure 38. BER versus transmission distance for down-converted 2.5 Gbaud PAM-4 modulated 28 GHz mm-wave

signal after analog mm-wave RoF-WDM-PON transmission over 20 and 40 km SSMF ODN distances. Insets show

the received down-converted PAM-4 signal eye diagrams after B2B, 20 and 40 km transmission over SSMF for 2.5
Gbaud symbol rate with 100 GHz spacing.

Further, the utilization of twice narrower - 50 GHz channel spacing was investigated. The
optical spectrum of the 2.5 Gbaud PAM-4 modulated signal at the output of AWG de-multiplexer
(original signal) and after AWG de-multiplexer (after transmission over 20 km ODN link section)
for hybrid photonics analog mm-wave RoF-WDM-PON system obtained by use of AWG's with
50 GHz channel spacing and 3-dB bandwidth of the 35 GHz is shown at Figure 39.. While the eye
diagram of the received signal and corresponding BER is shown at the inset of Figure 39.. As one
can see in Figure 39. (inset), with the 50 GHz channel spacing, it is not possible to ensure
transmission with BER below the FEC threshold for investigated 2.5 Gbaud PAM-4 modulated 8-
channel analog mm-wave RoF-WDM-PON transmission system even for 20 km long SSMF.
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Optical spectra of the worst performing channel containing two 2.5 Gbaud PAM-4 modulated and 50
GHz spaced optical signals at the output of RoF transmitter (launched optical signal) and on the output of AWG
demultiplexer after transmission over 20 km SMF fiber span. Insets show the corresponding eye diagram of the 2.5
Gbaud mm-wave signal received and down-converted after 20 km transmission.

In this case, the BER of received and down-converted 28 GHz mm-wave PAM-4 modulated
signal is 2.1x1072. It is worth to mention that even for B2B transmission the demonstrated BER is
slightly below defined BER threshold 1.4x10™, see . This drop in the BER
performance with applying the narrow (50 GHz) channel spacing can be explained by the small
cut-off frequency passband (3-dB bandwidth is 35 GHz) of commercially used AWG
multiplexer/de-multiplexer. Respectively, the signal at IF frequency is considerably affected by
the bandwidth (3-dB bandwidth is 35 GHz) of 50 GHz spaced AWGs, as it is situated at 28 GHz
inter-channel spacing relative to the main (baseband) frequency. The described effect can be
observed by comparing the spectrums of the original and de-multiplexed signals, as shown in

. That is also confirmed with the relatively high BER value obtained for B2B
transmission (see ).

Proposed 8-channel 2.5 Gbaud PAM-4 modulated analog mm-wave RoF-WDM-PON optical
transmission system with 100 GHz channel spacing is capable of providing transmission through
ODN over SSMF fiber for at least 20 km with BER significantly smaller than FEC threshold (BER
is 4x10®), while after 40 km transmission the BER of received and the down-converted mm-wave
signal was 2.8x103, which is slightly above FEC threshold. That means that it is technically
difficult to ensure such a transmission distance of 40 km with the use of 100 GHz channel interval
commercial AWG. The use of 50 GHz channel spacing for such a hybrid system is limited. It is
not possible to implement 50 GHz channel interval utilizing commercial AWG where 3-dB
bandwidth is 35 GHz and, consequently, WR-WDM-PON architecture, due to the low cut-off
frequency passband of AWG multiplexer/de-multiplexer, which leads to the considerable cut-off
of the 28 GHz intermediate frequency IF signal.

As a result, was concluded that WR-WDM-PON architecture can be successfully utilized for
the generation and transmission of 2.5 Gbaud PAM-4 modulated mm-wave signal ensuring
channel spacing of 100 GHz, however for smaller channel spacing, e.g. 50 GHz and smaller, the
use of wavelength-selective switch (WSS) with a tunable bandwidth and low roll-off (known as
the steepness of a transfer function with frequency, measured in dB/decade) should be used to
provide good channel isolation.
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5.4 Evaluation of 2.5 Gbit/s NRZ modulated signal tranmission in RoF real-
time transmission system where signal upconversion is realized by two
separately connected CW laser sources

For proof of concept for prior obtained simulation results, the first built setup in RTU TI
laboratory was a hybrid mm-wave RoF optical access system model with two separately coupled
continuous wave CW laser sources, where one of them was modulated by a 10 GHz MZM
modulator and driven with 2.5 Gbits/s (2.5 Gbaud /s) NRZ signal (PRBS15 pattern), as it is shown
in Figure 42.. The experimental setup shows the transmission of RF 28 GHz mm-wave
intermediate frequency IF signal (as the laser 1 has a central frequency of 193.1 THz and laser 2
has a central frequency of 193.128 THz, forming the intermediate frequency of 28 GHz) over the
optical access system and also show is further transmission over the 28 GHz radio frequency,
which is hard to model in the simulation environment.

Major technical parameters of each component are shown on the respective component, as
shown in Figure 42.. It is worth noting that, due to the availability of different components which
does not perfectly match the technical parameters components used in simulation model (as the
simulation model was first and it was used to predict the overall operation of the system and the
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Figure 40. The first experimental setup of 2.5Gbit/s NRZ-OOK modulated 28 GHz mm-wave hybrid analog mm-
wave RoF optical access system with RF transmission distance of at least 3 meters.

In optical distribution network ODN is used a 20 km ITU-T G.652 standard single-mode optical
fiber with attenuation coefficient of 0.2 dB/km and dispersion coefficient of 16 ps/nm/km at 1550
nm reference wavelength. As for the optical receiver, was used a 50 GHz broadband PIN
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photoreceiver, which realized the photonic up-conversion process, where the RF signal is
generated. As it is shown in Figure 40., was not coupled both continuous wave CW laser sources
and then modulated both (as it was done in the simulations), because in the laboratory, the central
frequencies of both lasers are not perfectly stable, as it was in the simulation models of such a
hybrid system. Therefore, it was assumed that if only one of the lasers is modulated by the data
signal and then coupled with the other laser (which in this case works as a local oscillator — LO
for the generation of mm-wave signal). Both laser sources were C-band narrowband laser sources
with up to +16 dBm output and linewidth less than 100 kHz, where set the center frequency of
193.1 THz for Laser 1 and 193.128 THz for Laser 2, therefore defining that the central frequency
IF of mm-wave RF signal will be 28 GHz.As shown in Figure 40., the hybrid ONT part includes
50 GHz broadband PIN, where the output RF signal can be divided by RF divider and by using
the lowpass filter, baseband signal (DC-2.2 GHz) can be filtered out. Another part of the RF signal
in the mm-wave RF transmitter (Tx) is amplified by a 38 GHz and +29 dB gain broadband
amplifier before being transmitted to the Ka-band (26.5 — 40 GHz) horn-type antenna with 20 dBi
gain. In the first trial, the free space distance providing line of sight conditions was 3 meters, where
the free space path loss (FSPL) of the transmitted 28 GHz signal was 30.93 dB. The transmitted
mm-wave signal was received by the same type of Ka-band antenna and amplified by the 40 dB
LNA (noise factor (NF) was 3 dB), to provide its further processing in mm-wave RF receiver Rx
part. After amplification, the signal with 28 GHz central frequency was filtered by the band-pass
filter and sent to the envelope detector with positive polarity, which realized the frequency
downconversion of 28 GHz IF signal. The downconverted baseband 2.5 Gbit/s NRZ signal was
then filtered by the DC-2.2 GHz low-pass filter and sent to DSO for the analysis of its quality and
BER estimation. As it is shown in Figure 40., for the BER evaluation of NRZ signal, the external
clock from Anritsu clock recovery unit (CRU) is used. Figure 41. shows some insight into the
realized hybrid mm-wave RoF optical access system model setup, with some key components.

Figure 41. Some photos from our realized model of hybrid analog mm-wave RoF fiber optical access system: (a) 50
GHz PIN receiver with 40 GHz broadband amplifier, power supply, Ka mm-wave 20 dB gain horn-type antenna, (b)
receiver part consisting of 20 dB gain horn-type Ka mm-wave antenna, low-noise amplifier, bandpass filter,
envelope detector, low-pass filter and DSO (downconverted 2.5 Gbit/s NRZ signal), and (C) measured mm-wave RF
signal on the output of 23.5 — 32 GHz band-pass filter, before envelope detector.

In the wireless part of the setup, was transmitted the 28 GHz RF signal (containing 2.5 Gbit/s
NRZ data, PRBS15 (pattern length 225-1), which is in line with proposed frequencies for 5G
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applications. Initial transmission distance or distance between Tx and Rx mm-wave horn-type
antennas was 3 meters, where the line of sight-propagation was ensured. On the 28 GHz frequency
band, the wireless signal experienced very high attenuation or free space path loss FSPL (see

), which was taken into account for the power budget calculation of hybrid optical
access system.
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Despite the fact that was modulated only one of the laser sources (Laser 1), first tests with
2.5 Ghit/s NRZ-OOK signal showed that the RF signal at 28 GHz is non-stable as it has carrier

instability of £80 MHz, as it can be also seen in , Where the carrier frequency is not
exactly 28 GHz. Due to the mm-wave carrier frequency instability, these variations limit the
spectrum-efficient 5G channel deployment. As one can see in , the carrier frequency

(see the spectrum on the right) is not stable and equal to 28 GHz as it should be. Also, from the
eye diagram on the left, we can see the high noise impact (low SNR) as voltage variance the logical
“1” and “0” levels, as well as the jitter, are relatively large, therefore pushing the eye to close.
Observed the 28 GHz carrier frequency instability was due to the natural instability of laser sources
used caused by the phase noise (please see ), however, for 2.5 Gbit/s NRZ signal, as it
is shown in , was possible to provide error-free transmission over distances at least 3
meters, where line-of-sight conditions were provided. From the literature are know, that the basic
concept of phase noise centers around frequency stability, or the characteristic of an oscillator to
produce the same frequency over a specified time period [118]. In line with this, as shown in

, the output of a “single-frequency” laser is not perfectly monochromatic. Instead, it is
experiencing some phase noise, i.e., fluctuations of the optical phase. This is very important when
we used two laser sources for the generation of the mm-wave RF signals by using the photonic
upconversion technique. If both laser sources have an unstable central frequency, the mm-wave
frequency also is unstable — it is drifting. In the laboratory environment, was experienced ~80 MHz
drift around the 28 GHz central mm-wave frequency, which resulted in the reduced eye opening
and jitter of the recovered 2.5 Gbit/s NRZ signal.
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Figure 43. Real-time 2.5 Gbit/s NRZ signal eye diagram (obtained by Keysight DSO using in-built real-time
envelope detector and DC-2.2 GHz low-pass filter).

(a) V(1) = A,Sin(e (1))

Where:
A, = nominal amplitude
w, = nominal frequency

(b) V(1) =(A, +E@))Sin(es,(t)+ $(1))

Where
E(t) = random amplitude changes
@{t) = random phase changes

= =
[

)

Figure 44. Comparison of (a) ideal signal and (b) real-world signal with random amplitude and
phase changes [119].

However, for the PAM-4 signal instead of 2 logical signal levels, we have 4 levels, which have
higher OSNR demands. With this experimental setup was observed that due to the IF carrier (28
GHz) frequency instability and therefore received waveform distortions caused by it, the error-free
transmission was not possible (all three PAM-4 signal eyes were closed).
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5.5 Evaluation of 2.5 Gbaud/s NRZ and PAM-4 modulated signal
tranmission in RoF real-time transmission system where signal
upconversion is realized by one CW laser sources

To mitigate the problem of 28 GHz IF frequency instability caused by laser phase noise, the
way how we generate the reference laser signals (data and LO) was changed. Instead of using two
independent tunable optical narrowband laser sources, was used only one of them (laser 1, 193.1
THz central frequency), and through null-biased 40 GHz MZM modulator modulated it by the
sinusoidal signal, which has a frequency equal to half of our expected mm-wave frequency (14
GHz), as it is shown in the second experimental setup, see Figure 45., below.

As shown in Figure 45., the significant difference between this experimental setup and the
previous one is the mm-wave IF carrier generation part located in the hybrid OLT transmitter. As
well, due to the optimization of the parameters (input power levels on different electrical and
optical components, power budget optimization, signal polarization state (before both MZMs)),
the transmission distance between both Ka-band antennas was increased up to 6 meters, limited
by the dimensions of the laboratory facilities. However, power budget calculations showed that
the transmission distance, keeping the line of sight conditions, can be increased also up to 150
meters.

For the generation of multiple correlated carriers, the 40 GHz MZM modulator was biased at
its null point (Vp, around 2.7 VDC, as shown in Figure 46.) and driven with a 14 GHz sinusoidal
signal (Vpp=3.68 V) from up to 31.8 GHz Anritsu RF/Microwave Signal Generator. In such a
way, on the output of the first 40 GHz MZM modulator, three optical carriers with 14 GHz spacing
between every one of them was obtained, where the spacing between the first and third major
carrier is about 28 GHz, as it is shown below in the figure captured from the optical spectrum
analyzer (see optical spectrum analyzer (OSA) e.g. OSA1 block in Figure 45)).
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Figure 45. Second experimental setup of variable bitrate NRZ-OOK and PAM-4 modulated 28 GHz mm-wave
hybrid analog mm-wave RoF optical access system with RF transmission distance of at least 6 meters.
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Figure 46. Measured Received Power VS Bias Voltage (linear MZM transfer function).

As one can see in Figure 47., the first and third generated carriers have the highest peak power
(around -15 dBm (variation between both peak powers can be caused by the measurement error
due to limited OSA wavelength resolution), while the carrier in the center is 3.32 dB lower (2.15
times lower) in power. By changing the power of the sinusoidal signal applied to the RF input of
the MZM, was found a point (Ver=1.3 V), where the power of the center carrier (which is not
needed for our application and in the ideal case should be filtered off) has the lowest power if
compared to neighbor carriers. Accordingly, after receiving such an optical signal with 3 carriers
(as shown in Figure 47.) directly by the broadband 50 GH PIN, on the output of this PIN, was
received an electrical signal, which spectrum contains the baseband part and two carriers: one 14
GHz and one 28 GHz carrier.

#k ADVANTEST Q8384 Optical Spectrum Analyzer #* 11/War/2020 11:34:42 peEsoLuTION

SPEC AV6:1 RES:0.01nm N:1001 ADAPTIV
-4.0 D 0.01nm
dBn  BES
5.0 B8 0.02nm
10.0
4B/D
-104.0 | | i i : : i 0.05nm
1552.22 1552 .525nm 0.06nn/D 1552.83
<< Multi PEAK > Ref Ch: 1/3 il G
Ho. Wi{nn} WI(THz) Lv1{dBm) :
1 1552.404 193.1149 -15.00
2 1552526 193.0998 -18.32 0.2 nm
3 1552 .64 193.0855 -15.04

Figure 47. Measured optical spectrum on the output of the null-biased MZM modulator, driven by 14 GHz
sinusoidal signal (0.01 nm resolution, 1001 points captured).

This, above mentioned, is shown also in the spectrum captured by 33 GHz DSO, see Figure
48.. To see the spectrum of the real-time waveform on the DSO’s screen, a time-domain waveform
should be converted into a frequency domain waveform through the Fast Fourier Transform (FFT)
Magnitude math function, which creates a magnitude versus frequency waveform by using the
well-known Fast Fourier Transform FFT. There, in the electrical spectrum of the signal received
on the output of PIN, the 14 GHz carrier is generated due to the middle optical carrier component
(shown in Figure 47. around 1552.526 nm or 193.0998 THz). As it is shown in Figure 47., the
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central (middle) carrier is around 193.0998 THz, the first carrier is 193.1149 THz and the third
carrier is 193.0855 THz. However, there is a measurement error due to the limited minimal
resolution of our OSA (0.01 nm, which is a typical resolution for normal laboratory OSA). If it
were possible to have an OSA with a much higher resolution, it will be possible to see that the
central carrier is 193.1 THz, the third first carrier is around 193.086, and the first carrier is 193.114
THz. Of course, also the laser itself has a frequency drift, which can cause wavelength/frequency
measurement error on the OSA. But, as all carriers are generated from one laser source then they
are highly interrelated and the wavelength or frequency spacing between all of them stays fixed.
Accordingly, the frequency spacing between the first and third carrier is 0.028 THz or 28 GHz.

Despite the fact, that we have this 14 GHz middle carrier in the electrical spectrum on the output
of the broadband PIN, its negative impact on the waveform quality of transmitted mm-wave RF
signal, which reduces the efficiency of heterodyning up-conversion process was identified as
minimal, as subsequently it was naturally suppressed by our used horn-type mm-wave RF antennas
(which have the passband of 26.5 to 40 GHz) and later by the limited passband of low noise
broadband amplifier (LNA) (18 to 40 GHz bandwidth), filters (BPF, 23.5 to 32 GHz bandwidth),
and envelope detector used.

In , is shown the electrical signal (modulated, 2.5 Gbit/s NRZ-OOK, PRBS15) and
its spectrum on the out of broadband PIN receiver. The primary focus in this image is on the
spectrum (right part) — as we can see that the carrier signals are now stable in comparison to the
first experimental setup. We can observe the 28 GHz carrier (27.9999 GHz) as well as the
unneeded 14 GHz carrier (13.9999 GHz).

g
g_ﬁ

The captured waveform and its spectrum on the RF output of the broadband PIN receiver. Left —
waveform of mixed baseband and modulated 2.5 Gbit/s NRZ-OOK signal on 14 GHz and 28 GHz carriers (to be
amplified and further transmitted to mm-wave band antenna). Right - Spectrum of this waveform on the output of

PIN receiver after 20 km transmission (captured by Keysight 33 GHz, 80 GSa/s DSO).
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After the heterodyne up-conversion by the PIN, this signal was further sent to horn-type 20 dBi
gain and 26.5 up to 40 GHz band antenna for the line-of-sight wireless transmission (6 meters were
reached, limited by the space in the laboratory). According to the setup shown in , the
28 GHz mm-wave signal was received by the other horn-type (20 dBi gain, 26.5 up to 40 GHz
band) antenna, then amplified by the LNA (40 dB gain, 18 to 40 GHz band), filtered by 23.5 to 32
GHz BPF to remove the unnecessary out-of-band noise and suppress spectral components, this
signal is further directed to the 26.5 — 40 GHz envelope detector to downconvert the modulated 28
GHz mm-wave RF signal to baseband. After the downconverting, another signal filtering by DC
to 2.2. GHz LPF is prefered to reject the out-of-band noise. Lastly, the received signal was captured
by the 33 GHz 80 GSa/s advanced DSO for its further evaluation, as shown in

In the right part of , Wwe can see the spectrum of received 2.5 Gbit/s NRZ signal,
which occupies around 2.5 GHz. Also, as one can see in , the real-time eye diagram of
transmitted and received 2.5 Gbit/s NRZ modulated signal is wide open, therefore it is clear that
the error-free transmission (BER<10°) can be provided with such a hybrid mm-wave fiber optical
access-wireless system.

As the received signal quality in such an experimental setup was high, experiment was moved
towards to higher level by changing of modulation format from NRZ to more demanding PAM4,
keeping the same bitrate — 2.5 Gbit/s. As one can see in , all three eyes of the received
PAM-4 signal are wide open, therefore meaning that the error-free transmission (BER<10°)
can be provided. The spectrum of received 2.5 Gbit/s PAM-4 signal occupies around 1.25 GHz
of the frequency band.
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wave RF signal, its eye diagram (left, bottom), and spectrum (right).
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The captured waveform (red, up) of received and downconverted 2.5 Gbit/s (1.25 Gbaud) PAM-4
modulated 28 GHz mm-wave RF signal, its eye diagram (left, bottom), and spectrum (right, green).

Further, to test the limitations of experimental setup, the bitrate of our PAM-4 signal was
increased from 2.5 Gbit/s (1.25 Gbaud) up to 5 Gbit/s (2.5 Gbaud), as one can see in
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The captured waveform (red, up) of received and downconverted 5 Gbit/s (2.5 Gbaud) PAM-4 modulated
28 GHz mm-wave RF signal, its eye diagram (left, bottom), and spectrum (right, green).
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As one can see in Figure 52., the spectrum of received 5 Gbit/s PAM-4 signal occupies around
2.5 GHz of the baseband frequency band. From the results, we can see that the 2.5 Gbaud PAM-4
(5 Ghit/s) is the upper baudrate or bitrate limit of experimental PAM-4 modulated RoF access
system technology, as the eye diagram tends to close. However, as the eye is open, the error-
free transmission (BER<10°) can be provided. With the increase of the bitrate, it is possible to
see that the transmitted PAM-4 signal is more sensitive to amplitude noise, jitter, 1S, as well more
filtering effects from the components used in the setup can be observed, e.g. LPF and others,
which, of course, have limited bandwidth.

: —(—B2B
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Figure 52. BER vs. received optical power (ROP) after (black line) B2B + 6 m wireless and (blue line) over 20 km
SMF + 6 m wireless transmission of 5 Gbit/s (2.5 Gbaud) PAM-4 modulated 28 GHz mm-wave RF signal.

As one can see in Figure 52., the B2B and 20 km SMF transmission performance for 28 GHz
mm-wave signal is very similar. The measured power penalty is 0.16 dB at typical FEC threshold
level (10°%) and 0.73 dB at BER 10°, which can be accounted as negligible.From experimental
results we can see, that proposed hybrid access technology is capable to optically transmit the
intermediate frequency of 28 GHz (mm-wave) directly to the mm-wave antenna (in our case it was
a horn-type 20 dBi antenna) over at least 20 km ITU-T G.652 optical fiber span and provide further
wireless transmission in distances at least 6 meters, which can be further increased by optimizing
the power budget of the system or by the introduction of new mm-wave RF components in the
market.
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5.6 Development of hybrid ARoF-WDM-PON communication system with
data transmission speeds of 10 Gbit/s per channel for broadband internet
service and up to 2.5 Gbit/s per channel for 28 GHz (ka-band) millimeter

wave signal transmission.

In this chapter, the architecture of hybrid analog radio over fiber ARoF and next-generation NG
wavelength division multiplexed passive optical network WDM-PON infrastructure for broadband
internet services and the latest fifth-generation 5G cellular mobile communications is proposed.
Investigated ARoF-WDM PON architecture is a trade-off between technology and cost for future
5G mobile cellular communications to meet the internet service requirements, allowing to increase
system capacity ensuring higher spectral and energy efficiency. According to ITU-T G.9803 rec.
it is proposed to implement analog radio over fiber ARoF into the passive optical network PON
segment, coexisting with a 40-Gigabit-capable passive optical network (NG-PON2) supporting
the international mobile telecommunication (IMT) systems over the fiber core network e.g., optical
distribution network (ODN) [46], [109].

The goal is to design hybrid AROF-WDM-PON passive optical access communication system
and evaluate the performance of such a data and radio signal transmission system, which
implements baseband radio processing in a service provider's central office CO part, allows the
effective provision of broadband internet and cellular data transmission between the service
provider's CO and end-users. Developed and further investigated the 8-channel A-RoF-WDM-
PON optical transmission system model is depicted in Figure 53.. The widespread used passive
optical access network (PON) architecture is technologically transformed into the AROF-WDM-
PON transmission system without the need to replace existing network elements by integrating
mobile radio transmitters of baseband units BBUs and the receiving radio unit RU parts of mobile
base stations, leaving the traditional WDM-PON broadband architecture the same.

Brondband interaet service
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Figure 53. Simulation scheme of 8-channel hybrid ARoF-WDM PON transmission system which consists of two
parts: (1%) 4-channel 10 Gbit/s per channel NRZ-OOK modulated signal transmission for broadband internet
service and (2™) 4-channel 2.5 Gbit/s per channel NRZ-OOK modulated multi-channel mobile cellular network -
transmission of 28 GHz mm-wave signals for 5G mm-wave interface.
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The hybrid AROF-WDM-PON system consists of cellular mobile and broadband internet
transmission parts. The cellular mobile part consists of baseband units BBUs and mobile base
station incoming receiver radio unit parts RUs, providing a radio signal transmission over fiber
RoF, while the broadband internet transmission part consists of an optical line terminal OLT,
which houses optical transmitters Tx and a receiver or optical network terminal ONT. Central
office CO of our research model includes optical line terminal OLT, which consists of eight
transmitters (OLT-Tx), where four of them are unchanged for commercial fiber optical broadband
internet end-user data transmission and four of them are modified for A-RoF system data
containing 28 GHz carrier frequencies (even more considered frequency bands depending on
allocation of regional spectrum management) generation and transport of an intermediate
frequencies through existing fiber optical distribution network ODN [109]. Due to management of
frequency bands up to 28 GHz (Ka-band) in Europe, Japan, Korea, and Australia, as well as higher
frequency bands in the US (<72 GHz V-band), China (<43.5 GHz V-band) are considered for
deployment [8], [115], [119], [120].

Displayed results are obtained by the newest RSoft OptSim simulation software, the Matlab
software was used to estimate obtained quality of the received signals, perform BER measurements
and display them. For this research object the obtained performance of our investigated AROF-
WDM-PON transmission system according to a commercially used BER threshold equal to 102,
Forward-error-correction FEC with a 1073 BER performance threshold is shown to determine the
system’s performance and received signal capability after 20 and 40 km SSMF optical link
transmission which is in line with NG-PON requirements [41]. According to ITU-T G.964.1
recommendation, dense WDM architecture with 50 GHz and 100 GHz channel spacing with 193.1
THz central frequency is chosen for investigated hybrid AROF-WDM-PON transmission system
standardized to 40G PON (NG-PON2) requirements. As it is shown in , investigated 8-
channel hybrid A-RoF-WDM-PON optical transmission system model consists of four channels
operating at 2.5 Ghit/s for cellular mobile communication millimeter-wave (mm-wave) interface
and four 10 Gbit/s channels for broadband internet connection.

The transmitter part of the cellular mobile communication mm-wave interface consists of
baseband units (BBUs) integrated into the OLT of WDM-PON located on the CO side. According
to the fundamental architecture of a typical RoF system for the case of downstream transmission,
the CO includes OLT with four transmitters, where each of them has been modified to operate as
RoF transmitter (ROF_Tx) designed for A-RoF system data containing 28 GHz intermediate
frequencies IF generation. Trade-off radio communication service and requirements for the
balance in radio signal frequency band, the necessary humber of radio signals and optical path loss
for various applications are achievable by investigated hybrid AROF-WDM-PON architecture
taking into account ITU-T G. 9803 requirements [109]. Each of AROF transmitters located in OLT
for generation of mm-wave IF signal bases on homodyne up-conversion principle and is designed
by using two continuous wave (CW) laser sources with a linewidth of 30 MHz, where one of them
(with +8 dBm output power) is directly connected to intensity Mach-Zehnder modulator MZM
[103], [105]. Second light source with channel spacing equal to necessary intermediate frequency
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IF and mm-wave generation (in our case for 28 GHz (Ka-band)), by the inter-channel interval
between two laser sources is operating as a local oscillator (LO) with a related output power of +1
dBm. The electrical pseudo-random bit sequence PRBS data source and non-return to zero NRZ
driver encode the logical data into NRZ electrical signal [45], [93]. The MZM is driven at 2.5
Ghit/s bit rate by previously formed and Bessel low-pass filter (3-dB bandwidth is 3 GHz) filtered
electrical NRZ signal.

The broadband internet transmitter part has an optical line terminal - OLT, which consists
of four transmitters (OLT_Tx) located in a CO. Each OLT_Tx transmitter contains CW laser
source (30 MHz linewidth, +9 dBm output power), which is directly connected to the intensity
MZM modulator. The MZM is driven at 10 Gbit/s bit rate by previously formed and Bessel low-
pass filter (3-dB bandwidth is 10 GHz) filtered electrical NRZ signal, passing from NRZ driver.
MZM chirp factor, which guarantees the highest performances in terms of maximum achievable
dispersion-tolerance in optical fiber links, was not observed. As a result, the transmitted optical
signal was affected by the impact of chromatic dispersion CD, which leads to inter-symbol
interference. In such a way, it performs E/O conversion using one single carrier (optical tone) for
transmission through ODN [45], [103], [121].

The mean launch power of +4 dBm and optical budget (OB) depending on optical path loss
within range of 18 to 33 dB is provided for ROF_Tx and OLT_Tx transmitter optical output signals
of our investigated hybrid ARoF-WDM PON transmission system, which are compliant with the
NG-PONZ2 defined E1 class optical distribution network ODN requirements [46], [109]. Optical
signals from each RoF-Tx and OLT_Tx are coupled together by using arrayed waveguide grating
AWG multiplexer with 3.5 dB insertion loss, and depending on the simulation model, 50 or 100
GHz channel interval (3-dB bandwidth is 30 GHz) is chosen. A single-mode optical fiber (SSMF)
span with 0.2 dB/km attenuation and 16 ps/nm/km dispersion coefficients (at 1550 nm reference
wavelength), according to ITU-T G.652 recommendation, is used for the ODN link sections with
the length of 20 and 40 km [46]. After optical signal transmission through the ODN section, a
variable optical attenuator VOA is used to obtain BER versus received optical power of the signal.
After transmission through ODN and VOA, intermediate frequency IF and single-carrier are
separated by AWG de-multiplexer located in the remote terminal RT. AWG de-multiplexer has
3.5 dB insertion loss, 30 GHz 3-dB bandwidth, and depending on the simulation model, it has 50
GHz or 100 GHz channel spacing.

The receiver side consists of optical network terminals (ONTS) divided into two parts: 1% for
broadband internet service (channels 1 to 4) and 2™ for a cellular mobile network (channels 5 to
8). In the first scenario, each ONT receiver (ONT_RXx) of the broadband internet network consists
of a semiconductor photoreceiver PIN with 50 GHz 3-dB bandwidth, the responsivity of 0.65 A/W,
applicable to increase the total bitrate per wavelength up to 40 Gbit/s in line with ITU-T G.989.2
NG-PON2 requirements [46], [106]. After O/E conversion by PIN photoreceiver, received
electrical signal is pre-filtering by electrical Bessel low-pass filter LPF with 9 GHz 3-dB electrical
bandwidth. In the second part, designed for the cellular mobile network, each ONT receiver
(ROF_RXx) consists of the same 50 GHz photoreceiver PIN applicable in both scenarios with ITU-
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T G.989.2 [46]. After O/E conversion by PIN photoreceiver, pre-filtering of received electrical
signal for each channel is realized by the electrical Bessel band-pass filter BPF, which is tuned to
28 GHz central frequency and has 28 GHz 3-dB electrical bandwidth. Afterward, homodyne down-
conversation is realized by the homodyne signal processing technique using a passive Schottky
diode-based envelope detector ED [107], [115], [117]. Received and down-converted modulated
baseband signal is filtered by an electrical Bessel low-pass filter LPF with 3 GHz 3-dB electrical

bandwidth

Optical signal spectra after B2B and 20/40km long ODN fiber span transmission are shown,
please see Figure 54.. In this research simulation scheme was applied also narrower channel
spacing, therefore the second investigated channel spacing was 50 GHz. Spectra of 8-channel 50
GHz spaced hybrid AROF-WDM-PON transmission system in B2B configuration and after
transmission over 20 to 40 km long SSMF fiber spans is shown in Figure 54(a), and Figure 54(b).
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Figure 54. Optical spectra of multiplexed 8-channel hybrid ARoF-WDM PON transmission which consists of two
parts: (1) 4-channel 10 Gbit/s per channel NRZ modulated signal transmission for broadband internet service and
(2" 4-channel 2.5 Gbit/s per channel NRZ modulated 28 GHz mm-wave signal transmission before B2B and after

transmission through (a) 20 km long ODN (50 GHz ch. spacing), (b) 40 km ODN (50 GHz ch. spacing), (c) 20 km
ODN (100 GHz ch. spacing), and (d) 40 km ODN (100 GHz ch. spacing).

The obtained BER versus received optical power at PIN photoreceiver in two different scenarios
with 50 and 100 GHz channel spacing for (1%%) 10 Gbit/s (broadband internet) NRZ signal and (2"%)
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down-converted 2.5 Gbit/s (28 GHz mm-wave 5G signal) after transmission over 20 to 40 km long
ODN SSMF fiber span in 8-channel hybrid AROF-WDM-PON transmission is shown in Figure
55..

As one can see in Figure 56(b) and Figure 56(d), the signal quality after 20 and 40 km long
ODN SSMF section transmission for cellular network mm-wave and end-user fiber optical
broadband signal is good, the eye is open and error-free transmission is provided. After 40 km
transmission through the ODN section over standard SSMF fiber, we conclude that received signal
for broadband internet with 10 Gbit/s bitrate is mainly affected by the impact of crosstalk and
chromatic dispersion.

0 =]
FEC=1x10" ___ LT
S g s o< nn - n e - { T Afier 20k 25 GOA/s @ SOGHE chspating | -

« After 20km 10 Gbit/s @ S0GHZ ch, spacing |
3 © After 40km 2.5 Gbit/s @ S0GHz ch. spacing
0B =18.5dB « Aftor 80k 10 Gbit/s & S0GHz ch, spacing |
- 12 After 20km 2.5 Gbit/s & 100GHz ch. spacing
M 2 After 20km 10 Gbit/s @ 100GHz ¢h. swin':;-
After 40km 2.5 Gbit/s @ 100GH: ch. spacing

+ After a0km 10 Ghit/s § 100GHz ch. spacing|
--- FEC La1g”
— BER thrashold 1x10™

5

-10 b,

10 Ghit/s afer S0km

OB = 18.5 dB

Log;o(BER)
88884
5]
B 5
1
I|
]
Ilb
f

40l—L I L 1 N PR VIR N I 1 1 1 L L J
-28 27 -26 -25 -24 -23 -22 21 -20 -19 -18 -17 -16 -15 -14 -13 -12 -11
Pog[dBm]

Figure 55. BER vs. received optical power for (1%) down-converted 2.5 Gbit/s (28 GHz mm-wave 5G signal) and
(2") 10 Gbit/s (broadband internet) NRZ signal after hybrid ARoF-WDM PON transmission over 20 and 40 km
SSMF fiber. Insets show the received signal eye diagrams after transmission over SSMF for 2.5 and 10 Gbit/s
bitrates with 50 GHz ch. Spacing.

As one can see in Figure 57(b) and Figure 57(d) after transmission for our investigated 8-
channel hybrid ARoF-WDM PON transmission system with 50 and 100 GHz channel spacing
trough 40 km ODN in 1% scenario for (broadband internet service) the NRZ signal operating at 10

Gbit/s bit rate per channel was mainly affected by CD, where the BER was 1.3x10% and 9.6x10"
37
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Figure 56. Eye diagrams of received 2.5 Gbit/s NRZ modulated 28 GHz mm-wave signal after ED detection: (a)
after 20 km over SSMF transmission at 50 GHz spacing, (b) after 40 km over SSMF transmission at 50 GHz
spacing, (c) after 20 km over SSMF transmission at 100 GHz spacing, (d) after 40 km over SSMF transmission at
100 GHz spacing for multiplexed 8-channel hybrid ARoF-WDM PON transmission system.
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Figure 57. Eye diagrams of received 10 Gbit/s NRZ modulated broadband internet signal: (a) after 20 km over
SSMF transmission at 50 GHz spacing, (b) after 40 km over SSMF transmission at 50 GHz spacing, (c) after 20 km
over SSMF transmission at 100 GHz spacing, (d) after 40 km over SSMF transmission at 100 GHz spacing for
multiplexed 8-channel hybrid ARoF-WDM PON transmission system.

According to obtained results, the proposed 8-channel AROF-WDM-PON transmission system
model can provide data transmission over an optical fiber distribution network with a length of up

to 40 km with E1 class optical path loss using standardized ITU-T G.652 optical fiber as a signal
transmission media.
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6 IMPLEMENTATION OF SPECTRALLY EFFICIENT WDM
TRANSMISSION SYSTEM WITH SILICA MICROSPHERE (S103)
WGMR-BASED KERR-OFC LIGHT SOURCE.

6.1 Whispering Gallery Mode (WGM) based optical frequency comb sources
(OFC) and its aplication in telecommunications.

Kerr optical frequency combs OFCs based on whispering-gallery-mode microresonator
WGMR with a single laser source have already shown different applications and especially its
application in fiber optical communication systems replacing multiple laser arrays [122]. Accurate
timing, low phase noise, and the narrow linewidth of generated harmonics allow achieving the
ultimate performance desired from an optical comb-based system. Besides this, OFC generators
have applications in areas such as optical clocks [10], ultra-stable microwave generators [11],
applications that require a precise and stable optical frequency distribution via long fiber [123],
spectroscopy [12], sensing [13], quantum applications [14], optical communications [15], etc.

OFC sources for wavelength division multiplexed WDM systems cover use cases ranging from
short reach fiber-optic links (e.g., as for data center interconnects DCI) to metro-access fiber-optic
links interconnecting a large geographic areas [9], [16]. More specifically, the WGMR-based Kerr-
OFC comb generators physically realized on silica microsphere demonstrate [9] a new concept
that provides an attractive solution to intra-DCls due to low cost and energy consumption. The
data centers (DCs) are the foundation of Internet applications such as cloud computing, where Big
Data storage and large-scale high-performance computing (HPC) take place. The intra-DCI
devices and systems that rely on the sharing of computing resources require not only large capacity
but, most importantly, high scalability and low energy consumption. Therefore, these requirements
require new transmission technologies for short-reach communications [16], [124]. The main
aspect of minimizing the expenses is the energy and spectral efficiency of the communication
system. Both can be met by introducing an OFC generator [125] instead of laser arrays. From the
energy efficiency (as well as spectral efficiency) perspective, it is better to use a single light source
instead of several lasers. Potentially cost-effective solutions for the realization of data
transmission in optical WDM networks are OFC generation in silica whispering gallery mode
resonator — microspheres manufactured from melted telecom fiber, e.g. from Corning SMF
28e (ITU-T G.652) [9], [125]-[129], microtoroids and resonators manufactured on the silica
rod [127]-[129], which is realized as the pumping of a high-quality (high-Q) optical resonator
with Kerr nonlinearity using a single continuous-wave laser. When optimal conditions are met, the
intracavity pump photons are redistributed via the four wave mixing (FWM) to the neighbouring
cavity modes, thereby creating the so-called Kerr OFC. The exciting pump signal is launched into
the Kerr-OFC resonator via a tapered fiber and an OFC is being generated at the output of this
taper. The Kerr-OFC output spectrum for optical frequency comb obtained in silica microspheres
resonator manufactured from melted telecom fiber and OFC comb obtained in the silica rod,
please see in Kerr microresonator OFCs can achieve bandwidths of hundreds of
nanometres covering different (e.g. E-, S-, C- and L-band) telecommunication bands. An OFC

91



source can produce the grid of equally spaced (according to ITU-T G. 694.1 recommendation)
optical spectral lines (carriers) needed to sustain the data channels.

Optical frequency combs obtained in silica micro-rod : Optical frequency combs obtained in silica
resonators ‘

-

Micro-rod
resonator

"o T

o —| N e  :
Microd resonators can provide better comb stability over time and enable potential integration on-chip, while the
production cost and complexity of silica microspheres is incomparably lower.

Figure 58. Optical frequency combs obtained in silica micro-rod and silica microspheres at RTU TI.

These comb lines are subsequently used as optical carriers for the data transmission using the
intensity modulation direct detection IM/DD, where NRZ-OOK or a more complex PAM-4
modulation format can be applied.

In terms of these PhD author are capable of showing obtained and published results of
silica microspheres for telecommunication applications; unfortunately, the micro-rod Kerr-
OFC source results (used as a light source for the telecommunication applications) is under
IPR during the ERDF project agreement!

It is important to note that at the moment, the project team is the only one in the world to
experimentally demonstrate high-speed data transmission using harmonics generated in the silica
microsphere. The results of this world-class experiment are described in the publication where first
author and principal investigator is Tom Salgals - “Demonstration of a fiber optical
communication system employing a silica microsphere-based OFC source”, Optics Express (Q1
Journal), 29, 10903-10913 (2021).

6.2 Experimentally designed setup and characteristics of silica microsphere
WGMR-based Kerr-OFC light source for application in optical
communications

6.2.1 Characteristics of silica microsphere WGMR-based Kerr-OFC light source.

Kerr optical frequency combs (OFC) based on whispering-gallery-mode microresonator
(WGMR) with a single laser source have already shown different applications and especially its
application in fiber optical communication systems replacing multiple laser arrays[122]. The main
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aspect of minimizing the expenses is the energy and spectral efficiency of the communication
system. Both can be met by introducing an OFC generator [125] instead of laser arrays. From the
energy efficiency (as well as spectral efficiency) perspective, it is better to use a single light source
instead of several lasers. It can provide a lower energy consumption while ensuring improved
spectral efficiency and a stable frequency spacing between the OFC lines (carriers) thanks to the
sustained strong phase relation between them [9], [125], [130]. Potentially cost-effective solutions
for the realization of data transmission in optical WDM networks are OFC generation in silica
whispering gallery mode resonator — microspheres manufactured from melted telecom fiber, e.g.
from Corning SMF 28e (ITU-T G.652) [9], [125], [131], which is realized as the pumping of a
high-quality (high Q factor) optical resonator with Kerr nonlinearity using a single continuous-
wave CW laser. When optimal conditions are met, the intracavity pump photons are redistributed
via the FWM to the neighbouring cavity modes, thereby creating the so-called Kerr OFC. The
exciting pump signal is launched into the Kerr-OFC resonator via a tapered fiber and an OFC is
being generated at the output of this taper.

In addition, besides being energy-efficient, conceptually simple and structurally robust, Kerr
comb generators are very compact devices (to micrometric size) that can be integrated on a chip
[132], [133]. Kerr microresonator OFCs can achieve bandwidths of hundreds of nanometres
covering different (e.g. E-, S-, C- and L-band) telecommunication bands [134]. Extending OFCs
to the L-band is also a straightforward solution for WDM-PONs when using the C-band is
insufficient to satisfy the bandwidth demand. U-band laser sources are mainly used for network
monitoring purposes, so their development and investigation is also required. For a more detailed
description and illustration, please see author PAPER-10, where three experimental series on
spectrally separated OFC generation in silica microspheres was observed:

e OFC near the pump frequency in the C-band, the second Stokes OFC in the U-band
and beyond, and the third anti-Stokes OFC in the E-band (The gain coefficients and
gain bandwidths for degenerate four-wave mixing FWM processes under the strong
intraresonator CW field approximation was estimated).

e By simply tuning the pump frequency via pump frequency in the 190-198 THz range
attained, frequency tunable Raman OFCs and E-band OFCs and a C-band OFC were
estimated.

e OFC when the the pump frequency was in the normal dispersion range — as a result
was attained a Raman soliton-like spectrum without symmetric high-frequency
sideband.

An OFC source is capable of producing the grid of equally spaced (according to ITU-T G. 694.1
recommendation) optical spectral lines (carriers) needed to sustain the data channels. This
advantage of the generation of several spectral lines applies also to WDM receivers, where an
array of discrete local oscillators LO might be replaced by a single OFC. Such solutions are of
importance for the fifth (and next) generations of mobile networks, where the optical signal down-
conversion to millimeter wave (mm-wave) bands (e.g. Ka-band (26 —28 GHz)) by using a stable
LO at the receiver side can be required as a part of the architectural solution [135]. Silica (SiOz2)
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microspheres with diameter D=170 um used for the Kerr-OFC were fabricated from a standard
ITU-T G.652 single-mode telecommunication fiber by the melting method using a specially
developed program for a commercially available optical fusion arc splicer.

During the manufacturing process, by changing the diameter of the fabricated silica
microsphere, we can obtain an OFC with free spectral range (FSR, spacing between generated
carriers) ranging from about 200 GHz (sphere D=320 pum) [136] up to about 400 GHz (sphere
D=170 pm) [134]. In addition to the possibility of fine-tuning the coupling conditions between the
resonator and tapered fiber, which is not possible for chip-based resonators with integrated
waveguides, and, therefore can be considered to be a major advantage over other OFC
technologies. Silica microsphere resonators also have advantages of fast and simple fabrication
using commercially available fusion arc splicers, allowing the fabrication of silica microspheres
with user-defined sphere diameter and high-quality factor (Q>107) in a couple of minutes.

Most applications, especially silica microsphere-based Kerr-OFC, require the realization of the
highest possible quality factor (so-called Q factor) microsphere resonators. It is important to
mention that in regular laboratory conditions, the microsphere’s Q factor deteriorates within a 1-h
time scale in the open environment due to the deposition of nanoscale particles or water vapors to
the microsphere surface. The Q factor of the microsphere is determined by several aspects such as
intrinsic radiative (curvature) losses, scattering losses on residual surface inhomogeneities, losses
introduced by surface contaminants and material losses [137]. For more detailed illustration (see

), where newly fabricated and artificial degradation of the microsphere surface by water
vapours is obtained using a scanning electron microscope (SEM, Hitachi S-4800) for 170 um silica
microsphere resonators. Scanned sphere illustrations with a focused beam of electrons (captured
at: 3kV (accelerating voltage), 4.0 mm (surface scale) @ x400 to 45.0k times and 2.9mm @ x180k
times) for a particular microsphere resonator after 100% humidity exposure (resonator has been in

Ilustration of 170 um SiO2 microsphere resonator scans captured by SEM at 3 kV after artificial
degradation by 100% humidity exposure: (a) 4.1 mm @>400 times, (b) 4.0 mm @x5.00k times, (c) 4.0 mm
@x45.0k times, (d) 2.9 mm @x=180k times, and captured illustrations for newly fabricated 170 um SiO,
microsphere: (e) 4.0 mm @x=300 times, (f) 4.0 mm @x%10.0k times, (g) where evaporated silica from the arc fusion
splicer discharge at 4.0 mm @x=50.0k times, and (h) nanoscale particles at 4.0 mm @x=30.0k times were observed.
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humidity fog for 5 seconds) are shown in . The newly fabricated silica microsphere
resonator obtained by the SEM (captured at: 3kV, 4.0mm @ x300 to 50.0k times), is shown in
. White dots (see ) —evaporated silica (cristobalite) from the arc fusion
splicer discharge explain why the maximal Q factor of a newly fabricated microsphere is below
1x108. We can observe that the evaporated silica dust from the arc fusion splicer (see )
and nanoscale particles (see ) are deposited on the surface of the silica microsphere.
It is important to note that during the experiment, by testing samples of fabricated microspheres,
it is able to improve significantly the degraded 4 month-old microsphere (addicted by water
vapours) Q factor from Q = 2.0x10° (96 MHz full width at half maximum (FWHM) of the
whispering gallery mode (WGM) resonance) to Q = 4.4x10° (44 MHz FWHM of the WGM
resonance) using a pure hydrogen (H) flame of a micro burner. Note that the Q factor of newly
fabricated microsphere was 3.7x107 (5.2 MHz FWHM of the WGM resonance). The built up
circulating intensity [138] was estimated to be 14 GW/cm? exceeding ~1.0 GW/cm? [129] needed
for OFC generation (see Table 7.). No OFC was generated when it degraded below 2.0 GW/cm?,
Microresonator with high Q factor can build up a significant internal circulating intensity when
pumped with low laser power. The circulating intensity can be found [138]:
Pcirc
by 1)
where Peirc is internal circulating power and Aefr is the effective area of the mode area of the
resonance. Aerf can be found by using simulations. As calculation parameters resonator radius,
refraction index and resonance frequency at 1550 nm wavelenght for fundamental mode were
used. The Peirc in the silica microsphere WGMR can be found as [138]:

circ

_ }LQintr K
Pcirc — tin m2nR (K+1)2 (2)

where A is the resonance wavelength, n is the refraction coefficient, R the microsphere radius, Pin
the input power (Pin=100 mW), K the coupling parameter, and Qintr is the intrinsic Q-factor.
Coupling parameter can be estimated using the transmission T at the resonance frequency [139]:

_ (1-K)\? 1T
r=(5) oK=3g @)
Table 7.
Results of characteristics calculations for 170 um SiO2 microsphere resonator vs. life cycle.
. FWHM, _ ) 1, Resulting
Life cycle T K MH3z Q Qintr  |Peirc, W aw/emz| OFC
Freshly fabricated | 0.13 | 2.1 5.2 [3.7x107 | 1.2x10%| 3327 | 13.8 yes
After 2 months 0.64 9.0 15.7 | 1.2x107 | 1.2x10° | 1458 6.0 yes
After 3.5 months | 0.62 8.4 50 3.9x10% | 3.6x107 | 455 1.9 no
After 4 months 0.78 16.1 96 2.0x10°% | 3.5x107 | 249 1.0 no
After 4 months
(repaired by 0.74 | 133 44 4.4x10°% | 6.3x107 | 538 2.2 no
Hydrogen flame)
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Several moisture and dust degradation methods of protection can be used to keep high Q factor
of newly fabricated silica resonators, for instance, storage with ethanol drops or storage with dry
nitrogen within hermetic enclosure boxes. The packaging technique utilized by UV-curable
polymer for stabilizing both the microsphere and the tapered fiber could be preferred for long-term
maintenance of silica microsphere WGMR-based Kerr-OFC light sources. While the use of a
coating polymer significantly increases the stability of mechanical alignment between the
microsphere and taper accompanied by a relativity low absorption and insertion loss of polymer
packaging [140]. An additional solution to keep high Q factor for silica microresonators and taper
satisfying coupling conditions and providing improved long-term frequency stability is packaging
into modules that feature temperature control by integrated Peltier elements [141].

6.2.2 Experimentally designed setup and characteristics of silica microsphere WGMR-
based Kerr-OFC light source

The setup used for the generation of WGMR-based Kerr-OFC is shown in Figure 60(a) and
Figure 60(c). Firstly, the tapered fiber for coupling the light into the silica microsphere was

prepared.
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Figure 60. (a) Experimental setup illustrating the developed silica microsphere WGMR-based Kerr-OFC as light
source for optical communications. (b) Schematic of a Hydrogen generator for pure generation of hydrogen (H.)
and oxygen (O,) by electrolysis of water. (c) Captured setup of silica microsphere WGMR-based Kerr-OFC light
source. (d) Tapered fiber and silica microsphere resonator positions inside of enclosure box for the dust and airflow
prevention. (e) The 3-axis X, Y and Z micro-positioner stage with a built-in Piezo controller and compact motorized
translation stages together with zoom microscopes used to monitor the position of the WGMR resonator. (f)
Hydrogen generator for pure hydrogen and oxygen production.
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The non-zero dispersion-shifted fiber (NZ-DSF) patch-cable compliant to ITU-T G.655
standard was used for the preparation of a tapered fiber pulling probe. In process of the tapered
fiber fabrication procedure, the tapered fiber probe was formed from two separate cut parts of NZ-
DSF compliant patch cable. The patch-cable fiber ends were cut using a fiber cleaver, cleaned and
spliced together with a commercial arc fusion splicer (Sumitomo, T-71C) ensuring a low insertion
loss <0.01 dB. As a result, the jacket and coating of connectorized patch-cable were removed in
the region of 3.8 cm where it is intended for heat treatment.

In the process of the taper fiber fabrication procedure, the previously ruptured fiber was reused,
broken ends were cut, spliced and performed as fiber region for pulling a tapered fiber. Clamps of
V-grove fiber holders located on the 50 mm compact motorized translation stages with DC servo
motor actuators (Thorlabs MTS50-Z8) were used to pull the tapered fiber in both directions with
a constant speed of 100 pm/s (see and ). Several techniques can be used
to form tapered fiber through thermal heating, for instance, a ceramic tube microheater(s)
consisting of a heat-resistant wire that is approximately 22 mm in length and 19 mm inner diameter
and placed within the ceramic [142]; another option would be micro burners driven by propane-
butane (30% propane, 70% butane) gas flows [143] or by pure hydrogen (Hz) [144] providing a
high-temperature (>1900° C) flame. The latter setup was used in experiments, specifically, a
constant hydrogen flow of 50 ml/min from the hydrogen generator (see ) was
connected to a micro burner placed between compact motorized translation stages. For the
generation of pure hydrogen, was used an inhouse-built hydrogen generator (electrolyser) that
operates by splitting the water into hydrogen and oxygen through the electrolysis. In order to
preserve the hydrogen generator from overheating, the number of plates for cathode and anode is
set to x11. Each plate was driven by 12 volts of direct current (VDC) (30 A) output voltage through
11x high-speed Schottky diodes barrier using a (220V~50 Hz 350 W) power supply units (PSU).
As shown in and sets of 11 cathode and 11 anode plates are located in
separate tubes (D = 250 mm) where the electrolysis interconnection between them was made by
water and potassium hydroxide (KOH) electrolyte trough round tube transition.

For the micro burner, was used an in-house-built micro torch that consists of 9 cylindrical
stainless-steel tubes of 0.9 mm inner diameter, allowing us to produce a low and wide flame of
~10 mm along the fiber axis [145]. The fiber position relative to the flame is a critical parameter,
therefore, the micro torch stainless-steel tube position is sprightly adjusted to the fiber’s mid-point.
To sustain transmission, the tapered fiber needs to be pulled adiabatically not exceeding
delineation angle [146]. Using a ~7 mm wide hydrogen flame we produced sub-wavelength nearly
adiabatic tapers with an overall transmittance higher than 95%, as a very efficient adiabatic transfer
from the single mode of the un-tapered fiber to the fundamental mode of the central part of the
taper. The burning temperature of the hydrogen flame melted and softened the fiber slowly within
the purified fiber section as a result of a tapered thicker section of 18 mm in length. It is important
to mention that if the fiber ends are inclined (0.1 mrad) at the place of V-grove fiber holders, a
curvature of 5 pm is intelligent formed in the melted place of the taper when the flame width is 1
mm. The angle exceeding 0.08 mrad is no longer good as the allowable adiabatic angle is between
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0.02-0.05 mrad [147]. Due to rapid assembly, a flame wider than 1 mm was used. The mounting
of the fiber holders on one optical axis is adjusted under a microscope. The 3-axis X, Y, and Z
micro-positioner stages with the built-in piezo controller were used to align the microsphere with
the tapered fiber at a place slightly thicker than the taper waist to achieve the critical coupling and
minimize the coupler losses, see and . Side and top view microscope
cameras (CAM) e.g. (CAM-1 and CAM-2) with 160x zoom lens (see ) are used to
monitor silica microsphere and tapered fiber positions to control the touchpoint of the resonator
with the slightly thicker tapered fiber place to excite the fundamental mode of the microsphere.
Silica microsphere and tapered fiber, including integrated and developed components for fiber
tapering and microsphere positioning, are included in an enclosure box to protect it from dust and
airflows. Humidity inside the enclosure box is reduced and maintained at the levels below 20%
using a silica gel desiccant. The enclosure box together with pumping source components are
located on a vibration isolation system breadboard table to minimize the impact of external low
frequency vibrations.

The setup used for the characterization of the taper fiber (see .) consists of InGaAs
switchable gain amplified photo-detector PD 2= 800 — 1700 nm (Thorlabs, PDA20CS?2) connected
with a digital signal analyzer (DSA) used to record the received electrical signal in time and to
monitor the transmission spectra from the adiabatically tapered fiber for an overall transmittance
analysis used also in further telecom data transmission.

Silica microsphere
WGMR
PC1_ 1 s
06¢ <
- - Optical path
Pumping source . Stripped fiber  Tapered fiber | —— Electrical path

Experimental setup used for the characterization of the tapered fiber and silica microsphere.

A tunable A=1550 nm laser (Thorlabs SFL1550P) with a narrow linewidth of 50 kHz and 10
dBm output optical power is connected via a polarization controller PC1 and used for the
transmission spectra measurements. The transmission spectrum was monitored during the tapering
process to determine when it returns to the single-mode operation state (see ).

Calculations show that the hot zone’s width of exponentially puller tapered fiber should be at
least 7 mm long to satisfy the adiabaticity criteria at the middle of the pulling range and to maintain
high final transmission [146]. Calculations of pulled length of tapered fiber hot zone to one side
from center versus fiber diameter at tapper section, please see . The setup shown in

also, was used to determine the Q factor of silica microsphere and to identify the best
coupling condition region between the microsphere and tapered fiber used in the OFC generation.
The measured Q factor of the microsphere used for the OFC comb generation and further telecom
data transmission is 3.7x107 (5.2 MHz FWHM of the WGM resonance), please see
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Figure 62. The characterization of the tapered fiber and its coupling conditions with the silica microsphere: (a)
spectra of the adiabatically tapered fiber recorded for the overall transmittance analysis and (b) the calculations of
pulled one side fiber length at hot zone from center versus fiber diameter at tappered section. (c) Experimentally
observed (from the microsphere excited by the tapered fiber) WGM resonances of the Kerr-OFC at optical C-band
used for the Q factor calculation and (d) optical spectra of the generated silica microsphere WGMR-based Kerr-
OFC comb source.

The pumping source for the Kerr-OFC generation consists of an optical continuous wavelength
CW laser source (Agilent 81989A) with a linewidth of 100 kHz and +6 dBm optical output power
at A=1551.737 nm that is directly connected to a fixed output power (up to +23 dBm) erbium-
doped fiber amplifier EDFA. The dispersion for the fundamental WGMs was calculated by
numerical solution of the characteristic equation as described in [136]. The calculated zero
dispersion wavelength (ZDW) was 1545 nm, the microsphere was pumped in a slightly anomalous
dispersion regime. The light coming from the EDFA is passed through an optical isolator and PC1
to prevent the back-scattering and to control the polarization state of the amplified signal before
coupling it into the microsphere through the tapered fiber providing further stability of the resulting
OFC. An optical spectrum analyzer (OSA-1, Advantest Q8384) with 0.01 nm resolution and 1001
sampling points is used to detect the current wavelengths of the OFC carriers and to observe the
power of generated comb carriers (-1), (+1) and pumping source (Figure 62(d)). The power
instability and power distribution stability over the wavelength of the generated OFC comb carriers
was not measured during this research. The generated comb carriers (-1) and (+1) over 10 hours
have a different performance within about a 3-dB margin, please see [9]. OFC generation was
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initiated by hard bumping the pump fiber which translated to abrupt changes in the pump power
coupled to the microsphere (optical power kick method [148]). The process was not 100%
successful, so that several attempts were needed to attain OFC generation. First was generated an
OFC with a single-FSR mode spacing of 0.4 THz, which corresponds to the theoretical FSR
estimation (see ). Secondly, by changing the relative position between the
microsphere and the taper, was obtained an OFC with 2-FSR mode spacing of 0.8 THz with the
spectrum. Also was tested the long-term stability of these both possible OFCs for 5 h by using 170
um silica microsphere; the corresponding almost constant spectra as functions of time are shown
in for mode spacings of 1-FSR and 2-FSR. The recording time of
5 h for each measurement is shown in was chosen to obtain them in one day.
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Silica microsphere-based Kerr-OFC output spectra as functions of time with (a) 1:FSR mode spacing (b)
and 2-FSR mode spacing.

6.3 Evaluation of received signal quality for WDM-PON communication
system with data transmission speed in the channel up to 10 Gbit/s per A
using OFC as a light source

In this chapter are shown first succesful experimental demonstration of data transmission based
on OFC generated light source in microsphere resonator which has not been previously
demonstrated. Experimentally for the first time present designed silica microsphere whispering-
gallery-mode microresonator (WGMR) OFC as a C-band light source where 400 GHz spaced
carriers provide data transmission of up to 10 Gbps NRZ-OOK modulated signals over the
standard ITU-T G.652 telecom fiber span of 20 km in length. This research reports the first
successful demonstration of experimental 2.5 and 10 Gbps non-return to zero NRZ on-off keying
(OOK) WDM system based on optical carriers generated in fabricated silica microsphere
resonator. The setup for the generation of WGMR-OFC and the realized WDM communication
system is shown in . First, OFC generation was initiated by search for stable combs on
an optical spectrum analyzer by tuning external cavity CW semiconductor laser in wavelength
steps of 10 pm and bumping light source output fiber. As shown in , an optical spectrum
analyzer (OSA) with 0.01 nm resolution is used to measure OFC performance over 10 hours period
(see ) and power stability and power distribution stability over the wavelength of the
OFC carriers. After OFC generation the carriers (-1) and (+1) are similar but one can be a few
dBm more intense than the other if multiple solitons are circling inside the resonator. Was observed
that the comb lines (-1) and (+1) have a different performance where power instability over a 10-
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hour period is within about a 3 dB margin due to the impact of resonator ability to support multiple
spatial modes. The optical carriers A= 1549 nm depicted as (-1) and A = 1555 nm depicted as (+1)
are used to demonstrate NRZ-OOK modulated 2.5 Gbps and 10 Gbps data transmission (see
Figure 65(a)).

EDFA2

20 km SMF

Q

Figure 64. Experimental setup of the designed silica microsphere WGMR-OFC as a light source where 400 GHz

spaced carriers provide NRZ-OOK modulated 2.5 and 10 Gbps data transmission over 20 km SMF fiber. Insets

show tapered fiber and silica microsphere resonator positions of coupling conditions and WGMR-OFC reduced
humidity and dust prevention cover box.

= Optical path
—— Electrical path

As shown in Figure 64., the generated OFC signal is sent to the wavelength selective switch
(WSS) used to filter out one optical carrier (-1) or (+1) at a time. The realization of an experimental
setup corresponds to wavelength-selective (WS) fiber optical communication system architecture.
Fully ITU flexible grid G.694.1 compliant WSS with dynamic channel width control provided by
liquid crystal on silicon (LCoS) switching technology is set for 400 GHz OFCs channel spacing,
where output optical channels bandwidth is 25 GHz (4 x 6.25 GHz). The filtered output (-1) or
(+1) carrier is amplified with EDFA2 pre-amplifier to the necessary optical power level. A
polarization controller PC2 is placed after EDFA2 to reduce the polarization-dependent loss.
Bitrates of 2.5 Ghps and 10 Gbps by a 2'° long pseudo-random bit sequence PRBS15 NRZ signal
from 65 GSa/s and 25 GHz analog bandwidth arbitrary waveform generator AWG are modulated
onto the optical carrier signal (-1) or (+1) using the Mach-Zehnder intensity modulator MZM with
an extinction ratio of 20 dB. Then the modulated signal is transmitted over 20 km of standard
single-mode optical fiber SMF, variable optical attenuator VOA, and detected with 10 GHz
photoreceiver PIN, which sensitivity is equal to -18 dBm at BER of 10'° and overload power 0
dBm for BER of 103, An optical coupler (coupling ratio 10/90) and a power meter are used before
PIN to monitor the optical power level falling on the PIN receiver. An 80 GSa/s and 33 GHz analog
bandwidth digital storage oscilloscope DSO is used to sample the received electrical signal, filter
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it with an 8 GHz low-pass filter LPF in case of 10 Gbps and 2.3 GHz LPF in the case of 2.5 Gbps
data transmission to measure the quality of the received signal (e.g., eye diagrams, waveform), and
estimate its BER. The represented BER values are calculated from the DSO’s estimated Q-factor
values of the captured NRZ signal real-time eye diagrams.

The impact of the pump signal polarization state on the spectral purity of generated OFC carriers
was also assesed. An additional experimental measurement scheme was built for this purpose, as
shown in Figure 65(c). For this measurement, the optical heterodyning process of two optical
carriers, where the frequency difference or intermediate frequency IF between them generates the
desired carrier on the output of high-speed photodiode, is used [70]. RF peaks around DC can be
masked by a photodetector flicker noise and low-frequency technical noise. For that reason, main
focus is on higher frequencies, which allows to better evaluate the spectral purity of generated
OFC carriers. For the polarization measurement, to prevent the IF frequency instability caused by
laser phase noise was used (+1) WGMR-OFC optical carrier which is fed into an optical input of
MZM modulator and modulated by the 2 GHz sinusoidal signal originating from a high-stability
microwave signal generator (see Figure 65(c)). Bias voltage Vb1 of MZM is set to 3.33 VDC,
which is near to its null-bias point. In such a way three optical carriers spaced by 2 GHz are
obtained on the output of the 40 GHz analog bandwidth MZM.

The frequency spacing between the first and third carriers is 4 GHz. By changing the power of
the 2 GHz sinusoidal signal applied to the Si(t) RF input of the MZM, an optimal RF drive voltage
(Verr = 1.2 V) ensuring almost equal peak powers of generated RF carriers is found. The first RF
peak located at DC is not seen in Figure 66. as the DC blocker was attached to the electrical output

of the PIN receiver.
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Figure 65. Measured OFC performance over a 10-hour period: (a) optical spectrum with inset representing
captured power stability, and (b) power distribution stability over the wavelength. (c) The experimental
measurement setup, where one WGMR-OFC optical carrier (+1) is fed into an MZM modulator driven by a 2 GHz
sinusoidal tone to assess the impact of optical signal polarization on the spectral purity of generated optical
carriers.
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Accordingly, after directly receiving such an optical signal by the 10 GHz high-speed PIN
photoreceiver, the optical heterodyne up-conversion process occurs. As a result, on the RF output
of this PIN receiver, the electrical signal containing the DC-filtered baseband part and two RF
carriers (2 GHz and 4 GHz) is generated. The 4 GHz RF tone originates from the heterodyning
process of two outer optical carriers, while the 2 GHz RF tone originates from two neighboring
optical carriers.

The effect of polarization is observed at three different scenarios; (1) polarization state with
large amplitude modulation, (2) intermediate state, (3) polarization optimized for lowest amplitude
modulation by adjusting PC1 before WGMR-OFC, see Figure 66(a-c). Microsphere pump light
polarization is adjusted by PC1 to minimize 27.92 MHz amplitude self-modulation of comb lines.
Fast photodiode measure (+1) comb line to offset spectrum towards higher frequencies. The
implemented heterodyne beating method enables to observe the effect of OFC input light
polarization on the spectral purity of generated carriers. By the pump source first, and second
polarization states, the generation of higher-order sub-carrier signals for 2 GHz and 4 GHz IF
frequencies are observed, which lead to deterioration of the quality of data signal, see Figure 66(a)
and Figure 66(b).

An optimized polarization state, when the CW pump laser polarization coincides with the
principal axes of the polarization, shows the best result and guarantees that equal amounts of
optical power split to both the X/Y polarization states, see Figure 66(c) [149]. An optimized
polarization state was set for the lowest amplitude modulation of PC1 during the data transmission
of 2.5 and 10 Gbps NRZ-OOK modulated data over B2B and 20 km SMF transmission in both
cases using (-1) or (+1) optical carriers. As shown in Figure 66(d), the waveform fluctuations with
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Figure 66. Measured effect of polarization, by received electrical signal IF after optical heterodyne up-conversion
on photodiode in different polarization states: (a) polarization state with large amplitude modulation, (b)
intermediate state, and (c) the optimized polarization state for lowest amplitude modulation showing the highest
spectral purity of the generated OFC optical carrier. (d) Part of the received and normalized 10 Gbps NRZ-OOK
signal waveform after 20 km transmission with applied upper envelope function, highlighting the periodic waveform
fluctuations, (€) 15 ns insight of the normalized waveform showing received bit sequence, and (f) power spectral
density of the calculated envelope signal.

103



periodic nature are observed on the captured data signal waveforms. After 2.5 and 10 Ghps data
transmission, we estimate that the period of these fluctuations for (+1) OFC optical carrier is 35.82
ns or 27.92 MHz in frequency, as it is confirmed by the spectral analysis of the applied upper
envelope signal, see Figure 66(e) and Figure 66(f).

It should be noted that the fluctuations on the lowest part of the waveform are optically
suppressed by intentionally adjusting the bias point of MZM closer to its null-point. For (-1)
harmonic, the same fluctuations period is observed. As observed during the experimental
measurements, a periodic intensity modulation often appears on the comb lines, always having the
same frequency for the particular resonator.

This process has been previously studied in [150] where it was shown that mechanically driven
oscillations occur due to radiation pressure force which subsequently causes microsphere
deformation. COMSOL Multiphysics calculations shows that for a silica microsphere with a
diameter of 170 um this resonance frequency corresponds to the strongest mechanical resonance
of 27+1 MHz, see Figure 67.
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Figure 67. COMSOL simulation of mechanical oscillations at nm scale for silica microsphere of 170 um in diameter
indicating the strongest eigenfrequency at about 27+1 MHz that can be excited by a radiation pressure causing
periodic detuning from resonance and back manifesting as an amplitude modulation of comb lines, where (a)
represents microsphere at is diameter maximal expansion, and (b) represents the diameter maximal contraction.
For a better visual representation, the deformation in simulation is exaggerated 100 000 times. The black
surrounding line indicates the unperturbed microsphere size. Color scale represents the absolute value of
deformation in micrometers.

It was observed that an amplitude modulation depth of less than 30% is deteriorating telecom
data demodulation. By adjusting the polarization of the CW pump light, it is possible to reduce
this amplitude modulation, see Figure 66(a-c). This reduction in amplitude modulation could be
explained by the sideband cooling/heating effect of the mechanical resonance [151].

The performance indicators as eye diagrams and BER values of the received signal verify the
feasibility of the fiber optical WGMR-OFC based transmission system. The worst-performing data
channel based on the BER value is with the wavelength of 1549 nm, depicted as a carrier (-1), see
Figure 65(a). The BER of received 2.5 Gbps and 10 Gbps NRZ-OOK signals after 20 km
transmission is 5.58x107 and 1.58x107®, see Figure 68(b) and Figure 68(d). The best performing
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data channel based on the BER is the one with a wavelength of 1555 nm, denoted as a carrier (+1).
In this case, the BER of received 2.5 Gbps and 10 Gbps NRZ-OOK signals after 20 km
transmission is 1.39x10%° and 3.64x1071°, please see and
The error-free transmission is established during the experiment in both cases of 2.5 and 10
Gbps data rates for OFC comb pump source operating at 1552 nm wavelength. It allows to use
WGMR-OFC as a light source where 400 GHz spaced carriers provide 2.5 and 10 Gbps NRZ
modulated data transmission over 20 km SMF fiber. Captured signals eye diagrams see in
. The BER versus received average optical power measurements are preferred for WGMR-
OFC carrier signals (-1) and (+1) at 2.5 and 10 Gbps data rates to fully evaluate the quality of
transmission characteristics, see
According to the NGPON2 requirements to measure the BER correlation diagrams the B2B
transmission and a distance of 20 km was choosens for experimental light source validation.
shows that the optical carrier denoted as (+1) provided the highest system
performance, where the received optical power varies from -4 to -17.5 dBm, and the BER of 2.5
Gbps NRZ-OOK signal is in the range from 1.39x10%° to 7.76x1073,
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Eye diagrams of the received signal after 20 km transmission over SMF fiber at a data rate of 2.5 Gbps
for (a) carrier “+1” and (b) carrier ““-1”’, and at a data rate of 10 Gbps for (c) carrier “+1” and (d) carrier “-1”,
and (e) the plots of BER vs. average received optical power in B2B and after 20 km transmission of the NRZ-OOK

modulated signal with bitrates of 2.5 and 10 Gbps for “+1” and “-1” carriers.

As one can see in , BER curves bending upwards are observed at relatively high
detected power levels for WGMR-OFC comb carrier (+1) at 10 Gbps B2B and 10 Gbps 20 km

transmission, as well as for (-1) carrier at 2.5 Gbps B2B transmission. It could be explained by
detector saturation, nonlinear optical processes in the resonator or transmission fiber.

6.4 Evaluation of received signal quality for DCI communication system with
data transmission speed in the channel up to 50 Gbit/s per A using OFC
as a light source

The data centers DCs are the foundation of Internet applications such as cloud computing,
where Big Data storage and large-scale high-performance computing HPC take place. The intra-
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DCI devices and systems that rely on the sharing of computing resources require not only large
capacity but, most importantly, high scalability and low energy consumption. Therefore, these
requirements require new transmission technologies for short-reach communications [16], [124].
For telecommunication purposes, more specifically, the WGMR-based Kerr-OFC comb
generators physically realized on silica microsphere demonstrate a new concept able to provide an
attractive solution to intra-DCls due to low cost and energy consumption. In this chapter, an
experimental demonstration of a silica microsphere WGMR-based Kerr OFC light source with 400
GHz spaced carriers and its use for data transmission employing low-cost and low-complexity
intensity modulation direct detection IM/DD schemes. Using the non-return to zero NRZ on-off
keying OOK modulation format, data rates up to 50 Gbps/A can be used for data transmission over
2 km single-mode fiber SMF link. Digital equalization techniques, such as a linear equalizer with
feed-forward FF and feedback FB taps, are used to improve the signal quality due to different
system’s distortions, including the bandwidth limitations, optical to electrical (O/E) and electrical
to optical (E/O) conversions, and the link induced inter-symbol interference ISI. Finally, an insight
into possible alternative technologies for intra-datacenter interconnects and investigate their
limitations through transmission experiments are provided.

The experimental setup is shown in Figure 69.. The silica microsphere WGMR-based Kerr-
OFC light source (i.e. Kerr-OFC) output 400 GHz spaced optical carriers at the following
wavelengths: A=1548.485 nm depicted as (-1), A=1554.992 nm depicted as (+1), and the pumping
source at A=1551.737 nm depicted as (0) and having the highest achieved peak power levels are
used to demonstrate NRZ-OOK modulated data up to 50 Gbps/A over 2 km SMF link. As shown
in Figure 69., the generated OFC carriers are sent to an optical band-pass filter (OBPF, Santec,
OTF-350) having a 3-dB bandwidth of 75 GHz. The OBPF is used to filter out one of the three
optical carriers.

= Optical path
== Electrical path

| LA

Figure 69. Experimental demonstration of the IM/DD optical interconnect relying on the in-house-built silica
microsphere WGMR-based Kerr-OFC as a light source generating 400 GHz spaced optical carriers that are used
Jfor up to 50 Gbps/A NRZ-OOK modulated signal transmission over a 2 km long SMF link.
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An optical coupler with 10/90 coupling ratio is used to capture the output carrier spectrum using
OSA-2. It is done for monitoring purposes and to determine wavelengths and optical peak powers
of carriers that are later used for data transmission. The filtered optical carrier is amplified by a
pre-amplifier (EDFA2) that fixes the output power level for each OFC carrier.

A polarization controller (PC2) is placed before the intensity Mach-Zehnder modulator (MZM,
Photline, MX-LN40) to reduce the polarization-dependent loss. The high-speed NRZ signal is
generated offline using a 2%°-1 long pseudorandom binary sequence PRBS. The signal is up-
sampled and filtered using a root-raised-cosine (RRC) filter having a roll-off factor of 1. At the
next pre-processing stage, frequency domain pre-equalization up to 30 GHz is used to compensate
amplitude-frequency distortions and limited bandwidth (BW) of a 65 GSa/s electrical arbitrary
waveform generator (EAWG, Keysight M9502A, 25 GHz). The response of an end-to-end system
calibration for optical back-to-back (OB2B) configuration is shown in
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End-to-end system calibration using the EAWG for the OB2B configuration: (a) phase response and (b)
amplitude response.

The high-speed NRZ signal is loaded to the EAWG, pre-equalized and transmitted. The
generated output electrical signals are amplified by an electrical amplifier (EA1, 38 GHz, 29 dB
gain) and fed into the Si(t) input of the MZM with null chirp factor and having 40 GHz 3 dB
bandwidth, 20 dB extinction ratio and 9 dB insertion loss. To ensure the best possible BER
performance, is adjusted a bias voltage Vb1 of the MZM to 3.8 V. After the MZM, the modulated
optical signal is transmitted over a 2 km long SMF link and passed through a variable optical
attenuator VOA located before a photoreceiver for the power control. The photoreceiver module
(PIN, Lab Buddy, DSC10H-39) consists of high optical power 50 GHz InGaAs photodiode with
the 3 dB bandwidth of 50 GHz, the sensitivity of +4 dBm at BER of 1012 and responsivity 0.5
A/W. An optical coupler with 10/90 coupling ratio and a power meter are used before the PIN to
monitor the optical power level at the receiver. After optical-to-electrical conversion the electrical
signal is amplified by an electrical amplifier (EA-2, 25 GHz, 16 dB gain). Thereafter, the signal is
captured by a digital storage oscilloscope (DSO, Keysight DSAZ334A, 80 GSa/s, 33 GHz). The
sampled signal is processed offline using the digital signal processing DSP consisting of a low-
pass filter LPF, clock recovery, resampling, linear post-equalization based on a symbol-spaced
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adaptive decision-feedback equalizer (DFE) and bit error rate BER counter. The BER values are
obtained using the bit-by-bit comparison between the transmitted and received bit sequences.

Using the prior descriped experimental setup a fair comparison was made, showing the
performance limits in terms of achievable data rates for short-reach optical interconnect
applications. The goal is to achieve the data rate as high as possible even up to 60 Gbps/A in the
system that uses the implemented Kerr-OFC generated optical carriers for carrying IM/DD data.
The received and sampled signal is processed offline after the reception, using a DSP routine that
consists of a low-pass filter LPF, a maximum variance timing recovery, post-equalization, and
BER counter. The LPF has a bandwidth of 0.6 times the Baud rate. That value was identified using
the results data shown in Figure 71.. It ensures the best possible performance after further
processing. In such a case, the BER as a function of the LPFsw/Baud rate from 0.4 to 0.8 for NRZ-
OOK signals was obtained.
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Figure 71. BER versus LPFbw/Baud rate for the IM/DD communication system operating on 400 GHz spaced
carriers generated by microsphere Kerr-OFC: (a) A=1548.485 depicted as carrier “-1” (b) A=1551.737 depicted as
carrier “0” and (c) A=1554.992 depicted as carrier “+1” provide NRZ-OOK signals up to 60 Gbps/A.

The post-equalization was used to improve signal quality; therefore, a DFE configuration with
33 feed-forward taps FFT and 15 feedback taps FBT, as well as 16 taps are used as a reference.
The adaptive DFE helps to overcome the inter-symbol interference ISI in presence of noise. The
initial weights of the equalizer are obtained using the training data with the normalized least-mean-
square (NLMS) algorithm before applying other data. A total number of 1.2 million bits are used
for BER counting. First, the system performance without the post-equalization was analyzed,
afterwards, main focus was on improvements that the linear post-equalization can offer. The hard-
decision forward error correction HD-FEC with 7% overheads (OH) with pre-FEC BER threshold
at 5x107% was considered as signal quality threshold [152]. For received signal quality analusis was
prefered conventional BER curves showing how pre-FEC BER values change with the received
optical power (ROP). For result analysis was assumed that all errors can be corrected for the pre-
FEC BER below that threshold. As one can see in Figure 72(a), the worst-performing (based on
the BER value) data channel is the carrier (-1) at 1548.485 nm, yet, it is capable to provide the
maximum bitrate of 50 Gbps. In this sub-figure, the 60 Gbps curve is not shown because due to
extremely poor BER performance, i.e., a way beyond defined pre-FEC BER threshold of 5x1073,

The best performing (based on the BER) data channel is the pumping source carrier with a
wavelength of 1551.737 nm depicted as a carrier (0). Without the post-equalization, the received
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40 Gbaud and 50 Gbaud NRZ-OOK signals are mostly below the 7% HD-FEC limit for the Kerr-
OFC generated carriers (-1), (0), and (+1), see Figure 72(a-c). In those cases, the main limitations
are a relatively low effective bandwidth of the electrical components, 1SI and the implementation
penalty itself. In order to achieve higher data-rates, a dispersion-induced power fading must be
reduced and signal equalization must be applied to reach the BER threshold of 5x107. Therefore,
linear equalizer (structure consists of 33-FF&15-FB taps) was choosen. The number of taps is
chosen in a way to maximally improve the performance by tackling the bandwidth limitations of
electrical components and chromatic dispersion. The results show that such post-equalization
significantly improves the BER performance compared to the previous case without the post-
equalization. As one can see in Figure 72(d-f), the post-equalization can significantly improve the
signal quality for the Kerr-OFC generated carriers (-1), (0), and (+1) or even enable new
modulation format alternatives. With the linear post-equalization (33-FF&15-FB taps), the BER
performance is significantly improved for carrier (+1), which allows us to achieve the BER floor
below the 7% HD-FEC limit for NRZ-OOK signals at 60 Gbaud. Figure 72(g-i) show the
corresponding eye diagrams captured for modulated carriers (-1), (0), and (+1) at -10 dBm received
optical power (ROP) that allows detecting signals with the BER below 5x107 at 40 Gbaud.
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Figure 72. BER versus ROP for the IM/DD communication system where the Kerr-OFC light source carriers ““-1”,
“0” and “+1” can be used for NZR-OOK signals transmission with baudrates up to (a) 50 Gbaud (b) 60 Gbaud and
(c) 50 Gbaud without any post-equalization. If the post-equalizer with 33-FF&15-FB taps is used, the BER is
significantly improved for carriers “-1”, “0”” and “+1”" up to (d) 50 Gbaud (e) 60 Gbaud and (f) 60 Gbaud.
Received signal eye diagrams for carriers: (g) “-1”, (h) “0” and (i) ““+1”” captured at ROP of -10 dBm in the 40
Gbaud case.
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CONCLUSIONS

To increase the data transmission distance above 27 km, WDM-PON transmission systems
with 50 GHz inter-channel interval need to be replace NRZ-OOK with multi-level modulation
formats (PAM-4, EDB) to ensure transmission reach up to 50 or 62 km, where EDB
modulation format applications has 19% better transmission reach than spectrally efficient (10
Gbaud/s) PAM-4, which is explained by the distance between PAM-4 signal levels due to the
effect of chromatic dispersion and SNR.

By evaluating the dispersion compensation methods for NG-PON2 ITU-T G.989.3 compliant
WDM-PON transmission system, it is possible to provide a transmission distance of 40 km
for an NRZ-OOK modulated signals with a data transmission rate from 20 to 40 Gbit/s per A
in the (C-band) range compilant FBG-DCM without exceed the limit of the received signal
(BER > 1x10%) even with 3 dB less received signal power than in the case of DCF, significant
effect on BER (2-5 BER steps at 20 and 40 Gbit/s transmission speed) arise under the influence
of NOE.

To increase the data rate in HS-PON transmission systems, evaluating the performance
provided by the intensity modulation (NRZ, PAM-4, PAM-8, EDB) after 20 km of
transmission, it was concluded that at a data rate of 28 Gbit/s per A not exceeding BER > 1x10
3 limit value without AEQ can be achieved using 28 Gbaud/s (NRZ, EDB) and 14 Gbaud /s
(PAM-4) signal modulation, while 42 Gbit/s per A and 56 Gbit/s per A data transmission not
exceeding BER> 1x10 threshold can be provided by use of adaptive equalization by
constellation of feed-forward (FF) and feedback (FB) taps using 14 Gbaud/s (PAM-8) and 28
Gbaud/s (PAM-4) signal modulation.

Based on the experimental results and the information gathered in the dissertation, it can be
concluded that SMCF fibers are suitable for short-distance (<10 km) data transmission in data
center interconnection (DCI) solutions. In the combined solution of SDM-WDM technologies
- in the implementation of a 7-core SMCF fiber spectrally efficient spatially capacitive IM/DD
PON communication system, the factors influencing the transmission of 2.5 Gbhit / s (NRZ)
coded signals are unequal input losses, the optical power of the received signal in the core (~
8.2 dB IL difference) is significantly affected by the BER of each signal received in the core.
For the implementation of A-RoF communication systems in the combined solution of SDM-
WDM technology - SMCF optical fibers are applicable in case if one SMCF fiber core is used
for transmission within optical channel and intermediate frequency IF. Due to the high
differential mode delay (DMD) (in the case of two separate cores of the same MCF fiber), will
results in the degradation of the received signal due to the time delay.

In the realization of ARoOF-WDM-PON optical transmission systems with intensity
modulation (NRZ, PAM-4) for the transmission of millimeter wave radio signals provided by
the uplink conversion technique, the BER value of the least received signal can be achieved
using heterodyne transmission and detection techniques. Primarily for the RoF transmitter
RoF transmitter using one CW light source at the central emission frequency of the required
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optical band area (according to ITU-G694.1) and a sinusoidal electrical signal generator as
LO, where RF is half of the proposed IF frequency for the generation of the mm-wave signal.
By secondary filtering the obtained Fn carrier frequency and performing (NRZ, PAM-4)
modulation by combining Fn and FLo in one optical channel. Using one CW laser light source
in a circuit where the electrical signal generator is used as LO, the two generated optical carrier
signals Fn and FLo with appropriate frequency interval for the IF-generated mm-wave signal
are resistant to A non-uniformly induced oscillations depending on temperature changes
(carrier instability of £80 MHz), as well as low phase noise is provided, therefore limiting the
use of phase modulation for the transmission of a millimeter wave radio signal. If both laser
sources have an unstable central frequency, the mm-wave frequency also is unstable — it is
drifting.

In the hybrid ARoF-WDM-PON communication system for the tranmission of 10 Gbit/s per
channel (NRZ) modulated optical signals and 2.5 Gbaud (NRZ, PAM-4) modulated 28 GHz
(ka-band) millimeter wave radio signals with data transmission speed in the channel up to 5
Gbit/s through 20 km long SMF fiber line, the main factors influencing the hybrid systems
performance are chromatic dispersion CD, transmission system amplitude frequency
characteristics, as well as basic free space transmission FSPL. A 28 Ghz (ka-band) mm-wave
IF radio signal cannot be implemented in ARoF-WDM-PON with a 50 GHz inter-channel
interval using commercial AWG (significant effect on BER < 1x107%), where 3-dB bandwidth
is 35 GHz, so the WR-WDM-PON architecture results in significant filtering of the 28 GHz
IF signal due to the AWG multiplexer/de-multiplexer cut-off frequency passban. As a result,
the WR-WDM-PON architecture can be used for 2.5 Gbaud/s (NRZ, PAM-4) modulated 28
GHz mm-wave signal, as well as 10 Gbaud/s (PAM-4) modulated broadband Internet signals
at the 100 GHz inter-channel spacing, but with a smaller bandwidth interval (according to
ITU-T G.694.1) such as 50 GHz and less, are technically feasible using a wavelength selective
optical switch WSS.

Potentially cost-effective solutions for the realization of data transmission in optical WDM
networks are OFC generation in silica WGMR — microspheres manufactured from melted
telecom fiber, e.g. from Corning SMF 28e (ITU-T G.652), which is realized as the pumping
of a high-quality (high Q factor) optical resonator with Kerr nonlinearity using a single
continuous-wave (CW) laser. Kerr microresonator OFCs can achieve bandwidths of hundreds
of nanometres covering different (e.g. E-, S-, C- and L-band) telecommunication bands. An
OFC source is capable of producing the grid of equally spaced (according to ITU-T G. 694.1
recommendation) optical spectral lines (carriers) needed to sustain the data channels. This
advantage of the generation of several spectral lines applies also to WDM receivers, where an
array of discrete local oscillators (LO) might be replaced by a single OFC. Such solutions are
of importance for the fifth (and next) generations of mobile networks, where the optical signal
down-conversion to millimeter wave (mmWave) bands (e.g. Ka-band (26 —28 GHz)) by using
a stable LO at the receiver side can be required as a part of the architectural solution. Silica
microsphere based OFC sources for wavelength division multiplexed (WDM) systems cover
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use cases ranging from short reach fiber-optic links (e.g., as for data center interconnects
(DCI)) to metro-access fiber-optic links interconnecting large geographic areas.

During PhD thesis, based on the literature analysis, for the first time was present
designed 170 pum silica microsphere WGMR-based Kerr-OFC as a C-band light source
where 400 GHz spaced carriers provide data transmission of up to 10 Gbps NRZ
modulated signals without AEQ over the standard ITU-T G.652 telecom fiber span of 20
km in length, which is suitable for IM/DD XG-PON transmission systems architecture.
Designed novel light source also have the potential to demonstrate a new low-cost concept
enabling an attractive solution for intra-datacenter interconnects (DCI), therefor can provide
low-cost and low-complexity IM/DD scheme for transmission of NRZ-OOK modulated
signals at baudrates up to 50 Gbps/A over 2 km SMF link. Such high data rates in terms of
data transmission speed for silica microsphere WGMR-based Kerr-OFC light sources is
a data transmission rate record of 50 Gbps per L. The obtained results show that pre- and
post-equalization e.g. AEQ techniques allow to overcome the ISI and help to recover the signal
from distortions caused by limited bandwidth and therefore enabling higher data-rate
alternatives to intra-DCls.For a proof-of-concept in both cases experiments was performed
with two newly generated OFC carriers (FSR of 400GHz) having the highest peak optical
power level.

Lower FSR between comb carriers can be achieved by using a WGMR with a larger
diameter. To obtain 200 GHz spacing, one can use ~330 um diameter silica microsphere. To
obtain standard 100 GHz spacing, one can use ~660 um diameter silica resonator. For
operating with 100 GHz mode spacing, microspheres may be not a very optimal choice due
to excitation of WGMs from not the fundamental mode family, so using silica microrod may
be beneficial for this purpose. Moreover, when using larger WGMRs compared 170 pm, the
effective field areas of the fundamental modes will be larger, so the nonlinear Kerr coefficient
y will be smaller. The nonlinear processes leading to OFC generation depend on yxPpump, SO
the pump power Ppump should be increased, which means that the power in each harmonic will
grow too.
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Investigation of 4-PAM Modulation Format for Use in WDM-PON
Optical Access Systems

Toms Salgals, Sandis Spolitis, Sergejs Olonkins, and Vjaceslavs Bobrovs
Institute of Telecommunications, Riga Technical University, Riga, Latvia

Abstract— In this paper, we investigate the performance of four level pulse amplitude mod-
ulation (PAM-4) format in fiber optical access networks. PAM-4 modulation format has higher
spectral efficiency if compared to widespread used non-return-to zero (NRZ) line code and there-
fore potentially can provide higher data transmission speeds in fiber optical networks with limited
bandwidth. When transmission speed is increased, chromatic dispersion (CD) can be the main
distance-limiting factor for PAM-4 modulation format. For this reason in this paper we investigate
maximal transmission distance with dispersion compensation and without dispersion compensa-
tion in 4-PAM modulated wavelength division multiplexed passive optical network (WDM-PON),
as well as minimal available channel spacing. It is shown that dispersion compensation with fiber
Bragg grating dispersion compensation module (FBG DCM) can improve the performance and
maximal available reach of PAM-4 modulated optical signal by 25.4% or extra 15km in length.

1. INTRODUCTION

The exponential growth of Internet data traffic and progress of Information and Communication
Technology (ICT) sector pushes hard the telecommunication infrastructure for upgrading the trans-
mission data rate [1]. Power and cost efficient fiber optical access networks and short-range fiber
optical links are one of the key technologies enabling bandwidth hungry services like video on de-
mand (VoD), high definition TV, and cloud computing supported by large scale high-performance
computers and data centers. Such optical links typically use direct detection and on-off keying
modulation (OOK) with non-return-to zero (NRZ) line code. Today’s challenge for optical access
networks and data centers is to increase the serial line rate of a NRZ link due to the physical
bandwidth limitation of the photonic and electronic components like optical signal modulators and
photodiodes [2].

Solution for telecommunication infrastructure upgrade and alternative solution for increase of
the serial line rate of a NRZ link is to use multi-level signalling formats such as pulse-amplitude
modulation (abbreviated as PAM-M or M-PAM), where multiple digital bits per symbol are encoded
into M different signal amplitude levels. The 4 level PAM modulation format (PAM-4) is receiv-
ing significant attention because of its relative ease of implementation compared to higher-order
modulation formats like quadrature phase-shift keying (QPSK), and m-ary quadrature amplitude
modulation (m-QAM). It is clear that M-PAM offers a good trade-off between performance and
complexity. Usage of PAM-4 format is effective way to double the data rate of NRZ link. Previ-
ously PAM-4 modulation formats have been investigated with traditional electrical networks [3, 4],
but now researchers are focused on investigation of PAM-4 modulation format for optical access
networks as well as data center interconnections [5].

In our research we investigate the 4-channel 10 Gbaud/s (20 Gbit/s) PAM-4 modulated WDM-
PON access system with different channel spacing as well as without chromatic dispersion (CD)
compensation and compensation with fiber Bragg grating (FBG) dispersion compensation module
(DCM). In our research we found the minimal allowable channel spacing, which has a direct im-
pact on the utilization of resources like optical spectrum, and maximal transmission distance for
multichannel PAM-4 modulated WDM-PON transmission system operating at 10 Gbaud/s symbol
rate.

2. SIMULATION SCHEME OF PAM-4 MODULATED WDM-PON TRANSMISSION
SYSTEM

The goal of this simulation model was to evaluate the performance and maximum reach as well as
minimal channel spacing for PAM-4 modulated WDM-PON system with four 10 Gbaud/s (20 Gbit/s)
channels, under the condition that it is still possible to achieve a bit error ratio (BER) of 1073 [6].

A widely used error correction code for 10-Gbit/s PONs is Reed Solomon (RS) (255,223) forward
error correction (FEC) code. The theoretical performance restores a 1.1 x 1073 pre-FEC BER to a
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10~!2 post-FEC BER. This relationship has led to the widely accepted practice of quoting physical-
layer system performance at a pre-FEC BER of 1.1 x 107 or 1072 in the PON standards [6, 7].
Therefore, in our research we use 1073 as the BER performance threshold.

As one can see in Fig. 1, PAM-4 modulated WDM-PON simulation scheme consists of 4 channels.
The central frequency is 193.1 THz and channel spacing is chosen 50 or 100 GHz, according to the
ITU G.694.1 recommendation. Transmission performance for WDM-PON system with narrower
channel spacing like 25 and 37.5 GHz also was realized, however the performance of these systems
was above our defined BER threshold, quality of received signal was low and therefore these results
are not included in our paper.
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Figure 1: Simulation scheme of 10 Gbaud/s PAM-4 WDM-PON optical transmission system.

Central office (CO) consists of optical line terminal (OLT) with four transmitters (OLT_Tx).
As it is shown in the Fig. 1, each transmitter (OLT_Tx) in consists of two electrical pseudo-random
bit sequence (PRBS) data sources, two NRZ drivers, which encodes the data from data sources
by using the non-return zero (NRZ) encoding technique and electrical coupler, which couples both
electrical signal in one signal in such a way generating PAM-4 signal. The amplitude of electrical
signal, generated by the second NRZ driver was twice larger than the amplitude of the first NRZ
driver output signal. Coupled electrical PAM-4 signal with 4 different amplitude levels is filtered
by electrical lowpass filter and send to external Mach-Zehnder modulator. As the light source
continuous wavelength (CW) laser with linewidth of 50 MHz and output power of +3 dBm is used.
MZM has 3 dB insertion loss and 20 dB extinction ratio.

Optical signals from each transmitter are coupled together by using optical combiner with 1dB
loss. Next, chromatic dispersion pre-compensation by FBG DCM is realized for all channels before
launching them into standard ITU-T G.652 single mode fiber (SMF) span. Additional 3 dB attenu-
ator is used for simulation of FBG DCM’s insertion loss. After transmission in optical distribution
network (ODN), all channels are separated by arrayed waveguide grating (AWG) filter (located in
remote terminal (RT)), which insertion loss is 3.5 dB, channel spacing is 50 or 100 GHz and 3-dB
bandwidth is 20 GHz. Receiver side consists of users or optical network terminals (ONTs). Each
ONT receiver (ONT_RX) consists of PIN photodiode (sensitivity is —19dBm for BER of 10712),
electrical Bessel low-pass filter (3-dB bandwidth is 7.5 GHz), and electrical scope to evaluate the
quality of received signal (e.g., show bit pattern).

3. RESULTS AND DISCUSSION

The purpose of this section was to numerically evaluate the performance of PAM-4 modulated
WDM-PON system together with dispersion compensation and find the maximum network reach
of this system. As mentioned before, the BER threshold for our investigated transmission system
is 1073 (it is assumed that additional FEC is used).

The first investigated channel spacing was 100 GHz. As one can see in Figs. 2(a) and 3(a),
in B2B configuration the signal quality is very good, eye is open and error-free transmission with
100 GHz channel spacing can be provided. After 59 km transmission (see Figs. 2(b) and 3(b)), which
was the maximum transmission distance without dispersion compensation, the BER of received
signal was 7.5 x 107*. The BER of received PAM-4 signal was estimated offline through our
built digital signal processing (DSP) algorithm in Matlab software. For extension of transmission
distance by dispersion compensation we implemented FBG DCM module. By using this dispersion
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compensation technique, the maximum achievable transmission distance was 74 km, where BER
of received signal was 9 x 1074, please see Figs. 2(c) and 3(c). As one can see in Figs. 2 and 3,
by using additional dispersion compensation with FBG, extra 15km or 25.4% of link length was
gained.
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Figure 2: Eye diagrams of received signal (a) after B2B transmission, (b) after 59 km transmission without
use of DCM module and (c) after 74 km transmission with dispersion compensation by FBG DCM unit for
4-channel 100 GHz spaced WDM-PON system with PAM-4 modulation format.
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Figure 3: Histograms of received signal (a) after B2B transmission, (b) after 59 km transmission without
use of DCM module, and (c) after 74km transmission with dispersion compensation by FBG DCM unit for
4-channel 100 GHz spaced WDM-PON system with PAM-4 modulation format.

The second investigated channel spacing was 50 GHz. In our research we tried also narrower
channel spacing like 37.5 GHz, but already in B2B configuration (without optical transmission line)
BER of received signal was above our defined BER pre-FEC threshold (BER value was 2 x 1073)
and error-free transmission with this channel spacing was not possible. Therefore we conclude that
for PAM-4 modulated WDM-PON system, the minimal channel spacing for 10 Gbaud/s symbol
rate is 50 GHz.

As one can see in Figs. 4(a) and 5(a), in B2B configuration the signal quality for 50 GHz channel
spacing also is very good, eye is open and error-free transmission can be provided. After 58 km
transmission (see Figs. 4(b) and 5(b)), which was the maximum transmission distance without
dispersion compensation, the BER of received signal was 8 x 1074, The drop in BER performance
can be explained by the crosstalk between channels, therefore in our research we show the eye
diagrams and histograms of received signal for the middle channel (third channel), which showed
the worst BER performance.

For extension of transmission distance by use of dispersion compensation, we implemented the
same tunable FBG DCM module. By using this dispersion compensation technique, the maximum
achievable transmission distance was 72km, where BER of received signal was 5.5 x 1074, please
see Figs. 4(c) and 5(c).

As one can see in Figs. 4 and 5, by using additional dispersion compensation, there were gained
extra 14km or 24% of link length by using FBG for CD compensation.
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Figure 4: Eye diagrams of received signal (a) after B2B transmission, (b) after 58 km transmission without
use of DCM module and (c) after 72km transmission with dispersion compensation by FBG DCM unit for
4-channel 50 GHz spaced WDM-PON system with PAM-4 modulation format.
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Figure 5: Histogram of received signal (a) after B2B transmission, (b) after 58 km transmission without
use of DCM module, and (c) after 72km transmission with dispersion compensation by FBG DCM unit for
4-channel 100 GHz spaced WDM-PON system with PAM-4 modulation format.

4. CONCLUSIONS

Chromatic dispersion (CD) limits transmission capacity when bit rates increase. Implementation
of the efficient compensation solution may sufficiently extend the reach of optical link and improve
the transmission quality. In this work we have realized and investigated the performance of 4-
channel 50 GHz and 100 GHz spaced PAM-4 modulated WDM-PON system. Proposed system is
realized in OptSim simulation environment and is based on ITU-T G.694.1 DWDM frequency grid,
has four channels and is capable to provide data transmission over at least 72km fiber span with
transmission speed of 10 Gbaud/s (20 Gbit/s) per channel.

It was shown, that maximal transmission distance with BER below FEC limit of 10~3 for
100 GHz spaced PAM-4 WDM-PON system can be increased by 15 km or 25.4% (from 59 to 74 km)
if dispersion compensation with fiber Bragg grating (FBG) dispersion compensation module (DCM)
is implemented. And in case of 50 GHz channel spacing, which was the minimal channel spacing
ensuring BER < 1073, maximum transmission system reach can be increased by 14km or 24%
(from 58 to 72km) by using additional dispersion compensation with FBG DCM.
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Abstract— In this paper we compared performance of
different modulation formats in 8-channel dense wavelength
division multiplexed passive optical network (DWDM-PON).
Higher spectral efficiency four-level pulse amplitude
modulation (PAM-4) format operating at 10 Gbaud/s (20
Gbit/s) transmission speed per channel is compared to same
bitrate non-return-to-zero (NRZ) and duobinary (DB)
modulation formats in order analyze their performance in
terms of maximal transmission distance and minimal channel
spacing with pre-FEC BER < 103 Through mathematical
modelling it was found that the maximal achievable
transmission distance of DB and spectrally efficient PAM-4
modulation formats in DWDM-PON system are 62 km and 50
km, respectively. It is numerically shown that DB modulation
format has 19% better transmission reach than PAM-4 for 20
Gbit/s transmission systems.

Keywords— optical access, dense wavelength division
multiplexed passive optical networks, PAM-4, duobinary,
NRZ, NG-PON2

I. INTRODUCTION

Several coding methods have been proposed in the past
and have become standards in telecommunication networks.
Evolution from voice and text-based services to video
streaming-based services meant, that demands of internet
traffic of internet users have increased significantly. In
result, broadband applications such as TV transmission,
online gaming, live videos streaming, IPTV (Internet
Protocol television), VOD (video on demand) and others
require much higher bandwidth then ever [1].

Wavelength division multiplexed passive optical
network (WDM-PON) can be the next generation solution
for nowadays problems, which are related with transmission
capacity [2]. As we know, passive optical networks (PONs)
have been standardized to next-generation PON (NG-PON2,
ITU-T G.989.2) standards and are now being deployed. At
the moment, network operators are widely deploying time-
division multiplexing (TDM) — based PONSs in high-density
urban areas, but wavelength division multiplexed (WDM)
PONSs are still in the stage of research and standardization
[3]. For example, in Latvia, TDM based Gigabit-capable
Passive Optical Networks (GPON) with bitrates up to 10
Gbit/s are widely deployed.

However, today's deployed wavelength-division
multiplexed passive optical networks (WDM-PON) rely on
fixed wavelength transmitters and are expected to become
more cost-efficient at high per user data rates [4,5].

978-1-5386-5558-0/18/$31.00 ©2018 IEEE
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Important advantage of this technology is to set various
channel spacing and use different modulation formats
(increase spectral efficiency), at the same time and
providing different transmission speeds for end user, based
on pay-as-you-grow approach [6]. Therefore, DWDM-PON
can be used in multiple channel optical fiber transmission
systems to serve as many customers as possible at the same
time increasing channel number and data-rate per channel
[7.8].

Several modulation formats are investigated in this paper
for use in PON transmission system — non-return to zero
(NRZ), 4-level pulse-amplitude modulation (PAM-4) and
Duobinary (DB). Mostly, in optical access networks
typically direct detection on-off keying modulation (OOK)
format with NRZ line code is used [9]. Alternative solution
to increase serial line rate, instead of using widely used NRZ
code with physical bandwidth limitations, is to use
spectrally efficient multi-level signaling formats such as M-
PAM, in our case PAM-4, where number 4 means different
signal amplitude levels [10].

Another way to improve capacity of limited bandwidth
is using Duobinary modulation format. With this modulation
format transmission capacity will be increased by improving
the bandwidth efficiency and reducing channel spacing [11].
As we know, Duobinary is type of proficient multi-level
modulation format, and therefore is the area of interest due
to its increased spectral efficiency. It is being used to
increase the channel capacity by improving the bandwidth
utilization. The most important feature of this modulation
format is usage for longer transmission distances without
regeneration and high tolerance to chromatic dispersion
influence [12].

II. NUMERICAL ANALYSIS AND MEASUREMENT TECHNIQUE

Our research uses mathematical simulation method
performed using OptSim simulation software. It is well
known, that there exist two main effects, which affect
optical signal: linear and non-linear. For non-linear effect
studies the nonlinear Schrodinger equation is used, except in
certain cases this equation can’t be solved analytically. To
solve this problem OptSim simulation software is used to
simulate optical transmission systems. OptSim simulation
software uses Time Domain Split-Step (TDSS) method to
solve complex set of differential equations. That’s why
Split-Step method is used in most optical system simulation
tools to perform the integration part of the fiber propagation
equation [13].
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Fig.1. Simulation scheme of 8-channel PAM-4, DB and NRZ modulated DWDM-PON optical transmission system with 20 Gbit/s transmission speed
per channel.

Where A(%,z) - optical field amplitude; L - linear operator
responsible for dispersion and other linear effects; N -
non-linear operator that accounts for the Kerr effect and
other nonlinear effects (NOEs) [13].

Optical fiber length z is divided in Az steps. Each step Az
consists of two half steps. First half step takes into account
only linear effects, but second half step takes into account
only non-linear effects. For best results it is importance to
choose correct Az value. If the value is too small, the time
necessary to perform calculations will increase significantly,
but if value is too large it will affect accuracy of the results.
To achieve sufficient enough estimation accuracy, we have
chosen the simulation of more than 1024 bits [13,14].

III. SIMULATION MODEL OF PAM-4, DB AND NRZ MODULATED
WDM-PON TRANSMISSION SYSTEM.

Displayed results in this publication are obtained by
newest OptSim simulation software with additional use of
recognized numerical computing environment — Matlab
software for BER estimation of received PAM-4 signals. In
our case we chose at least 1024 simulated bits for all
simulations to obtain high accuracy level of bit error rate
(BER). In our research we used forward-error-correction
(FEC) with 10~ BER performance threshold, which allows
us to evaluate maximal transmission reach of investigated
transmission system (e.g. Reed Solomon (255, 239) code)
[15].

To achieve the goal — evaluation of maximum
transmission reach using different modulation formats:
PAM-4, duobinary and NRZ, the 8-channel DWDM-PON
simulation model was created. As one can see in Fig. 1,
simulation scheme with different optical transmitters for
realization of each modulation format are shown. According
to ITU-T G.694.1 DWDM frequency with grid central
frequency of 193.1 THz and channel spacing of 50 and 100
GHz is chosen for simulation model. Therefore, impact of
crosstalk on investigated modulation formats was evaluated
as well.
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Optical line terminal (OLT) consists of eight transmitters
(OLT_Tx) located in central office (CO). First simulation
model with PAM-4 modulation was performed with 10
Gbaud/s symbol rate which provides 20 Gbit/s data rate per
channel. PAM-4 signal is generated from two electrical data
signals by coupling them, where one of them has twice
larger amplitude than other. To obtain electrical data signals,
two data sources with same pseudo-random bit sequence
(PRBS) and NRZ drivers for each electrical signal are used
to generate two NRZ coded electrical signals with different
amplitude levels. Afterwards, both electrical signals are
coupled with electrical coupler and filtered with electrical
Bessel low-pass filter (3-dB bandwidth is 10 GHz) and send
to external Mach-Zehnder modulator (MZM) [16].

Second simulation model with DB modulated
transmission system was realized with 20 Gbit/s data rate
per channel. In our simulation model data source element
has one electrical output, where the output signal is divided
in two electrical signals, where one of them is inverted by
logical NOT element. Afterwards output data signal and
inverted copy is sent to NRZ drivers, filtered by Bessel low-
pass filters (3-dB bandwidth is 5 GHz), and passed to RF
inputs of dual-arm Mach-Zehnder modulator, together
forming the DB transmitter [17].

Our third simulation model is based on NRZ transmitter
and realized with the same 20 Gbit/s data rate per channel as
DB modulated transmission system. Transmitter consists of
one NRZ driver with electrical signal input of PRBS
sequence and form NRZ coded output electrical signal.
MZM provides electrical to optical signal conversation of
previously formed and Bessel low-pass filter (3-dB
bandwidth is 19 GHz) filtered electrical signal, passing from
NRZ driver.

The following fixed parameters of optical and electrical
elements was used in our simulation models: continuous
wavelength (CW) laser output power 6 dBm, extinction ratio
20 dB and 3 dB insertion loss of MZM, standard single mode
fiber (SSMF) with dispersion coefficient 17 ps/(nm * km),
dispersion slope 0.056 ps/nm?> x km and 0.2 dB/km

Authorized licensed use limited to: Riga Technical University. Downloaded on September 01,2022 at 16:01:08 UTC from IEEE Xplore. Restrictions apply.



attenuation coefficient [18]. Bandwidth of electrical filters
has been adjusted for optimal performance of each
modulation format and have not been changed during
research. As one can see in Fig.1, our investigated model of
transmission system consists of eight channels coupled
together by using optical coupler with 1 dB insertion loss.
ITU-T G.652 single mode fiber is used for transmission in
optical distribution network (ODN). After transmission in
ODN, all channels are separated by demultiplexer based on
arrayed waveguide grating (AWG) located in remote
terminal (RT), with equal insertion loss of 3.5 dB for all
channels as mentioned before, simulations with various
channel spacing of 50 or 100 GHz are obtained and analyzed
for research of crosstalk impact. Each receiver of optical
network terminal (ONT) consists of 40 GHz PIN photodiode
with sensitivity equal -19 dBm at 10 Gbit/s reference bitrate,
dark current of 10 nA and responsivity of 0.8 A/W [19]. The
optimal electrical bandwidth of electrical low pass filter
(LPF) was found. An electrical Bessel low-pass filter
bandwidth was adopted for more successful system
performance depending on the modulation format used.
During the simulations Bessel LPF bandwidth of 15 GHz
was chosen for PAM-4 modulated signals, and 10 and 17
GHz for DB and NRZ modulated electrical signals,
respectively.

An electrical scope was used for measurements of
received signal bit patterns quality, accordingly, BER and
eye diagrams.

IV. RESULTS AND DISCUSSION

The main target of this work is to compare performance
of PAM-4, DB, NRZ modulated optical signals for use in
DWDM-PON transmission system and to find out maximal
network reach for each particular modulation format.

The BER threshold of 107 with assumed additional FEC
for our investigated transmission system was used to
evaluate maximal achieved distance by each modulation
format. BER of received PAM-4 signal was estimated
offline through our built digital signal processing (DSP)
algorithm in Matlab software, while BER of received DB

and NRZ signals was estimated in environment of OptSim
simulation software by using BER estimator based on
statistical signal analysis.

In our research we implemented different suitable dense
channel spacing like 50 and 100 GHz for 8-channel
DWDM-PON optical transmission system. During the
simulations it was observed that maximal achievable
distance has minimal impact depending of our chosen
channel spacing, e.g. the impact of crosstalk on BER for all
modulation formats was minor. As one can see in Fig. 2,
results of maximal reached transmission distance with 50 or
100 GHz channel spacing are almost the same for each
particular modulation. Therefore, we conclude that better
signal quality and system performance are achieved with
higher-100 GHz spacing. However, the higher spectral
efficiency is achieved by 50 GHz spacing, therefore to
evaluate performance of different modulation formats our
results are shown for narrowest (50 GHz) channel spacing.
Main results of our investigated transmission system
performance are shown in Fig. 3. In our research we show
eye diagrams of received signal for middle channel with
highest crosstalk impact and worst BER performance.

As one can see in Figs 3(a), 3(b) and 3(c) the signal
quality of B2B measurements are good for all modulated
signals providing error free transmission with 50 GHz
spacing. After transmission (see Fig. 3(e)) the BER of
received DB modulated signal was 3.7x10 with maximum
reached distance of 62 km.

PAM-4 and NRZ modulation shows (see Figs. 3(d) and
3(f)) 50 km and 27 km maximal transmission distance,
where the BER of received signals was 5.8x10* and
3.1x10*, respectively.

As one can see from results (Fig. 3), the largest network
reach was provided by DB modulation format, which
extends the reach of optical network up to 62 km, in the same
time ensuring BER<103. PAM-4 modulation format
provided successful transmission over up to 50 km and NRZ
up to 27 km long SSMF optical spans with BER below
defined threshold.
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Fig. 2 Dependence of BER on the distance for the investigated PAM-4, DB and NRZ modulated WDM-PON optical transmission system.

136

Authorized licensed use limited to: Riga Technical University. Downloaded on September 01,2022 at 16:01:08 UTC from IEEE Xplore. Restrictions apply.



PAM-4
{au] Input eye diagram (B2B) (aul

Duobinary
Input eye diagram (B28)

NRZ
input eye diagram (B2B)

{au)

[y

Amplitude
S
A

le4

le4

¢,02 C,04

After 62 km transmission

T ]
Time (ns)
After 27 km transmission

T2 604 GE

t6 ¢3¢
Time (ns} (c)

(b)

Amplitude

6ot o1z e 02
(d) Time (ns)

ca ca ) —s 5 0,
Time (ns) f) Titne (ns)

Fig. 3. Eye diagrams of received (a) PAM4, (b) Duobinary and (c) NRZ signals after B2B measurement, and after maximal achieved transmission
distance: (d) 50 km with PAM-4 modulated signal, (¢) 62 km with DB modulated signal, (f) 27 km with NRZ modulated signal for 8-channel 50 GHz
spaced DWDM-PON system operating at 20 Gbit/s bitrate.

V. CONCLUSIONS

We have demonstrated performance comparison of
PAM-4, DB and NRZ modulation formats for 8-channel
DWDM-PON transmission system with 20 Gbit/s bitrate per
channel. The model of our proposed system was realized in
OptSim simulation software environment based on ITU-T
G.694.1 rec. frequency grid and realized with 50 and 100
GHz channel spacing. The results are mainly shown for 50
GHz channel spacing as it provides higher spectral
efficiency if compared to 100 GHz channel spacing. As it
shown by simulation results with narrowest 50 GHz channel
spacing the use of DB modulation format extends the reach
of optical link allowing to achieve maximal transmission
distance of 62 km ensuring BER<10 threshold.

Second best result was demonstrated by PAM-4
modulation format ensuring the BER<1073 at 50 km optical
line length. The use of DB format allowed extending the
maximum reach of an optical link by extra 12 km or 19% in
comparison to four-level pulse amplitude modulation
format. The worst system performance was shown by NRZ
modulation format demonstrating 27 km maximal reached
transmission distance. This can be explained by mainly the
impact of chromatic dispersion.

Our investigated DB and PAM-4 modulation formats
showed best performance in achieving of maximal distance
of optical transmission system, although, comparatively
spectral efficient PAM-4 modulation can provide higher
data transmission speeds in fiber optical networks with
limited bandwidth.
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Abstract: While infrastructure providers are expanding their portfolio to offer sustainable solutions
for beyond 10 Gbps in the access segment of optical networks, we experimentally compare several
modulation format alternatives for future passive optical networks (PONSs) aiming to deliver 25+ Gbps
net-rates. As promising candidates, we consider the intensity modulation direct detection (IM/DD)
schemes such as electrical duobinary (EDB) and 4-level and 8-level pulse amplitude modulations
(PAM-4/8). They are more spectrally efficient than the conventional non-return-to-zero on-off-keying
(NRZ-OOK) used in current 10G PONs. As we move to higher rates, digital equalization enhances the
performance by smoothening the systems imperfection. However, the impact that such equalization
has on the optical power budget remains unclear. Therefore, in this article, we fairly compare the
optical power budget values of a time division multiplexed PON (TDM-PON) exploiting a linear
digital signal equalization at the receiver side. We consider the conventional PON configuration
(20 km of single-mode fiber (SMF), 1:N optical power splitting) with IM/DD and net-rates above
25 Gbps. Furthermore, we focus on a downstream transmission imposing the bandwidth limitations
of 10G components using a digital filter before the detection. The obtained results show that the use
of a digital post-equalization with 43 feed-forward (FF) and 21 feedback (FB) taps can significantly
improve the signal quality enabling new alternatives and enhancing the optical power budget.

Keywords: digital post-equalization; electrical duobinary (EDB); intensity modulation direct detection
(IM/DD); non-return-to-zero (NRZ); optical power budget; passive optical networks (PON); pulse
amplitude modulation (PAM)

1. Introduction

An immense range of mobile and broadband services, such as Netflix, Spotify, etc., provoke
an unprecedented growth of consumer-driven data consumption, which leads to an increase of
bandwidth demands in fiber-optic access networks [1]. In this segment, passive optical networks
(PON) together with a wavelength division multiplexing (WDM) and a time division multiplexing
(TDM) technologies promote a pay-as-you-grow approach in the third generation fiber-to-the-x (FTTH)
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systems. As 10G PON systems are not capable support future services, especially in the context of the
fifth generation (5G) mobile networks, 25G is the next evolution step that must be taken [2]. However,
it is not clear which means will be used to make it.

Recent ITU-T recommendations for passive optical networks (PONs), ITU-T G.9807.1 (symmetric
10G PON (XG(S)-PON)) and ITU-T G.989 (next-generation PON2 (NG-PON?2)) describe transmission
requirements for line rates of up to 40 Gbps per channel, while new recommendations for higher
line rates (e.g., G.HSP.Req, G.HSP.comTC, G.HSP.50Gpmd, G.HSP.TWDMpmd) are under active
development [3-5]. The enhancements being discussed for the next-generation PON standards
include the increase in channel line rates from 10 to 25 Gbps [6]. Now, 100G-EPON standard is
still under development by the IEEE P802.3ca Task Force. It is intended to scale up to 25 Gbps
or 50 Gbps per single lane capacity while reusing the existing infrastructure of 10G-EPON [1,5,7].
Overall, the future PON is currently under development and standardization for future broadband
network solutions beyond 10 Gbps [8-10]. The evolution towards higher line rates is mainly driven by
point-to-point (P2P) connections and wireless fronthaul, e.g., the next generation of mobile cellular
networks (i.e., 5G and beyond 5G), where a 25 Gbps could be needed soon for either backhauling or new
interfaces supporting the functional splits. It is expected that the x-haul of these mobile cellar networks
will be centralized and based on a point-to-point (PtP) WDM-PON architecture [3,11,12]. However,
due to cost considerations and commercial viability, it is desired to re-use some of the components
from 10 Gbps transceivers operating in 10G PONs [13]. Bandwidth limitations from electrical and
electro-optical components increase significantly due to the utilization of signals with higher line rates.
Nevertheless, such elements/components are crucial for component vendors as their re-use reduce
development costs. For example, a cost of an optical line terminal (OLT) transmitter is about twice the
cost of the receiver and modulator of the optical network unit (ONU), which represents the major part
of the transceiver cost. Therefore, the operational capabilities of the bandwidth-limited transceivers
have received considerable attention from component vendors, optical network operators, and research
communities [9,14-16]. The choice of a modulation format plays a critical role in the performance of
HS-PON systems to provide the necessary line rate for the end-users [17]. It seems unreasonable that
coherent technology for such relatively low rates could penetrate this market segment at this time,
despite the potential sensitivity and optical power budget (OPB) improvements. Therefore, we assume
that IM/DD formats will be used to deliver 25G or even 50G over a 20 km long single-mode fiber,
i.e., the conventional PON configuration. For some applications, shorter fibers are also considered
(e.g., 10-15 km when PON-based fronthauling solutions for 5G are on the table) but some require
a substantially longer reach (up to 40 km) [6,12].

Interestingly, when it comes to the physical (PHY) layer technology and its maturity,
three abbreviations (except “NRZ"”) are met the most often: “Duobinary”, “PAM—pulse amplitude
modulation”, and “OFDM—orthogonal frequency division multiplexing”. The desire for multi-level
signaling formats such as Duobinary and PAM have been preferred to their advantages in terms
of simpler transmitter and receiver structure for HS-PONs. Therefore, they have become a key
solution to provide a higher line rate and improve the bandwidth utilization, capacity, and spectral
effectiveness [2,13,17-19]. However, they are also more sensitive to driver linearity and have higher
sensitivity requirements, which impose additional restrictions and may limit the system’s reach.
Coexistence with 10G PON technologies and reuse the deployed optical distribution network (ODN)
are among the main challenges for upgrading to new generation PON systems. Technically, it requires
that the optical budget (OPB), which determines the maximum tolerable optical loss between an optical
line terminal (OLT) and an optical network unit (ONU), must be compliant to E1 or E2 class. However,
with increased signal baudrates, impairments from both the transceivers and the fiber-link imposed
constraints to fulfill the OPB requirement. Firstly, with a larger bandwidth, the receiver sensitivity can
be degraded from a higher thermal noise level. Moreover, the bandwidth limitation from the optical and
electrical components and the chromatic dispersion (CD) from the optical fiber channel induce more
severe inter-symbol interference (ISI) [20,21]. Mitigation techniques from both the optical and the digital
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domain can be used to maintain or even to improve the OPB level to enable a higher splitting ratio for
an ODN, at a higher cost per customer provided equipment (CPE) [22-25]. Firstly, optical amplifications
can be performed to compensate for the sensitivity degradation, either with a praseodymium doped
fiber amplifier (PDFA) as a booster in the OLT, or with a semiconductor optical amplifier (SOA) as
a pre-amplifier in the ONU. The optical power budget of 35 dB is demonstrated in [10,23], where both
such optical amplifiers are used for the 25 Gbps PAM-4 downstream transmission. Although they
achieve a higher optical power budget, the PDFA provides more than 10 dB gain. Furthermore,
the attribution of digital post-equalization is not discussed. Digital equalization techniques, such as
linear feed-forward (FF) equalizer or decision feedback (FB) equalizer, can help to overcome the
transceiver and link induced ISI. Thus, they deserve the place in future PONs with spectral efficient
modulation formats [10,22]. Such a study is performed in [22], where the advantages of electrical
duobinary (EDB) schemes and signal post-equalization are discussed for the bandwidth-limited PON.
Their results of optical back-to-back sensitivity as a function of the receiver’s bandwidth show that
(i) the EDB outperforms the conventional NRZ irrespective to the receiver’s bandwidth, (ii) the EDB
transmission is more dispersion tolerant as compared to the NRZ, and (iii) the NRZ seems unfeasible
for the C-band operation, and, thus, the EDB or a multilevel format should be used. Although the
extensive comparison between the EDB and the NRZ alternatives is made, the optical power budget
considerations remain outside the scope.

This article aims to bridge the knowledge gap by countifying the gain that digital signal
post-equalization has on the optical power budget in IM/DD PONs with NRZ-OOK, EDB, PAM-4,
and PAM-8 formats. In this research, we consider a PON architecture based on point-to-multipoint
passive optical power splitting in the ODN and focus on the downstream transmission at net-rates
above 25 Gbps over a single wavelength in the C-band. Furthermore, as we limit the receiver’s
bandwidth to 8 GHz, we investigate whether components intended for the 10G operation can be used
for 25+ Gbps operation. This enables the full compatibility with XG(S)-PON and 10G-EPON and leads
to smooth migration of customers to higher net-rates in a cost-effective way. Our results show that even
without any post-equalization, the 28 Gbaud EDB and the 14 Gbaud PAM-4 formats can be used for
the downstream transmission allowing us to achieve the optical power budget of 26-27 dB. With the
equalization, the corresponding numbers are 27-30 dB. A strong digital post-equalization, using the
equalizer with 43-FF and 21-FB taps, enables the 28 Gbaud PAM-4 alternative. It ensures a bit-error-rate
(BER) below a 7% hard-decision forward error correction (HD-FEC) threshold of 3.8 x 102 and a 23 dB
optical power budget. The rest of the paper is organized as follows. Section 2 describes a configuration
of the TDM-PON experimental setup used for a fair comparison of the selected IM/DD alternatives.
Section 3 discusses the obtained results revealing the impact that signal equalization has on the
achievable optical power budget in such PON systems. Finally, Section 4 briefly summarizes the
research findings.

2. Experimental Setup and Principles

The experimental setup of a 25+ Gbps IM/DD PON system is shown in Figure 1. It resembles
a PON architecture based on point-to-multipoint passive optical power splitting in the outside
distribution network. We consider a downstream transmission at net-rates above 25 Gbps over
a single wavelength in the C-band. It is fully compatible with XG(S)-PON and 10G-EPON, and thus,
it enables smooth migration of customers to higher net-rates without needing to change the ODN.
Furthermore, the system’s throughput can be increased by exploiting the WDM technique and adding
new wavelengths as required. Of course, such a solution requires the wavelength management. In the
OLT, the output of a continuous-wave laser source (CW) operating at 1550 nm wavelength is connected
to the input of the dual-arm Mach-Zehnder modulator (MZM, Sumitomo, T.DEH1.5-40-ADC). An S; (t)
input of the MZM, having a 3 dB bandwidth of 30 GHz, 9 dB insertion loss, and 15 dB extinction
ratio, is driven using analog waveforms from an arbitrary waveform generator (AWG, Tektronix,
AWG70001A) having 13 GHz analog bandwidth, up to 50 GSa/s sample rate and 8 bits vertical
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resolution. These waveforms are obtained using a 2'°-1 long pseudo-random bit sequence (PRBS15)
and bit-to-symbol (B2S) mapping performed in MATLAB prior to the digital-to-analog conversion
(DACQ). The electrical signal after the output of the AWG was linearly amplified by an electrical
broadband amplifier (EA) and fed into the electrical RF input of one arm of the dual-drive MZM.
The second arm was loaded with a 50-Ohm load. To optimize the BER performance, we adjusted
a bias voltage of the MZM. In such a way, we impact the MZM’s chirp parameter. This adjustment
ensures the best possible performance in terms of the dispersion-tolerance, which has a direct impact
on signal quality.

DSP

PRBS1
UL

AWGC @ @

: 21 km SMF
- Vor -, | S1(1) i
i (CW : : :
v B vzv B | S
o Q i Feeder fiber

Figure 1. Experimental setup of the 25+ Gbps IM/DD PON system used for the power budget
comparison: AWG—arbitrary waveform generator, B25—bit-to-symbol mapping, CW—continuous
wave laser, DAC—digital-to-analog convertor, EA—electrical amplifier, MZM—Mach-Zehnder
modulator, SMF—single-mode fiber, SOA—semiconductor optical amplifier, VOA—variable
optical amplifier, PIN—(positive-intrinsic-negative) photodiode, DSO—digital storage oscilloscope,
DSP—digital signal processing.

Note that the modulator’s chirp is a key factor enabling dynamic tunability of the transmission
reach in IM/DD-based optical fiber links [26]. After the MZM, the modulated optical signal is coupled
into the feeder fiber and transmitted over a 21 km long standard single-mode fiber (SMF) link. The input
optical power of +4 dBm ensures the ODN compliance to the E1 (18-33 dB) power budget class
for several modulation format alternatives. After the downstream transmission, the optical signal
is passively split by a 1-to-N (1:N) optical power splitter. In an ONU, the split optical signal is
pre-amplified by a SOA(Samsung Electronics, OA40B3A, InP/InGaAsP, 1550 nm) prior to the detection.
The variable optical attenuator (VOA), placed before the receiver, is used to adjust a received optical
power required for the OPB assessment and to protect it from the overload. The receiver consists of
a PIN photodiode (Discovery, DSC-R409, 30 GHz, 0.7 A/W) and a digital storage oscilloscope (DSO,
Agilent Technologies, DSOX93304Q), 33 GHz, 80 GSa/s). The DSO is used to limit the receiver’s minus
3 dB bandwidth to 8 GHz using a using a 4th order Bessel-Thompson filter, to digitize the received
waveforms and to store the digitized for further post-processing. The applied low-pass filtering (LPF) is
imposed to emulate the bandwidth limitations at the receiver’s (Rx) side aiming to investigate whether
components intended for the 10G operation can be used for higher line rates. The offline digital signal
processing (DSP) module consists of clock recovery, resampling, linear post-equalization (if considered),
and bit-error-rate (BER) estimation. The signal is post-equalized by a linear symbol-spaced equalizer
that uses feed-forward and feedback taps to compensate for analog imperfections. For BER estimation,
we use a direct error counting. It relies on the bit-by-bit comparison of the transmitted and received bit
sequences. More than 10 bits are available for the BER estimation at the receiver.

3. Results and Discussion

In this section, we reveal how the signal post-equalization impacts the achievable optical power
budget of the IM/DD PON system. Before moving to the optical power budget analysis, we summarize
the pros and cons of transceivers exploiting the modulation formats of the interest (see Table 1).
We judge aspects such as spectral efficiency of the modulation scheme, power consumption (as a line
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card must supply enough electrical power), transmission reach (considering an MZM with non-zero
chirp factor), and simplicity of the transmitter and receiver (considering the complexity of the driving
circuits and pre-/post-processing requirements).

Table 1. Pros and cons of transceivers exploiting the considered intensity modulation direct detection

(IM/DD) schemes.
Modulation Spectral Transmission Power Transmitter Receiver
Format Efficiency Reach Consumption Simplicity Simplicity
NRZ - - + ++ ++
EDB + ++ - - -
PAM-4 ++ ++ —— —— —
PAM-8 +++ + —— —— -

For the optical power budget assessment, we use the conventional BER curves showing how
a pre-FEC BER values change with the received optical power. Two different a pre-FEC BER criteria are
considered: (i) a 7% overhead (OH) HD-FEC threshold of 3.8 x 10~ and (ii) a 20% OH soft-decision
(SD) FEC threshold of 2 x 1072. If the first one is used as a benchmark for the performance and optical
budget comparison, then the second one is mainly used for illustration purposes. We assume that
all errors can be corrected by a FEC code for the pre-FEC BER below 3.8 x 1073, which leads to the
background block error BBE = 0 and thus no service disruption. Additionally, we present eye diagrams
so the reader could make the judgment about the signal quality in a such bandwidth-limited IM/DD
PON solution.

Figure 2 shows BER curves and eye diagrams for the 28 Gbaud OOK/EDB/PAM-4 and 14 Gbaud
PAM-4/8 modulated signals in the IM/DD PON systems. First, we analyze the system performance
without any post-equalization (Figure 2a,c), and then, we focus on improvements that the linear
post-equalization offers (Figure 2b,d). The optical power budget values (together with the corresponding
values of the available power margin) obtained for all considered cases are summarized in Table 2.
For the power margin calculation, we assume the insertion loss of 4.4 dB for the feeder fiber, 17.3 dB
for the 1:32 optical power splitter, and 2.2 dB for the drop fiber. A negative power margin (as for
the 28 Gbaud PAM-4) means that the splitting ratio of 1:32 is not supported. Note that the average
insertion loss of 1:16 splitter is at least 3 dB lower, which enables the 28 Gbaud PAM-4 alternative.

Table 2. Optical power budget and available power margin for the explored alternatives and
post-equalizer structures (number of FF and FB taps).

Signals w/o 4-FF 9-FF&5-FB 43-FF&21-FB

28 Gbaud OOK - 29 dB/5.1 dB 31dB/7.1dB 31dB/7.1dB
28 GBaud EDB 27 dB/3.1 dB 29 dB/5.1 dB 30 dB/6.1 dB 30 dB/6.1 dB
14 Gbaud PAM-4 26 dB/2.1 dB 27 dB/3.1dB 27 dB/3.1 dB 27 dB/3.1 dB
14 Gbaud PAM-8 - - - -
28 Gbaud PAM-4 - - 22dB/-19dB 23 dB/-0.9dB

In the configuration without the post-equalization, the HD-FEC requirements are met for two cases:
(i) 28 Gbaud EDB and (ii) 14 Gbaud PAM-4. These signal formats allow achieving the HD-FEC
requirements and the optical power budget of 27 dB and 26 dB, respectively. Such performance
could be considered as expected, but the level distribution between eyes in the eye diagrams shows
evidence of driver’s linearity. Even for the 14 Gaud PAM-8, the linearity is acceptable, and only a high
signal-to-noise ratio (SNR) requirement hinders to reach the HD-FEC performance. For the 28 Gbaud
OOK and PAM-4, a dispersion-induced power fading degrades the performance, and chromatic
dispersion compensation or signal equalization must be applied to reach the BER threshold of
3.8 x 1073. To test this, we have chosen a linear equalizer whose structure consists of 43-FF&21-FB taps.
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The number of taps is chosen in a way to maximally improve the system’s performance by tackling the
bandwidth limitations due to the receiver’s side bandwidth and chromatic dispersion. Further increase
of the filter tap number does not improve BER values but only adds the complexity. Note that linear
equalization using FF taps only is implemented to overcome bandwidth limitations and ISI, whereas
FB taps are added to the structure to improve the performance in the presence of noise.

The results show that such post-equalization (43-FF&21-FB taps) significantly improve the BER
performance, and thus, it enhances the optical power budget as compared to the previous case
without the post-equalization. The optical power budget of the 14 Gbaud PAM-4 is increased by
1 dB. The corresponding value for the 28 Gbaud EDB is 3 dB. More importantly, the post-equalization
enables more options of the modulation format alternatives. The HD-FEC requirement is met for
the 28 Gbaud OOK and 28 Gbaud PAM-4 modulations. Moreover, the signal quality is so good that
it allows achieving the optical power budget of 31 dB and 23 dB, respectively. Although the BER
improvement is not enough to meet the HD-FEC requirements for the 14 Gbaud PAM-8 signals, its BER
curve approaches to the threshold and a slight SNR improvement, e.g., using a nonlinear equalization,
would aid in meeting this requirement. Figure 2d shows the corresponding eye diagrams captured for
received optical power values that allow detecting signals with the BER below 3.8 x 1073 or close to it
as in the 14 Gbaud PAM-8 case.

wj/o equalization w/ 43-FF&21-FB taps
(@) (b)
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Figure 2. Quality of transmission (QoT) characteristics for the 28 Gbaud OOK, 28 Gbaud EDB,
14 Gbaud PAM-4, 14 Gbaud PAM-8, and 28 Gbaud PAM-4 signals in the IM/DD PON system: (a) BER
vs. received optical power (ROP) before the digital post-equalization; (b) BER vs. ROP after the digital
post-equalization employing 43-FF&21-FB taps; (c) eye diagrams captured in the ONU at the highest
ROP and before the digital post-equalization; and (d) eye diagrams captured in the ONU and ROP
values that ensure BER < 3.8 x 1072 after the digital post-equalization.
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Next and to better explore the impact that post-equalization has on the optical power budget
and to emphasize its importance, we use three equalizer configurations and compare the OPB for
each of them: (i) without post-equalizer, (ii) post-equalizer with only 4-FF taps, (iii) 9-FF&5-FB taps.
The obtained results are benchmarked to the previous case, i.e., with the equalizer having 43-FF&21-FB
taps. Figure 3 presents the results for scenarios whose combination of data rates and modulation
formats ensures line rates no higher than 28 Gbps—28 Gbaud OOK/EDB and 14 Gbaud PAM-4,
while Figure 4 includes the 14 Gbaud PAM-8 and 28 Gbaud PAM-4. The first is used to stress the
bandwidth limitations of the system components and the second to test linearity of the MZM drivers

and the system’s SNR.
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Figure 3. Plots of BER vs. ROP and post-equalizer structure for the (a) 28 Gbaud OOK, (b) 28 Gbaud
EDB, and (c) 14 Gbaud PAM-4 signals accompanied by the corresponding eye diagrams captured in the
ONU before and after digital post-equalization employing 43-FF&21-FB taps.
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Figure 4. Plots of BER vs. ROP and post-equalizer structure for the (a) 14 Gbaud PAM-8 and
(b) 28 Gbaud PAM-4 signals accompanied by the corresponding eye diagrams captured in the ONU
before and after digital post-equalization employing 43-FF&21-FB taps.
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Figure 3 shows that equalizer with just 9-FF&5-FB taps significantly improves the performance of
the 28 Gbaud OOK system. The optical power budget is 29 dB, which is by 2 dB smaller as compared
to the case with 43-FF&21-FB taps. Unfortunately, only FF taps are not able to provide the required
improvement to meet the pre-FEC BER requirement. At —18 dBm of the received optical power,
the BER approaches but not crosses the defined threshold. As for the 14 Gbaud PAM-4 and 28 Gbaud
EDB, an equalizer with just 4-FF taps is enough to improve the performance and leads to a higher
sensitivity—by 1 dB and by 3 dB, respectively. The use for a more complex structure with more taps
does not enhance the performance, and the optical power budget remains unchanged.

Further, we explore two scenarios—14 Gbaud PAM-8 and 28 Gbaud PAM-4—ensuring a higher
line rate (42 Gbps and 56 Gbps, respectively). Figure 4a shows results for the 8-level PAM signals,
14 Gbaud PAM-8, which was used to test the MZM driver linearity. The obtained eye diagrams
evidence their good linearity as signal levels are equally distributed, but we see that the system is SNR
limited as the upper and lower eyes are noisy. Therefore, applying even strong linear post-equalization
(i.e., using 43-FF&21-FB taps) does not improve the quality significantly to fulfill the performance
requirement although the BER approaches the threshold of 3.8 x 10~2. Finally, Figure 4b shows that the
linear equalization with 9-FF&5-FB taps is sufficient to fulfill the HD-FEC BER requirements and reach
the optical power budget of 22 dB for the 28 Gbaud PAM-4 alternative. A more complex structure of
the equalizer does not provide significant improvements neither in terms of the signal quality nor in
the optical power budget. The system is a partially SNR limited. Insets in Figure 4b show the best eye
diagrams for the configuration without the equalizer and with 43-FF&21-FB tap equalizer. The latter
has a relatively large eye opening. The fact that the BER threshold of 2 x 1072 is met for all considered
modulation format alternatives proves the viability of IM/DD formats to be used in HS-PON solutions
delivering 25+ Gbps or even 50+ Gbps in commercial PONs if SNR improvement and modulator chirp
management are achieved.

4. Conclusions

The optical power budget is analyzed for the bandwidth-limited IM/DD PON exploiting the digital
signal post-equalization at ONUs. We compare the optical power budget values and the available
power margins for the conventional TDM-PON configuration (20 km long feeder fiber, 1:N passive
optical power splitting before ONUs) with NRZ-OOK, EDB, PAM-4, and PAM-8 formats at net-rates
above 25 Gbps. These signal formats are chosen thanks to their simplicity, the possibility to re-use some
of the transceiver’s elements (e.g., electrical drivers, amplifier, and photodiodes), and compatibility
with the deployed PON infrastructure. We consider only a downstream transmission over a single
wavelength in the C-band. To investigate whether components intended for the 10G operation can be
used for 25+ Gbps operation, we limit the receiver’s bandwidth to 8 GHz before the estimation of the
optical power budget. The obtained results show that (i) 10G PON component bandwidth is enough to
achieve net-rates above 25 Gbps; (ii) linearity of the optoelectronic components allows operating them
using schemes with multilevel modulation formats; and (iii) in combination with the digital signal
post-equalization, the obtained optical power budget is compliant with E1 class (OPB = 18-33 dB).
More specifically, we reveal that the 28 Gbaud EDB and 14 Gbaud PAM-4 schemes could be used
in PONs even without any post-equalization. The signal quality is such that it fulfills the HD-FEC
requirement and ensures the power margin of 3.1 dB. For the 28 Gbaud NRZ-OOK, an equalizer
with FB taps is required; a 9-FF&5-FB tap equalizer helps to overcome ISI in the presence of noise,
which leads to the optical power budget of 29 dB. Finally, line-rates up to 56 Gbps can be supported
by the PON employing the PAM-4 modulation. Although a 1:32 splitting ratio might not be feasible
due to high insertion loss of such a splitter, it provides the optical power budget of 23 dB. Therefore,
the considered IM/DD PON alternatives together with digital signal equalization has the potential to
ensure the sustainability for future PONs with line rates well beyond 25 Gbps in the access segment of
optical networks.
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Abstract— Third generation fiber-to-the-x (FTTx) will introduce wavelength division multi-
plexing (WDM) technology to increase data rates up to 40 Gbit/s, as well as coexist with current
communication systems. WDM passive optical network (WDM-PON) based fiber-to-the-home
(FTTH) system architecture together with the Next-generation passive optical network (NG-
PON) can provide solution related to nowadays problems with transmission capacity. It is
expected that NG-PON systems will become more cost-efficient at high per user data rates,
providing different transmission speeds for end users, based on pay-as-you-grow approach. In
this paper, our introduced system model is used to obtain WDM-PON system effectiveness for
different data rates of up to 32 Gbit/s per downstream transmission channel. We created com-
bined simulative-experimental WDM-PON transmission system model in environment of RSoft
OptSim simulation software to compare the performance of non-return-to-zero (NRZ) on-off-
keying (OOK) modulated PON transmission system versus transmission bitrate and distance.
Results showed that proposed transmission system is capable to provide data transmission of up
to 32 Gbit/s per channel with BER < 1073, if additional forward error correction (FEC) is used.
Additionally, to increase the reach of investigated system, fiber Bragg grating-based dispersion
compensation module (FBG-DCM) is implemented, therefore enabling full pre-compensation of
chromatic dispersion.

1. INTRODUCTION

The newest technologies (e.g., 4K/8K television, virtual and augmented reality, etc.) and fast-
growing number of end-users require higher bandwidth. Accordingly, wavelength division multi-
plexed passive optical access networks (WDM-PONSs) can be offered as the best solution to modern
capacity related problems and support high data rates providing large distance coverage between
network nodes to keep up with the increasing demand of traffic [1,2]. Wavelength division multi-
plexing (WDM) technique is a solution to deal with the Internet traffic by using the bandwidth of
optical fiber more effectively. It is considered as a definitive solution for future telecommunication
infrastructure upgrade, which is able to provide almost unlimited bandwidth to each subscriber.
WDM-PON based fiber to the home (FTTH) system architecture can compete with the Next gen-
eration passive optical network (NG-PON) solution related to current problems of transmission
capacity [3,4].

It is critical to increase further the operating speed and maximal reach of WDM-PON in a
cost-effective manner. The request for faster, low loss and cost-effective optical communication
system must be fulfilled. Chromatic dispersion (CD) is a fundamental problem in optical transport
networks [5]. The distortion of the signal leads to intersymbol interference, which eventually will
result in data losses and traffic interruption. In order to protect the signal from losses and affection
of CD during transmission in optical fiber, appropriate technique by dispersion compensation based
on fiber Bragg gratings (FBG) can save costs as well as meet the technical requirements needed
to facilitate higher data rate optical transport network [6]. The main advantage using fiber Bragg
grating (FBG) dispersion compensation module (DCM) is low insertion loss and greater power
capacity without introducing additional non-linear signal effects. They have become a key factor,
along with EDFA amplifiers increasing the reach and capacity of broadband fiber optics transport
networks [7,8]. In this paper, our introduced system model is used to obtain the system perfor-
mance for different operating data rates of up to 32 Gbit/s per downstream transmission channel.
To fulfill Internet traffic requirements, using cost-effective solutions, the investigation of maximal
transmission reach for higher data rates using fiber Bragg grating dispersion compensation module
(FBG-DCM) is required [9]. We are going to compare the system performance of non-return-to
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zero on-off keying (NRZ-OOK) modulated PON transmission system using erbium-doped fiber am-
plifier (EDFA) and (FBG-DCM), to provide sufficient input power at the photoreceiver in order to
increase transmission distance by obtaining high system performance [10, 11].

2. EXPERIMENTAL NRZ-OOK MODULATED WDM-PON PASSIVE OPTICAL
TRANSMISSION SYSTEM MODEL WITH DATA RATE UP TO 32 GBIT/S

The purpose of our research model was to evaluate performance of our investigated 100 GHz spaced
WDM-PON transmission system with most often used transmission speeds of up to 32 Gbit/s per
channel and obtain the maximum reach of the system with chromatic dispersion CD compensation,
under condition that it is still possible to achieve forward error correction pre-(FEC) BER of 1073,
In our previous research it is numerically shown that CD compensation can improve the perfor-
mance and maximal available reach of WDM-PON system, therefore in our research we show results
with FBG-DCM dispersion compensation technique [5]. Firstly we have experimentally shown sin-
gle channel passive optical network (PON) performance after 80 km transmission through standard
single-mode fiber (SSMF) span, with additional use of implemented dispersion compensation mod-
ule FBG-DCM. Secondly additional effect of crosstalk is obtained with simulative-experimental
model. The purpose of experimental section was to observe experimental system physical parame-
ters and impact of used components, therefore properly adjusted 16-channel WDM-PON transmis-
sion system model was created in newest RSoft OptSim simulation software.

The experimental system part is represented in Fig. 1. The output of laser source with 8.49 dBm
output power at A = 1552.605nm is connected to the Mach-Zehnder modulator (MZM) input.
Polarization controller (PC) is placed before the MZM to reduce polarization dependent losses.
An MZM (bias point 3.14V) is driven at data rates of 10 Gbit/s up to 32 Gbit/s by a 2° long
pseudo-random bit sequence (PRBS9) non-return-to-zero (NRZ) signal from electrical arbitrary
waveform generator (AWG). The modulated output from the MZM is being amplified by fixed
output power (fixed +10dBm output power) erbium doped EDFA. Then 100 GHz spaced arrayed
waveguide grating (AWG) multiplexer is used to filter out particular optical channel.

~ (@) tlaolru-Op ical Conversion 12 Nwmaumg £
components: Mux&De-Mux and FBG
| (c) SSMF fiber spools, (d) leloduudc

CW. Continuous wavelength laser source, PC. polanzalnon wntroller MZM Mach-Zanncer moﬂula.o( AWG arbitrary waveform generator, EA:
alecirical amplifier, EDFA: erbium-doped fiber amplifier, FBG-DCM: fibar Bragg glabn& dispersion compensalion module, SSMF: slandart single mode
fiber, VOA: variable oplical altenuator, PS: power spliller, PM: optical power meler, PIN: photodiode, DSO: digilal slorage oscilloscope.

- 16 WDM channels - CD compensalion with FBG-DCM - Oplical line length L = 40/80 km and -« Transmission speed per channel
+ NRZ coding « Channel spacing Af = 100 GHz = (maximal achievable distance) R =10, 20, 25, 28, 32 Gbil's

Figure 1. Experimental model of NRZ-OOK modulated up to 32 Gbit/s per channel WDM-PON optical
transmission system.

The output of multiplexer is connected to the input of second EDFA with fixed +14dBm
output power and transmitted through 80km long ITU-T G.652 rec. standard SMF section with
additional CD pre-compensation by tunable FBG-DCM, which has 3 dB insertion loss at 1550 nm
wavelength. After ODN transmission part the 100 GHz spaced AWG de-multiplexer is connected
through a variable optical attenuator (VOA). Afterwards, the VOA is used to measure the system
performance later show in figure 2 (BER versus received optical power). The output of AWG de-
multiplexer’s central channel (193.1 THz) is connected to 50 GHz photodetector (PIN). Detected
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electrical signal is send to a digital storage oscilloscope (DSO) to analyze signal — display the eye
diagrams and perform BER measurements.

Investigated WDM-PON transmission system together with dispersion compensation was con-
structed to obtain effect of crosstalk in terms of transmission speed and maximum transmission
reach for each appropriate operating data rate as well.

As one can see in Fig. 1 our investigated WDM-PON simulation scheme consists of 16 channels.
The channel spacing according to ITU-T G.694.1 rec. is chosen 100 GHz and the central frequency
of middle channel is 193.1 THz (A = 1552.524 nm), which is based on experimentally used one [12].

According to PON architecture, our proposed simulation model central office (CO) consists
of optical line terminal (OLT) with sixteen transmitters (OLT_-Tx) as it is shown in the Fig. 1.
Each particular OLT_Tx transmitter based on widely used NRZ line code consists of a data source
element with 2° long pseudo random bit sequence (PRBS9) connected to NRZ driver. Coded
electrical output signal is directly sent to MZM providing electrical to optical signal conversion.
Continuous wavelength (CW) laser with +8.49dBm output power was used for each particular
transmitter.

Optical signals from each OLT Tx are coupled together by using optical AWG multiplexer
with 100 GHz channel spacing, 3.5 dB insertion loss at 1550 nm wavelength and 3-dB bandwidth of
80 GHz. Afterwards coupled signals are amplified by fixed output power (fixed +14 dBm output)
EDFA.

According to ITU-T G.989.2 Next generation PON standard (NG-PON2) definition of opti-
cal distribution network ODN length, we have chosen 40km and twice larger 80 km optical fiber
transmission distances [13]. An ITU-T G.652 optical fiber SMF with 17 ps/(nm x km) dispersion
coefficient and 0.2 dB/km insertion loss (at 1550 nm reference wavelength) was used in our research.
CD pre-compensation by FBG-DCM is realized for coupled channels before launching them into
transmission through transmission fiber span. Additional attenuator with 3 dB attenuation is used
to implement FBG-DCM insertion loss.

After transmission through SMF optical transmission line, all optical channels are separated
by AWG de-multiplexer located in remote terminal (RT), with 100 GHz channel spacing, 3.5dB
insertion loss and 3-dB bandwidth of 80 GHz.

Receiver consists of optical network terminals (ONTs), where each receiver (ONT_Rx) consists of
50 GHz PIN photodiode based on experimentally used one, with sensitivity equal to +4 dBm, dark
current of 10nA and responsivity of 0.7 A/W [14]. The optimal 5-pole electrical Bessel low pass
filter (LPF) bandwidth was found for each operating bitrate based on the most successful system
performance. An electrical scope and BER estimator was used during simulations for measurements
of received signal bit patterns quality.

3. RESULTS AND DISCUSSION

The main purpose of this work is to evaluate maximum reach and performance of combined
simulative-experimental developed WDM-PON system model as well as evaluate the impact of
used optical, electro-optical and electrical components on the quality of transmitted signal in such
a system. Our research is divided in two parts: 1st experimental part, where we obtain limiting
factors of physical parameters and impact of components used in WDM-PON designed transmission
system model and 2nd part, investigation of simulation model with improved system capacity up
to 16 channels, allowing us to observe the effect of crosstalk and non-linear optical effects (NOE),
ete. [15].

The Fig. 2 shows experimentally obtained BER of transmitted signal with bitrate of up to
32 Gbit/s versus received optical power at PIN after 80 km transmission through ODN. The mea-
sured optical output power after transmission through 80km ODN length varied from —4.5 to
7.1dBm, where the BER of received NRZ-OOK signals was from 1.2 x 1072 to 1.4 x 10723,

In our research we used different operating data rates of up to 32 Gbit/s per channel for 100 GHz
spaced 16-channel wavelength division multiplexed WDM-PON passive optical transmission system.

The obtained BER of operating data rate of up to 32 Gbit/s for 100 GHz spaced 16-channel
WDM-PON transmission system in response to received optical power at PIN receiver is shown in
Fig. 3 in two different scenarios — with 40 and 80 km of SMF fiber length. Applying for shorter
transmission distances of ODN part we can decrease impact of NOE effects in optical fiber link.
In scenario with shorter fiber link length (40km), the gain of second used EDFA was reduced to
8 dBm respectively. The measured optical output power after transmission through 40 km ODN
part varied from —1.1 to 7.1 dBm, where the BER of received NRZ-OOK signals was from 2.2x 1072
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to 5.2 x 10720, please see Fig. 3(a). In such a way second scenarios with 40km SMF fiber ODN
link in response to received optical power is shown in Fig. 3(b), where measured optical output
power after transmission through 80km ODN length varied from —1.1 to 7dBm, where the BER
of received signals was from 2.2 x 1072 to 1.3 x 1071, respectively.
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Figure 2. Comparison of experimentally measured BER versus received optical power for investigated single
channel PON transmission system with bitrate of up to 32 Gbit/s with use of FBG-DCM module for ODN
length of 80 km.
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Figure 3. Comparison of measured BER versus received optical power with use of DCM module for ODN
length of (a) 40 km and (b) 80 km for investigated 16-channel WDM-PON transmission system at operating
bitrate up to 32 Gbit/s per channel.

As one can see in Figs. 4(al), 4(a2), 4(a3), 4(a4) and 4(a5) in B2B configuration the signal
quality for all operating data rates is good, eye is open and error-free transmission is provided.
As one can see in Figs. 4(b) and 4(c), after 80km transmission in experimental and simulative
environment, the obtained simulative-experimental results are mainly similar, therefore we conclude
that it is possible to increase system capacity up to 16 channels for evaluation of transmission system
performance.

We have demonstrated performance comparison for investigated 100 GHz spaced 16-channel
WDM-PON transmission system with transmission of operating data rates per channel of up to
32 Gbit/s thought ODN part, with different lengths of 40 and 80 km SMF fiber spans, please see
Fig. 5. Additional losses in optical fiber line and effect of crosstalk and NOE on transmitted signals
for longer distances of 80 km lead to performance decrease of 100 GHz spaced 16-channel WDM-
PON transmission system, where the BER at operating 10 Gbit/s data rate per channel of received
signal (worst performing channel) was 1.3 x 10719, please see Fig. 5(b1). After decreasing ODN
length to 40km, from obtained results we conclude that crosstalk and NOE effects are reduced
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significantly, where the BER of channel with worst performance operating at 10 Gbit/s data rate
was 5.2 x 10729 please see Fig. 5(al). As one can see in Figs. 5(a5) and 5(b5), after transmission
through ODN fiber length defined distances as 40 and 80km the BER at operating 32 Gbit/s data
rate per channel of received signals was 1.1 x 107'% and 1 x 10~ 4, respectively.
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Figure 4. Eye diagrams of experimentally received signal: (a) after B2B transmission, (b) analyzed in OptSim
simulation software environment after 80 km transmission with use of FBG-DCM module and (c) after 80 km
transmission with use of FBG-DCM module for investigated PON transmission system with operating data
rates of: (1) 10 Gbit/s (2) 20 Gbit/s, (3) 25 Gbit/s, (4) 28 Gbit/s, (5) 32 Gbit/s per channel.

The purpose of this last section was to evaluate numerically the performance of NRZ-OOK mod-
ulated 100 GHz spaced 16-channel WDM-PON system together with implementation of dispersion
compensation and find the maximum network reach per each operating bitrate. As mentioned
beforeé the BER threshold in our investigated transmission system with assumed additional FEC
is 107°.

By using FBG-DCM dispersion compensation technique, the maximum achievable transmission
distance for the system operating at bitrates of 25, 28 and 32 Gbit /s per channel was 105 km, where
the BER of received signal was 3.9 x 1074, 9.9 x 10~* and 7.5 x 107%, please sce Figs. 6(c), 6(d)
and 6(e). As it is shown by simulation results with 10 Gbit/s operating data rate per channel
for investigated 100 GHz spaced 16-channel WDM-PON transmission system, maximum achievable
transmission distance was 109 km, where the BER of received signal was 8.1 x 1074, please see
Fig. 6(a). The second best result with 106 km maximal achieved transmission distance was with
operating data rate of 20 Gbit/s per channel, where the BER of received signal was 9.4 x 1074,
please see Fig. 6(b).
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Figure 5. Eye diagrams of experimentally received signal with use of FBG-DCM module, (a) after 40 km
transmission and (b) after 80km transmission for investigated 16-channel WDM-PON transmission system
at operating bitrate of: (1) 10 Gbit/s (2) 20 Gbit/s, (3) 25 Gbit/s, (4) 28 Gbit/s, (5) 32 Gbit/s per channel.
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Figure 6. Eye diagrams of received signal after maximal achieved transmission distance with dispersion
compensation by FBG-DCM module and operating bitrate of: (a) 10 Gbit/s (b) 20 Gbit/s, (c) 25 Gbit/s,
(d) 28 Gbit/s, (e) 32Gbit/s per channel for 4-channel 100 GHz spaced NRZ-OOK modulated WDM-PON
transmission system.

4. CONCLUSIONS

Nowadays it is expected that WDM-PON will become more cost-efficient at high per user data
rates. We have successfully demonstrated the operation of WDM-PON transmission system with
most typical operating bitrates of up to 32 Gbit/s per channel, by using technical parameters
from datasheets of optical, electro-optical and electrical system components. Afterwards, basis on
experimental data, we developed extended 16-channel simulation model in RSoft OptSim simulation
environment. Our investigated 100 GHz spaced 16-channel WDM-PON transmission system model
is realized in simulation environment and established on traditionally used dense WDM frequency
grid according to ITU-T G.694.1 recommendation. Initial ODN section is developed in line with
Next-generation (NG-PON2) ITU-T G.989.2 requirements, therefore using the transmission optical
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fiber span lengths of up to 40 km. Although, to test the system’s capability, twice longer ODN fiber
section experimentally was realized as well, with length of 80km and finally implemented in our
proposed 16-channel WDM-PON transmission system model, as well along with additional EDFA
amplifier located in CO. It was shown that maximal achievable transmission distance with operating
data rate of 32 Gbit/s per channel and use of FBG-DCM for dispersion compensation in 100 GHz
spaced NRZ-OOK modulated 16-channel WDM-PON transmission system is 105km, where the
BER of received signal was 7.5 x 1074,
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Abstract—The exponential growth of data traffic related to
the progress of newest technologies (e.g., 4K/8K live stream
videos, virtual reality (VR) applications, etc.), new services, and
a fast-growing number of end-users require higher bandwidth
and increase of user bitrate, as a result pushing hard the
telecommunication infrastructure for upgrading. Expected
usage of more complex modulation formats in fiber optical link
infrastructure for cellular network transmission and data
center interconnections (DCI) are still affected with
fundamental chromatic dispersion influence on the signal
quality, which consequently increases bit error rate (BER). We
experimentally demonstrate a real-time comparison of
commercially used dispersion compensation techniques for
100 GHz spaced dense wavelength division multiplexed
(DWDM) optical transmission system with a total transmission
speed capacity of 160 Gbit/s.

Index Terms—Dense wavelength division multiplexing
(DWDM); Chromatic dispersion (CD); Fiber Bragg grating
dispersion compensation module (FBG-DCM); Dispersion
compensation fiber (DCF); Non-return-to-zero on-off keying
(NRZ-OOK).

I. INTRODUCTION

The newest technology trends being transformed by
technology in a variety of ways of next-decide fulfilled by
consumer-driven data consumption eventually lead to
unprecedented pressures for fiber optical metro, i.e. long-
haul networks. With the massive deployment of coherent
optical fiber transmission systems at 100 Gbit/s in backbone
networks, the pressure has shifted to the metro networks.
Communication infrastructures of the next decade will be
based on the integration of information and communication
technologies (ICT) to optimize the efficiency of operations
and large-scale deployment of connected and automated
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mobility (CAM), cloud computing, wireless sensor
networks, e.g., large scale next-generation cellular network
coverage connections provide possibility in urban areas [1]-
[3]. The evolution towards higher bitrates is mainly driven
by the point-to-point (P2P) Fiber-to-the-home/building
(FTTh/b) and wireless fronthaul, e.g., new mobile interfaces
for fifth-generation (5G), where 25 Gbit/s could be needed
soon for either backhauling or new functional split based
interfaces [4]-[6].

Intensity modulation with direct detection (IM-DD)
transmission technique is preferred due to its advantages of
low cost and easy implementation, where chromatic
dispersion (CD) induced power fading is one of the key
limiting factors in IM/DD transmission systems [2], [7], [8],
[9]. Chromatic dispersion CD is possible to compensate in
the both optical and electrical domains. Depending on the
optical domain dispersion profile, the effects of CD can be
either removed locally by fiber Bragg grating (FBG) or can
be compensated throughout the dispersion-compensating
fiber (DCF) [3], [7].

In our previous research, we concluded that intensity non-
return-to-zero on-off keying (NRZ-OOK) modulation
format, as well as 4-level amplitude modulation PAM-4
modulation format, which has higher spectral efficiency and
potentially can provide higher data transmission speeds in
fiber optical networks with limited bandwidth, are still
affected with the chromatic dispersion (CD), which is one of
the main distance-limiting factors [10], [11]. In particular,
the most common solution due to a cost-effective way is re-
use the already developed and used commercially available
components operating at 10 Gbit/'s PONs (10G PON)
technology for the desired NG-PONs at least increases
bitrates for 25 Gbit/s either 40 Gbit/s per channel [12].

The main purpose of this work is to evaluate the
performance of experimentally developed dense wavelength
division multiplexed DWDM transmission system and
compare the most often used CD compensation techniques.
To protect signals and avoid dispersion effects during their
transmission, two widely commercially implemented
dispersion compensation techniques are experimentally
shown: CD compensation based on fiber Bragg grating
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(FGB) dispersion compensation module (DCM) and
compensation based on dispersion compensation fibers
(DCEF). Finally, the influence of the nonlinear effects (NOE)
causing signal distortion in DCF optical fiber is analysed
[11], [13]. The experimental 4-channel DWDM optical
transmission system model is used to evaluate system
effectiveness for different bitrates of up to 40 Gbit/s per
wavelength and compare widely used techniques of CD
post-compensation in terms of received signal quality, e.g.,
bit-error-ratio (BER) and eye diagrams [14]. The total
transmission capacity of the investigated DWDM system is
up to 160 Gbit/s.

II. EXPERIMENTAL SETUP OF DWDM C-BAND
TRANSMISSION SYSTEM

Through the development of experimental 100 GHz
spaced dense WDM optical system, we compared most often
used dispersion compensation CD techniques and obtained
system performance indicators at operating bitrate of up to
40 Gbit/s per channel under the condition that is still
possible to achieve BER threshold of 107 with the 7 %
Forward Error Correction (FEC) overhead [9], [11], [13].

Experimentally we have shown chromatic dispersion CD
compensation technique’s effectiveness with the use of
implemented fiber Bragg grating dispersion compensation
module (FBG-DCM) and dispersion compensating fiber
(DCF) for 4-channel 100 GHz spaced dense NRZ-OOK
modulated WDM optical transmission system after 40 km
transmission through standard single-mode fiber (SSMF)
span. A more detailed description of both techniques is

given in Section IV. The experimental system part is
depicted in Fig. 1. The output of four continuous-wave
(CW) laser sources with channel spacing of 100 GHz with
related 10 dBm output power for each particular source are
coupled together by 100 GHz spaced arrayed waveguide
grating (AWG) multiplexer/de-multiplexer [15]. Polarization
controllers (PCs) are placed before the multiplexer to reduce
the polarization-dependent loss of each laser source. The
output of AWG is connected to the input of the external
Mach-Zehnder modulator (MZM). MZM (bias point 3.14 V)
is driven at bitrates from 20 Gbit/s up to 40 Gbit/s by a 2'!
long pseudo-random bit sequence (PRBS11) non-return-to-
zero (NRZ) signal from Keysight M9502A electrical
arbitrary waveform generator (EAWG).

The modulated output from the MZM is connected to the
de-correlation module through a monitoring splitter (PS1)
for measurements of the optical spectrum by Advantest
Q8384 optical spectrum analyzer (OSA). A more detailed
description of this module is given in Section III. The output
of the de-correlation module with four separated and delayed
WDM channels is amplified by the first erbium-doped fiber
amplifier (EDFA) with fixed output power (+23 dBm) and
transmitted through 40 km long ITU-T G.652 standard
SSMF fiber span with dispersion coefficient 17.15 ps/(nm x
km), dispersion slope 0.096 ps/nm?, and 0.27 dB/km
attenuation coefficient (at A 1550 nm reference
wavelength). The monitoring splitters, (PS3) after
transmission through? SSMF fiber before dispersion CD
post-compensation and (PS4) after CD post-compensation
for optical spectrum measurements, are used as well.

cw-4

DSO
=

7000

¥/

Dispersion
compensation

EDFA
—

OSA

(a) CW Laser sources, (b) Electro-Optical Conversion,
(c) De-correlation module, (d) SSMF fiber spool

(e) Dispersion compensation unit: DCF & FBG,

(f) EDFA amplifier & VOA, (g) Photodiode and DSO

OSA

Electrical path
Optical path
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CW: Continuous wavelength laser source, PC: polarization controller, EAWG: electrical arbitrary waveform generator, EA: electrical amplifier,
MZM: Mach-Zehnder modulator, PS: power splitter, OSA: optical spectrum analyzer. EDFA: erbium-doped fiber amplifier. SSMF: standart single
mode fiber, FBG-DCM: fiber Bragg grating dispersion compensation module, DCF: dispersion compensating fiber, VOA: variable optical
attenuator, PM: optical power meter, PIN: photodiode, DSO: digital storage oscilloscope.

«4 WDM channels

. CD compensation: FBG-DCM & DCF
- NRZ coding

. Channel spacing Af = 100 GHz

. Optical line length L = 40km

line - Transmission speed per channel
- Transmission over: C-band

R =20, 25, 28, 32, 40 Gbit/s

Fig. 1. Experimental setup for comparison of effectiveness of dispersion compensation techniques in 4-channnel NRZ-OOK modulated DWDM optical

transmission system with total transmission capacity of up to 160 Gbit/s.
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The CD post-compensation is consecutively investigated
by using:

1. Tunable fiber Bragg grating dispersion compensation

module FBG-DCM, which has 3.5 dB insertion loss at A =

1550 nm wavelength, dispersion coefficient of

680 ps/(nm x km);

2. Dispersion compensation fiber (DCF) spool with a

length of 5.684 km, which has 4.75 dB insertion loss (at A
1550 nm reference wavelength) with dispersion

coefficient of -686.76 ps/nm/km, and -2.48 ps/nm’

dispersion slope was used as well.

After transmission thought SSMF fiber span and CD post-
compensation, the 100 GHz spaced AWG de-multiplexer is
connected to the second EDFA with fixed +10 dBm output
power. The output of the EDFA amplifier is connected to
50 GHz photodiode (PIN) with sensitivity equal to +4 dBm
for BER of 107'2, the dark current of 10 nA and responsivity
of 0.8 A/W through a variable optical attenuator (VOA). The
received signal is sampled by Keysight DSAZ334A digital
storage oscilloscope (DSO) with 33 GHz analogue
bandwidth operating at 80 GSa/s for measurements of
received signal bit patterns quality (e.g., eye diagrams) and
BER [16].

III.  WAVELENGTH DIVISION MULTIPLEXED (WDM)
CHANNEL SEPARATION AND DELAY WITH THE USE OF A DE-
CORRELATION TECHNIQUE

In our research, to increase the capacity of the
experimental communication system and observe the effects
of crosstalk, we increased the number of WDM channels by
implementing a symmetrical adaptive de-correlation (SAD)
method, which has also been used in other research works

[17]. MZM modulator used in our experimental transmission
system is driven at bitrates from 20 Gbit/s up to 40 Gbit/s by
a 2''-1 long pseudo-random bit sequence NRZ signal from
an electrical arbitrary waveform generator (EAWG).

The outputs of four laser sources with a spacing of
100 GHz are coupled together by AWG multiplexer and sent
to the MZM input. After MZM output, four 100 GHz spaced
modulated optical channels are being separated with the de-
correlation module, which consists of (1) (see Fig.2)
100 GHz spaced AWG de-multiplexer, (2) (see Fig. 2) SMF
optical fiber spans with different length, and (3) (see Fig. 2)
optical coupler. After separation of modulated optical
signals, the optical SMF fiber spans with different lengths
are used for time delay, where 1 meter long optical fiber
span is used for the second channel, 2 meters and 3 meters
long SMF spans are used for third and fourth separated
WDM channels, respectively. The first output of 100 GHz
spaced AWG de-multiplexer is connected directly to the
coupler. After each optical channel has been de-correlated,
optical coupler for further data transmission combines all
channels.

Each transmitted bit length of the optical fiber according
to the used bitrate is calculated by the following equation,
where SMF fiber core refraction index is 1.4682 at A =

c

1550 nm wavelength
L=T x[ Jx 100,
n

where L is fiber length for 1 bit (cm), T - bit duration (s), C -
light speed in vacuum (km/s), and ng - optical fiber effective
group index of refraction.

M

9

According to the bitrate (from 20 Gbit/s up to 40 Gbit/s)
of the NRZ-OOK signal, the optical path length of 1 bit is

J Z

_ 4 S
Fig. 2. Setup of de-correlation module: (a) experimentally created; (b) schematics of channel separation principle, where such optical components are used:
(1) 100 GHz spaced AWG de-multiplexer, (2) SMF optical fiber spans, (3) 1x8 optical couplers.

TABLE II. PRBS11 DELAY IN BITS FOR TRANSMISSION SYSTEM
BY USE OF DE-CORRELATION TECHNIQUE.

h . 1 Experimentally used bitrate Gbit/s
shown in Table I. Bitrate (Gbit/s) 20 | 25 | 28 | 32 | 40
PRBS delay
TABLE 1. OPTICAL PATH LENGTH FOR 1 BIT OF TRANSMISSION. (bits) 98 122 | 137 | 157 | 196
CH2
Bitrate (Gbit/s) 20 25 28 32 40 % of total ) , . ) y
e oo PRBS length 5% 6% 7% 8% 10 %
iber length for 1 bi PRBS dela;
transmission (cm) 102 0.81 0,72 0,63 0.51 (bits) Y 196 245 274 313 392
% of total CH3 o o o o o
. PRBS lensth 10% | 12% [ 13% | 15% | 19%
The each separated modulated NRZ-OOK signal based on PREBS ;"lg'
. . . ela’
the used de-correlation technique accordingly by the used (bits) Y 294 | 367 | 411 | 470 | 587
bitrate per channel with PRBS11 sequence has a constant D CH3
prate p d 7 of total 14% | 18% | 20% | 23% | 29%
bit-stream delay (Table II). PRBS length
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IV. EVALUATION OF CHOSEN DISPERSION COMPENSATION
TECHNIQUES

Different chromatic dispersion CD compensation methods
are used for wavelength division multiplexed (WDM)
optical transmission networks, such as for passive optical
access networks (PONs). The most commonly used CD
compensation techniques for optical transmission networks
are realized with Fiber Bragg grating (FBG), dispersion
compensation  fiber (DCF), electronic  dispersion
compensation (EDC), digital filters, and optical phase
conjugator (OPC) [18]. Widely used FBG and DCF CD
compensation methods are considered for comparison in our
research. Implementation of FBG and DCF post-
compensation in experimental DWDM 100 GHz spaced
optical transmission system shows the relevance of system’s
performance depending on the used CD compensation
technique.

Next-generation (NG) dense wavelength division
multiplexed (DWDM) optical transmission systems will deal
with the rising bandwidth needs of backbone optical
transport networks. With the use of narrow spacing
according to ITU-T G.654.2, the definition of flexible grids
between wavelength bands will increase the number of
optical channels and enable bitrates of several Terabits per
second (Tbps) in a single optical fiber [4]. Nowadays,
optical transmission systems are developed for laser-light
wavelengths in the C-band, and later in the L-band
leveraging the wavelengths with the lowest attenuation rates
in optical fibers. The use of optical amplification methods is
a key enabling technology for WDM systems, which might
use many wavelengths at the same time. Several
amplification methods are used for enhancing signals of
WDM transmission systems. Therefore, widely erbium-
doped fiber amplification EDFA technology is conventional
for more common use in C-band (1530 nm to 1562 nm).
Thereby, it is introduced in our investigated experimental 4-
channel 100 GHz spaced NRZ modulated DWDM optical
system [13]. Chromatic dispersion CD is a fundamental
problem in optical networks related to broadening light
pulses as they travel through the optical fiber. The
propagation characteristics of each wavelength depend on
the optical fiber glass refractive index of the medium and on
the non-linearity of the propagation constant. Eventually, it
will result in a distortion of the signal, which leads to inter-
symbol interference (ISI) begin to overlap causing the bit
error rate to increase. To protect the optical signals from the
affection of CD during transmission in our investigated 4-
channel 100 GHz spaced NRZ modulated DWDM optical
system, the comparison of appropriate CD post-
compensation techniques located at remote terminal (RT)
section under NG-PON2 mentioned requirements are
discussed [11], [14].

In the first scenario, we realize dispersion post-
compensation based on fiber Bragg gratings (FBG) tunable
dispersion compensation module (DCM) designed for use of
compensation for all channels across the entire C-band
enabling to apply for 100 GHz channel grid with the
bandwidth of 100 GHz for current WDM channel. The main
advantage is low insertion loss of 3.5 dB and greater power
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capacity without introducing additional non-linear signal
effects (NOE).

Secondly, we introduce dispersion post-compensation
based on dispersion compensating fiber DCF, which is being
used previously, as well as extensively used for optical fiber
links operating at a 1550 nm band. The longer wavelengths
will travel slower than the smaller wavelengths of the pulse
in case of SMF fiber comparatively to dispersion
compensating fiber manufactured for telecom wavelengths.
In such a case of DCF, the longer wavelengths will travel
faster than the shorter wavelengths and the pulse will tend to
reshape itself into its original form. To determine the exact
dispersion coefficient for the standard single-mode optical
fiber used in the experimental part and find out the necessary
length of DCF fiber spool for total accumulated dispersion
compensation, we previously performed CD and optical
time-domain (OTDR) measurements with EXFO FTB-500
for SSMF fiber span. We prepare OTDR measurements for
experimentally used SMF fiber span to clarify the optical
link section match of our experimental 4-channel 100 GHz
spaced NRZ modulated DWDM system to ITU-T G.989.2
recommendation defined optical distribution network ODN
length. In our experimental optical transmission system, the
second EDFA was used in terms to satisfy the input optical
power level of high power InGaAs 50GHz PIN
photoreceiver. In such case under high-speed up to 40 Gbit/s
WDM transmission systems conditions, where post-
amplification is not required, as PIN photo receiver’s
avalanche photodiode (APD) with a much lower input power
level is used [16]. According to verified measurements, we
conclude that the length of our experimentally used SSMF
fiber span is 42.13 km with 11.49 dB total insertion loss.
The obtained OTDR graphs of the results are not included in
this paper. The experimentally measured SMF fiber span
chromatic dispersion coefficient and total chromatic
dispersion depending on bandwidth in telecommunication S,
C, and L transmission bands (Fig. 3). As one can see in
Fig. 3, the standard single-mode optical fiber span measured
dispersion coefficient and total dispersion at reference
wavelength A = 1550 nm is 17.15 ps/(nm x km) and

688.71 ps/nm at dispersion slope of 0.096 ps/nm?,
respectively.

The most suitable DCF optical fiber span was selected to
perform  the  necessary  accumulated  dispersion

compensation. Afterward, after the most appropriate choice,
we prepare optical domain OTDR measurements to latest
calculate achieved DWDM system’s optical link sections
length. According to verified OTDR measurements, we
conclude that the length of our experimentally used
dispersion compensating fiber spool is 5.68 km with 4.75 dB
total insertion loss of 0.83 dB/km. Experimentally obtained
dispersion compensating fiber spool CD coefficient and total
chromatic  dispersion depending on bandwidth in
telecommunication S, C, and L transmission bands (Fig. 4).
As one can see in Fig. 4, the DCF fiber spool measured
dispersion coefficient and total dispersion at reference
wavelength A = 1550 nm is -123.06 ps/(nm x km) and -
697.82 ps/nm at -2.48 ps/nm? dispersion slope, respectively.
DCEF fiber gives us the opportunity to increase the length of
our 4-channel 100 GHz spaced DWDM optical transmission
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system for an additional 5.68 km or extra 13.5% and
achieve the maximum DWDM system’s link length of

47.81 km.
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Fig. 3. Experimentally measured SMF fiber span: (a) chromatic dispersion coefficient and (b) total chromatic dispersion depending on bandwidth and

wavelength used.
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Fig. 4. Experimentally measured DCF fiber spool: (a) chromatic dispersion coefficient and (b) total chromatic dispersion depending on bandwidth and

wavelength used.

V. RESULTS AND DISCUSSION

In our research, we implemented experimentally two
different CD compensation techniques to observe the quality
of the received signal and obtain limiting factors of physical
parameters, the impact of used components, such as fiber
Bragg grating dispersion compensation module (FBG-DCM)
and widely used dispersion compensating fiber allowing us
to observe additional non-linear optical effects (NOE).

According to next-generation (NG-PON2) ITU-T G.989.2
rec. requirements, we extend the SSMF link section up to
40 km [4]. Results are obtained in two different scenarios: 1%
by use of fiber Bragg grating DCM and 2" with the use of
dispersion compensating fiber DCF for total dispersion
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compensation of 688.71 ps/nm. Figure 5 shows
experimentally obtained BER of transmitted NRZ-OOK
signal with a bitrate from 20 Gbit/s up to 40 Gbit/s per
channel versus received optical power at 50 GHz PIN
photoreceiver. The measured optical output power after
transmission through a 40 km fiber link section with FBG-
DCM post-compensation varied from -0.21 dBm to
6.8 dBm, where the BER of received signal was from 5 x
102 to 1 x 107, In such a way, the second scenario with
DCF post-compensation, where measured optical output
power after transmission through 47.81 km fiber link section
(SMF + DCF length) varied from —1.65 dBm to 6.8 dBm,
the BER of received signals was from 5.8 x 1072 to 9.73 x
107'2, respectively.
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transmission system.

As one can see in Fig. 6(a), the 4-channel 100 GHz
spaced NRZ modulated and de-correlated optical signals
spectrum before launching into a 40 km long SSMF fiber
span of DWDM optical transmission system, which is driven
by one Mach-Zehnder modulator MZM and operating at a
bitrate up to 40 Gbit/s per channel, are shown. Ensuring
difference of received optical signals firstly after
transmission through 40 km long SSMF fiber span and
secondly after use of DCF dispersion post-compensation for

correlated DWDM transmission system (Figs. 6(b) and
6(c)). We conclude that the optical spectrum after the FBG-
DCM post-compensation module has only impact depending
on FBG module physical bandwidth limitations with
independent 3.5 dB insertion loss at the reference
wavelength A 1550 nm. Therefore, optical signals
spectrum after transmission through 40 km long optical fiber
link section with the use of FBG-DCM post-compensation is
not shown.
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Fig. 6. Optical spectra: (a) after B2B transmission through SSMF fiber; (b) after 40 km transmission through SSMF fiber; (c) after 40 km transmission
through SSMF fiber with use of dispersion compensation by DCF for multiplexed 4-channel NRZ modulated DWDM optical transmission system at

bitrates of up to 40 Gbit/s per channel.

Therefore, we conclude that the optical spectrum after
direct transmission through a 40 km SSMF fiber span and
after transmission with the use of DCF post-compensation
additionally extending the total length of the optical link
section up to 47.81 km has significant changes. Applying for
use of DCF post-compensation for our 4-channel 100 GHz
spaced NRZ modulated DWDM transmission system, the

90

received optical signals are mainly affected by the impact of
NOE effects. The Four-Wave Mixing (FWM) generating
interactions between the information signals and the fiber
medium occurs in the case of WDM systems, where the
wavelength channel spacing is very close to each other. The
reason for that is the input optical power of a DCF fiber,
which exceeds a certain value optical power density in the



ELEKTRONIKA IR ELEKTROTECHNIKA, ISSN 1392-1215, VOL. 26, NO. 2, 2020

fiber core and becomes excessively high because the
effective cross-sectional area of the fiber is only Acy =
20 um? triggering the non-linear polarization of fiber
materials. Changes in the decrease of received optical power
level before PIN photoreceiver applying for use of
dispersion compensation fiber have explained by the impact
due to fiber insertion loss 0.83 dB/km at the reference
wavelength A = 1550 nm.

As one can see in Fig. 7, the experimentally received
signal after 40 km transmission through SSMF optical fiber
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a.
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section (a)

link with dispersion compensation by (a) fiber Bragg grating
dispersion compensation module (FBG-DCM) and (b) by
dispersion compensation fiber (DCF) for investigated NRZ
modulated 4-channel 100 GHz spaced DWDM optical
transmission system at operating bitrates of up to 40 Gbit/s
per channel is good, eye is open, and error-free transmission
is provided. In our research, we show received signal with
the worst BER performance for the 2" channel, where the
highest impact of crosstalk is observed compared to other
WDM channels in the current transmission system.
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Fig. 7. Eye diagrams of experimentally received signal after 40 km transmission trough SSMF fiber with dispersion compensation by (al—a5) fiber Br

agg grating dispersion compensation module (FBG-DCM), (b1-b5) dispersion compensation fiber (DCF) for investigated NRZ-OOK modulated 4-channel
100 GHz spaced DWDM optical transmission system at bitrates of 20 Gbit/s, 25 Gbit/s, (3) 28 Gbit/s, (4) 32 Gbit/s, and (5) 40 Gbit/s per channel.

We have demonstrated performance comparison for 4-
channel 100 GHz spaced NRZ modulated DWDM
transmission system at operating total capacity up to
160 Gbit/s over 40 km SSMF fiber optical link with different
dispersion-compensating techniques. Additional insertion
losses in dispersion compensating optical fiber DCF line and
affection of NOE on transmitted signals lead to performance
decrease of our experimental 4-channel 100 GHz spaced
DWDM optical transmission system, where the BER at

operating 20 Gbit/s and 40 Gbit/s bitrate per channel of
received signal was 5.8 x 1072 and 1.27 x 10~ due to optical
power level on PIN photoreceiver -1.65dBm and
+2.36 dBm (see Figs. 7(b1) and 7(b5)).

After decreasing total optical link length by replacing
DCF and applying for fiber Bragg grating tunable DCM
module, from obtained results, we conclude that NOE effects
are reduced significantly, where the BER of operating at
20 Gbit/s and 40 Gbit/s bitrates per channel was 5 x 1072
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and 2.45 x 107 due to optical power level on PIN
photoreceiver -0.21 dBm and 3.3 dBm (see Figs. 7(al) and
7(a5)). As one can see in Fig. 7, comparison depending on
bitrate per channel from 20 Gbit/s up to 40 Gbit/s, with
previously discussed dispersion compensation techniques
implementation into our experimental 4-channel DWDM
optical transmission system, according to systems
performance, the received signal quality is shown (e.g., eye
diagrams of received bit patterns).

VI. CONCLUSIONS

The newest technology of the next decade fulfilled by
mobile and broadband services, e.g., large-scale latest-
generation cellular network coverage inter-connections and
data center interconnections (DCI), pushes hard
communication infrastructures to be optimized and
upgraded. Enabling the development of new technologies,
the choice of dispersion compensation technique plays a
critical role in high-speed fiber optical communication
system performance and the possibility to provide and
satisfy high demand bitrates for bandwidth-hungry end-
users. Nowadays, the problems of transmission capacity and
channel utilization are related to the correct choice of
modulation format, which is a key to enable higher spectral
efficiency and potentially provide higher data transmission
speeds through fiber optical networks with limited
bandwidth, where one of the physical main distance-limiting
factors is chromatic dispersion, which leads to inter-symbol
interference and distortion of the signal waveform.

The purpose of the experimental system created during
this research was to compare the effectiveness of such a
widely used chromatic dispersion compensation techniques
like fiber Bragg grating dispersion compensation module
(FBG-DCM) and dispersion compensating fiber (DCF). This
comparison was performed by implementing both techniques
into developed 4-channel DWDM transmission system
allowing to provide high bitrate transmission over 40 km
standard single-mode fiber line section reaching total WDM
system capacity of 160 Gbit/s under the condition that is still
possible to achieve commercial pre-FEC BER threshold 1 x
10 with 7 % FEC overhead being used.

Experimentally obtained data and implemented CD
compensation techniques showed that with the significant
increase of channel bitrate from 20 Gbit/s up to maximal
achievable bitrate - 40 Gbit/s per channel the performance
reduction was observed in 4-channel 100 GHz spaced
DWDM optical transmission system.

Depending on NRZ-OOK modulated signal bitrate, the
BER of the signal at the receiver at 20 Gbit/s and 40 Gbit/s
bitrates varied from 5 x 1072 to 1 x 107'° and 5.8 x 1072 to
9.73 x 107'? with CD post-compensation by FBG-DCM and
DCEF, respectively. When the FBG-DCM post-compensation
module was applied, we observed the negative filtering
effect of channelized FBG, which has physical bandwidth
limitations. Therefore, in our setup, DCF post-compensation
extended the total length of the optical link section more
than it was observed with FBG-DCM. Also, when DCF was
used for CD compensation, we observed the signal
degradation caused by NOE effects, such as FWM. In
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addition to DCF fiber losses, which reduce the optical power
output level, caused an adverse effect in terms of receiver
sensitivity, which depends on the targeted BER level and the
signal bitrate.
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Abstract: We experimentally demonstrate pre-emphasis based performance for a 2 km long 7-
core multicore fiber link. Simultaneous transmission below the FEC threshold is achievable for all

cores by using signal equalization in a FPGA.
OCIS codes: (060.2270) Fiber characterization; (060.2360) Fiber optics links and subsystems.

1. Introduction

As single-core single-mode fiber (SC-SMF) approaches its fundamental limit of 100 Tbps due to limitations from
amplifier bandwidth, nonlinear noise and fiber fuse phenomena [1], multicore fibers (MCFs) offer scaling of
transmission capacity through space division multiplexing (SDM). Apart from data communications, MCF
technology is also being considered for microwave photonics applications such as multi-cavity optoelectronic
oscillators [2], and signal processing [3], since it offers identical mechanical and environmental conditions for all
parallel cores. Several experimental results have been reported regarding the implementation of SDM in systems
with MCFs, including 109 Tbps in a 7-core fiber [4], 112 Tbps in a 7-core fiber [S], 305 Tbps in a 19-core fiber [6],
and 1.02 Pbps in a 12-core fiber [7]. Furthermore, MCFs have also been implemented in fiber-wireless links such as
a full duplex, 802.11ac-complient, 3x3 Multiple-Input Multiple-Output (MIMO) system using 7-core fiber [8], and
Centralized Radio Access Networks (C-RANs) [9].

However, crosstalk between neighboring cores is a fundamental limitation of MCFs in SDM applications. Crosstalk
fundamentally arises due to power coupling between the adjacent cores during signal propagation and can be
determined from the structural parameters of MCFs. Imperfect splices and multicore erbium doped fiber amplifiers
also affect crosstalk [10]. There are basically two known approaches for crosstalk reduction: (i) the first is to reduce
the coupling coefficient between the cores in a homogeneous MCEF, as in trench-assisted or hole-assisted MCFs [1];
(ii) the second approach is to introduce an intrinsic index difference between the adjacent cores, resulting in
heterogeneous core MCFs. In addition to modified MCFs, offline digital signal processing (DSP) techniques and
MIMO equalization [5,11], have been used to reduce the impact of crosstalk in strongly coupled 3-core MCFs.
However, DSP introduces additional latency in the system which is undesirable in applications such as 5G networks
[12].

In this paper we characterize a 2 km long 7-core MCF and experimentally demonstrate low-latency, FPGA-based
real-time transmissions. By means of adaptive pre-emphasis, deterministic distortions due to the limited bandwidth
of the link are compensated. Experimental results show that a 2.5 Gbps non-return-to-zero on-off-keying (NRZ-
OOK) modulated signal in each core can be transmitted with a BER level below the FEC limit, enabling post-FEC
error-free transmission.

2. Characterization of the Multi-Core Fiber

We characterized the crosstalk level and insertion loss of a 2 km 7-core MCF. To measure the pairwise crosstalk and
insertion loss of the MCF fiber, we launched optical power from a laser diode to each one of the cores in turn and
measured the output of each core with a high sensitivity optical power meter, thus obtaining a 7x7 coupling matrix.
Fig. 1(a) shows the measured pair-wise power coupling between all 7 cores. The total crosstalk (summation of each
core contribution) is shown in Fig. 1(b). The central core (core 0) exhibits the highest crosstalk as expected and
other outer cores (1,2,4,6) have roughly equal crosstalk where core 3 and core 5 are much lower and higher than the
other outer cores, respectively.
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Fig. 2: Experimental setup for BER and eye diagrams measurements.

LD: laser diode, PS: power splitter, PC: polarization controller, MZM: Mach-Zehnder modulator, FPGA: field-programmable gate array,
PRBS: pseudo-random binary sequence, EDFA: erbium-doped fiber amplifier, C: core, MCF: multicore optical fiber, VOA: variable
optical attenuator, PM: optical power meter, PD: photodiode, EA: electrical amplifier, DSO: digital storage oscilloscope.

3. Experimental Setup

Fig. 2 shows the experimental setup for BER measurements and signal quality characterization, which includes a
2 km long 7- core MCF with 4 transmission channels (cores 0,1,3,5) and 3 interfering channels (cores 2,4,6). The
output of the laser source is divided by a 50:50 power splitter to the input of two quadrature biased Mach-Zehnder
modulators (MZMs): MZM-1 (bias point 1.2 V) and MZM-2 (bias point 4.6 V). Polarization controllers (PC1, PC2)
are placed before the MZMs to reduce polarization dependent loss. An Altera Stratix V FPGA module that contains
7 transceiver channels is used to generate data streams and estimate the BER. MZM-1 and MZM-2 are modulated by
2.5 Gbps OOK signals generated from the FPGA module transmitters with PRBS7 and PRBS15 bit patterns,
respectively. The modulated output from the MZMs is split by a 1x4 power splitter after being amplified by erbium-
doped fiber amplifiers (EDFAs). The 1x4 splitter’s outputs are connected to the inputs of the MCF’s cores via a fan-
in module. One of the MCF’s outputs is connected to a photodetector through a variable optical attenuator (VOA)
for BER measurements. The signal into adjacent outer cores is decorrelated by transmitting PRBS7 in cores 0,1,3,5
and PRBS15in 2,4 and 6.

The detected electrical signal is then amplified by a 26 dB broadband RF amplifier and divided into two paths; one
is connected to a digital storage oscilloscope (DSO) to display the eye diagram and the second is connected to the
receiver part of the FPGA for BER estimation. During the experiments, the optical power of each core was kept
nearly equal.
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4. Results and Discussion

The obtained BER of core-0 in response to received optical power at photodiode (PD) is shown in Fig. 3 in two
different scenarios, with and without signal pre-emphasis for mitigation of signal distortions. Applying the FPGA
pre-emphasis option we can reduce the effect of distortions in each core and the BER is far below the level of the
forward error correction (FEC) limit as shown in Figs. 3(a) and 3(b). The measured optical output power of core 0
after 2 km MCF transmission varied from -12.55 to -4.35 dBm, where the 2.5 Gbps NRZ-OOK signal’s BER
without equalization was from 1.4x107 to 8.7x107, but with equalization it varied from 2.6x10 to 5.1x107, as
shown in Fig. 3(a). Eye diagrams of the received signal without any signal equalization and with FPGA equalization
are shown in Figs. 3(c) and 3(d).

5. Conclusions

Results show that by using FPGA pre-emphasis function the crosstalk is minimized and the BER value of received
signals for each of seven MCF cores is reduced. Hence FPGA-based real-time multicore fiber technology is a viable
solution for future high speed and high capacity communications.
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Abstract— Migration paths towards 5G require to increase network capacity and raise typical
end-user data rates from 10 to 100 times. Wavelength division multiplexed passive optical network
(WDM-PON) based third-generation fiber-to-the-x (FTTx) system architectures will be capable
to provide solutions related to nowadays network problems with transmission capacity. Therefore,
in our research paper we propose analog radio-over-fiber (A-RoF) system architecture with three
hybrid photonic mm-wave generation techniques in WDM-PON network. In our developed model
of A-RoF WDM-PON architecture, the baseband units are located on transmitter side in central
office, by transporting intermediate frequencies along existing fiber optical distribution network
and effectively performing signal up-conversion at the remote radio unit (RRU) located in receiver
side. Investigated A-RoF WDM-PON transmission system model, created in the environment of
OptSim simulation software, shows possible system types of A-RoF implementation for optimized
generation of mm-wave signals that can be further used for data transmission between multiple-
input and multiple-output (MIMO) antennas. The feasibility of A-RoF WDM-PON system
is verified by the complexity of each mm-wave generation in optical transmitter side and the
obtained quality of received signal.

1. INTRODUCTION

The fifth-generation (5G) is the latest generation of cellular mobile communications. Infrastructure
for 5G needs to deliver solutions, architectures, technologies and standards for the ubiquitous
5G communication infrastructures of the next decade. The development of new communication
networks depends on the emergence of globally accepted standards in order to achieve 1000 times
the system capacity, 10 times the spectral efficiency and energy efficiency [1].

Traditional radio access network (RAN), which combines baseband processing and radio func-
tions at each physical base station, are used also in long-term evolution (LTE) cellular 4G generation
technology [2]. 5G is still under research and discussions, but it is already known, that baseband
processing for many cells will be centralized and stands for Cloud RAN or Centralized RAN (C-
RAN) with benefits of improved performance and cost reductions as result of pooling resources.
Enabling C-RAN for the 5G front-haul architecture will evolve it to more complex network, where
additional costs of the increase in capacity requirements is possible to be reduced. The basic front-
haul is assumed to run over a common public radio interface (CPRI), processed in the Base-band
units (BBU) and sent to the remote radio head (RRH). Functional split options of basic front-
haul network is discussed in separate paper [3]. Nowadays it is being considered that 5G wireless
communications will use backhaul section of existing optical fiber links between remote radio units
(RRU) and BBUs located in central office (CO) side [3,4].

Millimeter waves, compared to the spectrum below 6 GHz used for mobile communications, have
enormous available bandwidths. Millimeter wave is a promising candidate to address the capacity
demands of 5G. Integrated backhaul for 5G millimeter wave could be placed easily in urban areas,
without additional effort, cost for wired backhaul and connection to the core network [5].

Currently, research and development of the 5G mobile systems at the higher frequency, such
as 28 GHz band, has been considered for urban areas, as well vehicular communications [6]. At
the moment two possible RF bands of 6 GHz and ka-band of 28 GHz are considered for 5G spec-
trum [6, 7]. Hybrid configuration of commercialized wavelength division multiplexing passive optical
access network (WDM-PON) together with integration of radio-over-fiber (RoF) is an effective way
to save construction costs, enhance flexibility and improve the capacity of RoF systems. Together
with PON‘s segment the RoF provides unique solution for fiber optical infrastructure, that can
be the next step for 5G wireless transmission implementation ensuring energy saving and cost
reduction [8].

During the last decade several novel schemes, allowing transmitting 28 GHz RF carriers through
optical modulation techniques for analog radio-over-fiber (A-RoF) links, are investigated. However,
it is known that these solutions have mainly impact from linear (e.g., chromatic dispersion (CD))
and non-linear (e.g., nonlinear optical effects (NOE)) impairments for each sub-carrier signals in
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fiber optical links that is the main distance-limiting factor for the high frequency transmission [9-
12].

2. SIMULATION MODEL OF A-ROF WDM-PON ARCHITECTURE BASED ON
NRZ-OOK MODULATED TRANSMISSION SYSTEM

The goal of this simulation model was to evaluate the performance and maximum reach for our
investigated A-RoF WDM-PON transmission system with four 2.5 Gbit/s NRZ-OOK modulated
channels, where BBUs are implemented in CO allowing transporting of intermediate frequencies
along existing fiber optical distribution network (ODN) under condition that it is still possible to
achieve pre-forward error correction (pre-FEC) BER of 10~ 3or lower.

Displayed results in our research are obtained by OptSim simulation software with use of Time
Domain Split-Step (TDSS) method to solve complex set of differential equations describing signal
propagation through network components and estimate BER of received signals [13,14]. Addi-
tional use of Matlab software was performed to display estimated results of received signals. In our
research, we used forward-error-correction (FEC) with 1073 BER performance threshold, which
allows us to evaluate performance and determine maximal available reach of our investigated trans-
mission system [12].

As it is shown in Fig. 1, our investigated A-RoF WDM-PON optical transmission system model
consists of 4 channels operating at 2.5 Gbit/s bitrate each. According to ITU-T G.964.1 rec., dense
WDM architecture with 100 GHz channel spacing and 193.1 THz central frequency is chosen [15].
Baseband units (BBUs) pool in our proposed model architecture is integrated in WDM-PON central
office (CO) side, which consists of optical line terminal (OLT). CO includes optical line terminal
(OLT) with four transmitters (OLT-Tx) modified for A-RoF system data containing 28 GHz carrier
frequencies generation [16]. Electrical pseudo-random bit sequence (PRBS) data source and NRZ
driver, which encodes the logical data form by using the non-return to zero (NRZ) technique are
directly sent to low-pass filter (LPF) with 3 GHz 3-dB bandwidth in such a way generating widely
used on-off keying non-return to zero (NRZ-OOK) modulated signal for all investigated system
types of A-RoF implementation [17].

Three possible A-RoF system types for different generation of mm-wave inside transmitters
(Tx) of our simulation environment model is investigated. Simulation model of first transmitter
was designed by using two continuous wavelength (CW) light sources with linewidth of 50 MHz
each, where one of them with output power of +10dBm is directly connected to intensity Mach-
Zehnder modulator (MZM). Second light source is operating as local oscillator (LO) and is used
for generation of intermediate frequency (tone) with output power of +2.6 dBm. Such an output
power of second CW laser is set to ensure equal power level of both optical tones afterwards being
coupled by a power coupler. The frequency spacing between both above mentioned lasers is set to
be 28 GHz, accordingly enabling to generate 28 GHz (ka-band) mm-wave.

By homodyne up-conversion channel interval between two laser sources are equal for necessary
mm-wave generation, in our case for 28 GHz ka-band intermediate frequency generation. Second A-
RoF transmitter for WDM-PON optical transmission system, was realized by use of two separately
coupled continuous wavelength light sources with 28 GHz channel interval between two channels
with related output power level of 10 dBm and sent to external MZM. In such way both optical
tones are modulated in this scenario.

Third transmitter realization for intermediate frequency generation is more complex. CW laser
source with 10 dBm output power is directly connected to first MZM which has 3 dB insertion loss
and 20dB extinction ratio, where modulator BIAS point is adjusted at its zero point. Sinusoidal
signal generator with 14 GHz sinusoidal electrical signal (half of proposed IF frequency) is directly
connected to first MZM electrical signal input. Output of first MZM with two 28 GHz spaced
optical tones are amplified with EDFA amplifier and divided by 50% percent optical power splitter
with 3.5 dB insertion loss. Afterwards each tone is filtered out by variable optical band-pass filter
(BPF) with 20 GHz 3-dB bandwidth for each optical signal. Second optical signal is attenuated
accordingly to optical power level of first modulated signal after MZM to ensure equal related power
level for both optical signals. Finally coupled both optical signals are together and prepared for
transmission in fiber optical part.

Optical signals from each OLT-Tx are coupled together by using arrayed waveguide grating
(AWG) multiplexer with 3.5dB insertion loss, 100 GHz channel interval where 3-dB bandwidth is
40 GHz. An optical signal pre-amplification by erbium doped amplifier (EDFA) with optimized gain
accordingly to each A-RoF implementation type is realized before launching coupled optical signals
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Figure 1: Simulation scheme of 4-channel 2.5 Gbit/s per channel NRZ-OOK modulated A-RoF WDM-PON
optical transmission system with investigated A-ROF transmitters: (1st) using one laser source as LO, (2nd)
use of two coupled light sources and (3rd) use of sinusoidal signal generator as LO for generation of 28 GHz
mm-wave signal.

into ITU-T G.652 rec. single mode optical fiber (SMF) span, with 0.02dB/km attenuation and
17 ps/nm/km dispersion coefficients at 1550 nm reference wavelength. Additional variable optical
attenuator (VOA) is used to obtain BER in terms of received optical power. After transmission
trough ODN; intermediate frequency optical signals are separated by AWG de-multiplexer with
3.5dB insertion loss, 100 GHz channel interval and of 40 GHz 3-dB bandwidth, located in optical
network terminals (ONTs). After optical-to-electrical conversion the electrical data containing
RF signals are send throughput remote radio unit (RRU). The next containing step is to provide
mm-wave transmission between multiple-input and multiple-output (MIMO) antennas.

Receiver side consists of optical network terminals (ONTs). Each ONT receiver (ONT-Rx) con-
sists of PIN photoreceiver with 50 GHz 3-dB electrical bandwidth with sensitivity level +4 dBm
for BER of 107'2, dark current of 5nA and responsivity of 0.65 A/W [18]. Electrical Bessel band-
pass filter (BPF) with 3 GHz 3-dB electrical bandwidth tuned to 28 GHz central frequency is used
for each containing channel carrier frequency pre-filtering. Filtered intermediate frequency signal
down-conversation in our case is realized by homodyne signal processing technique using passive
Schottky diode based envelope detector (ED) with video-bandwidth 28 GHz [19]. Afterwards re-
ceived modulated baseband signal is filtered by electrical Bessel low-pass filter (LPF) with 3 GHz
3-dB electrical bandwidth. The scope and BER estimator based on statistical signal analysis was
used for measurements of received signal, e.g., showing bit pattern and bit-error rate (BER).

3. RESULTS AND DISCUSSION

In our research, we implemented three different A-RoF system types for generation of mm-wave
through the existing wavelength division multiplexed (DWDM) 100 GHz spaced 4-channel passive
optical transmission system architecture. We show received signal with worst BER performance
for middle channel, where the highest impact of crosstalk is observed. Obviously we conclude that
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optical spectrum after transmission of 20 and 40 km long fiber span is mainly significant, therefore
optical signal spectrum after B2B and 20 km long fiber transmission is shown. As one can see in
Fig. 2(b), the 4-channel 100 GHz spaced by the NRZ signals spectrum of each channel in B2B and
after 20 km transmission in our investigated DWDM-PON optical transmission system are shown.
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Figure 2: Optical spectrum of multiplexed 4-channel WDM-PON system before B2B and after 20 km trans-
mission through ODN, for photonic up-conversation and generation of single 2.5 Gbit/s NRZ modulated
28 GHz carrier by different A-RoF implementation: (a) using one laser source as LO, (b) using two coupled
light sources, (c) using sinusoidal signal generator as LO.

For homodyne up-conversion with one 2.5 Gbit/s NRZ modulated optical signal and CW local
oscillator ensuring difference of 28 GHz between two sidebands in optical frequency domain for
(1st) and (3rd) A-RoF designed transmitter in our investigated DWDM-PON optical transmission
system B2B configuration and after 20 km transmission in ODN SMF part, please see Figs. 2(a)
and 2(c).

The obtained BER of each A-RoF transmitter in response to received optical power at (PIN)
photoreceiver is shown in Fig. 3. Results are obtained in two different scenarios, with 20 and 40 km
ODN fiber length The measured optical output power of 20 km ODN varied from 2.1 to 10.1 dBm,
where the final 2.5 Gbit/s NRZ-OOK received and down-converted signal of 2nd implemented A-
RoF transmitter BER was from 8.9 x 1072 t0 9.9 x 1073%. But with 1st and 3rd A-RoF transmitter
measured optical output power varied from 1.9 to 9.9dBm and 1.7 to 9.7 dBm with estimated BER
measurements of received signals from 2.2 x 107! to 4.9 x 1073® and 1.9 x 107! to 3.4 x 10733,
In such way second scenario with 40km SMF fiber ODN link the measured optical output power
varied from 2.5 to 10.5 dBm where the BER of received baseband signal of 2nd implemented A-RoF
transmitter was from 1.7 x 1072 to 2.6 x 10722 but with 1st and 3rd A-RoF transmitter it varied
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Figure 3: Comparison of measured BER after ED versus received optical power for 2.5 Gbit/s NRZ-OOK
signals depending of A-RoF implementation realization type and use of photonics up-conversion method for

28 GHz carrier frequency.
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Figure 4: Eye diagrams of received 28 GHz carrier signal after ED detection: (a) after B2B transmission (b)
after 20km and (c) after 40 km for each type of A-RoF implemented transmitter: (1) transmission using one
laser source as LO, (2) use of two coupled light sources and (3) use of sinusoidal signal generator as LO for
4-channel 2.5 Gbit/s 100 GHz spaced WDM-PON transmission system.
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from 1.9 to 9.9dBm and 1.8 to 9.8 dBm with estimated BER from 2.2 x 107! to 2.9 x 10737 and
2.2 x 107! to 7.2 x 10731, respectively.

As one can see in Figs. 4(al), 4(a2) and 4(a3) in B2B configuration the signal quality for
all implemented A-RoF transmitter types is good, eye is open and error-free transmission of our
investigated WDM-ROF system with 100 GHz channel spacing can be provided. After 20 km trans-
missions through ODN part from obtained results we conclude that use of 2nd implemented A-RoF
transmitter error-free transmission is also provided, please see Fig. 4(b2). Implementation of 1st
and 3rd A-RoF transmitters in high capacity WDM-PON transmission system shows acceptable
performance, please see Figs. 4(b1) and 4(b3) where the BER of received signals was 4.9 x 10%® and
3.4 x 10%3, respectively.

Accordingly to Next generation PON standards (NG-PON2) ITU-T G.989.2 we chose ODN
fiber distance classes with defined length of 20 and 40 km with equal differential optical path loss
of maximum 8dB for designed simulation model. By increasing length of distribution network
up to 40 km, after transmission the BER of received signals with use of 2nd implemented A-RoF
transmitter was 2.6 x 10722, please see Fig. 4(c2). Additional losses in optical fiber line and effect
of CD after increasing length shows the relevance of WDM-PON transmission systems performance
reduction, where the BER of implemented 1st and 3rd A-RoF transmitter after received signals
was 2.9 x 10%7 and 7.2 x 103! please see Figs. 4(1c) and 4(3c) [20].

According to ITU-T G.989.2 recommendation, the specified valid optical link distances is up to
40km, but it is also possible to support longer distances, which may require usage of extenders.
We extend transmission distance of fiber optical link section up to 60km. After extending the
link section we conclude, that maximal possible reached distance for 2nd implemented A-RoF
transmitter was 57 km with the BER of 3.6 x 10%, please see Fig. 5(b). As one can see in Figs. 5(a)
and 5(c) with 1st implemented A-RoF transmitter using one laser source as LO and 3rd implemented
A-RoF transmitter with use of sinusoidal signal generator as LO the BER, of received signal was
3.3 x 107% and 5.1 x 10™%, with maximum reached distance of 65 and 63 km, respectively.

After 65 km transmission After 57 km transmission After 63 km transmission
(Worst channel's eye, BER=3.3x10"") {Worst channel’s eye, BER=3.6x10") (Worst channel’s eye, BER=5.1x10"")
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Figure 5: Eye diagrams of received 28 GHz carrier signal after ED detection by A-RoF implementation (a)
after 65km transmission using one laser source as LO, (b) after 57km use two coupled light sources and (c)
after 63km use of sinusoidal wave generator as LO for 4-channel 100 GHz spaced WDM-PON transmission
system with 2.5 Gbit/s transmission speed per channel.

4. CONCLUSION

The main goal of this work is to provide hybrid photonic A-RoF system integration in next-
generation passive optical networks (NG-PON) represented by WDM-PON networks and find ap-
propriate generation technique of mm-wave in these networks by providing unique solution and
design of future fiber optical infrastructure that can be the next step to provide fifth-generation
5G wireless transmission with its technical requirements.

We have demonstrated wavelength division multiplexed passive optical network A-RoF based on
third-generation FTTx architecture solution for next-step 5G telecommunication systems, by using
different A-RoF implementation types and generation of mm-wave. Our investigated A-RoF based
WDM-PON system is a viable solution for future high speed and high capacity communications.
Proposed system model is realized in OptSim simulation environment based on traditional PON‘s
segment with ITU-T G.694.1 rec. dense WDM frequency grid together with next-generation (NG-
PON2) ITU-T G.989.2 rec. requirements (e.g., transmission reach, bitrate, etc.).
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Our proposed 4-channel A-RoF WDM-PON transmission model and 1st implemented A-RoF
transmitter, which showed the best performance in generation of mm-wave, is capable to provide
data transmission over at least 65km long standard ITU-T G.652 fiber span. Therefore, it is
capable to increase capacity of data rate in fiber optical network accordingly to NG-PON2 and
provide up to 128 channels in PON’s segment, depending on MIMO system and centralized radio
access networks (C-RANSs) necessary requirements.
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Abstract— In this paper 4-level pulse amplitude modulation (PAM-4) analog radio over fiber
(A-RoF) transmission through wavelength division multiplexed passive optical network (WDM-
PON)architecture for future broadband fifth-generation (5G/5G+) cellular mobile communica-~
tion networks is proposed. The goal of future cellular mobile communication infrastructures of
the next decade is retaining at least one-third of global market share in Europe regarding future
network equipment and support higher spectral efficiency providing ubiquitous access to wider
spectrum applications in order to reduce the network energy consumption.An alternative solution
that offers a good trade-off between performance and complexity is multi-level signaling formats
such as PAM-M, where multiple digital bits are encoded into different signal amplitude levels or
symbols. It is a relatively easy and effective way to double the bitrate of data transmission link
by the implementation of PAM-4 modulation technique instead of well-known non-return-to-zero
on-off-keying (NRZ-OOK). In this paper, we investigated the use of PAM-4 modulation format
for A-RoF signals transmission through the passive optical network (PON), which is standard-
ized to NGPON2. In our research, we show the possible A-RoF transmitter implementation into
improved fiber-optical line terminals (OLT'), enabling to generate PAM-4 modulated signal and
perform mm-wave signal transmission over the WDM-PON optical distribution network.

1. INTRODUCTION

The Long Term Evolution (LTE) and latest fifth-generation (5G) mobile cellular technology in-
troduce wireless technologies including multiple-input multiple-output (MIMO) transmission with
carrier aggregation delivered to and from each radio unit (RU). Within deployment of 5G.it is
expected to increase the transmission speed, improve the performance, capacity and area coverage
keeping the power consumption low [1]. The demands of broadband wireless and fiber optical-
line networks due to high data rate services (HDR), high resolution multimedia entertainment —
live ultra-high quality video streaming (4 K/8K), virtual reality (VR), daily increasing demand of
Internet of Things (IoT) — sensor network, users required electrical gadgets etc., as well future
perspective machine-to-machine (M2M) learning leads to challenge for cellular mobile networks
requirements such as system capacity, transmission performance and spectrum efficiency [2-4].

It can be observed that the 5G mobile cellular technology instead of low-frequency, i.e., sub-6
GHz range wireless communication is going to adopt higher frequencies from the enormous avail-
able spectrum in the millimeter-wave (mm-wave) frequencies (30 to 300 GHz) and becomes one of
the important development trends of communication technology for next decade [4-6]. In order
to achieve ultra-high capacity and bring ubiquitous high-bitrate wireless connectivity per mobile
user,the cost-effective hybrid photonics-wireless mm-wave interface communication systems are re-
quired [6]. At the same time, high capacity and low latency flexibility offered by passive optical
access networks (PONs) have provided an obvious opportunity to facilitate 5G development by
providing intermediate signals through optical fronthaul [7].Passive optical network (PON) is a
promising candidate to transmit both intermediate radio frequency (IF) and baseband signals by a
single or multiple wavelengths per optical channel over a single fiber in a cost-efficient way. Tradi-
tionally widely used PON network architecture can be technologically modified to radio-over-fiber
(RoF) link, which is seamlessly integrated into the PON segment, leaving the existing optical distri-
bution network (ODN) part unchanged [3]. Transmission distances of PON access network (ODN
link section length) are normally limited within 20 to 40 km for short-range application according to
(NG-PON2) defined optical link section requirements with capability extending the network reach
up to 60km, more, e.g., 80 km for metro-access applications [8, 9].

Instead, to applying for more advanced modulation formats like multi-level quadrature ampli-
tude modulation (M-QAM) and duobinary (DB), the M-PAM, where M is abbreviated as different
signal amplitude levels, offers a simple way to enhance the spectral efficiency and at least double
the bitrate per wavelength using the same optical bandwidth [5,10]. Accordingly, the 4-level pulse
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amplitude modulation format (PAM-4) attracted much attention to its relative ease of implemen-
tation which offers a good trade-off between performance and complexity allowing to double the
bit rate in the channel without doubling the necessary bandwidth, if compared to the NRZ-OOK
link [5, 10, 11]. In connection with this, the high-speed PAM-4 -based optical link for the common
public radio interface (CPRI) in mobile fronthaul is still discussed [1].

According to ITU-T G. 9803 rec. describing RoF systems, the PONs network is desired for
mobile fronthaul of latest 5G mobile systems with functions to provide the connection between
the baseband units (BBU) pool and RU. It is enabling performing frequency up-conversion into
necessary radio signals frequency band in optical line terminals (OLTs) located at the service
provider’s central office (CO), in such a way effectively allowing to transmit intermediate frequencies
(IF) through ODN core network [1,12]. Analog radio over fiber (A-RoF) as one of the promising
solutions is considered for latest 5G mobile systems by transmitting intermediate signals through
the fronthaul optical link [4]. Due to spectrum management and frequency allocation, the bands of
sub-6 GHz, around 28 GHz (Ka-band) and up to 72 GHz (V-band) are considered for 5G [4, 13-16].

2. SIMULATION MODEL OF PAM-4 MODULATED AROF-WDM-PON
TRANSMISSION SYSTEM

In the current research, we use VPI Photonics Design Suite software for design and simulation of 8-
channel 2.5 Gbaud/s per channel PAM-4 modulated WDM-PON optical transmission system with
investigated A-RoF transmission of 28 GHz mm-wave signal for 5G mm-wave hybrid photonics-
wireless interface.

The goal of this hybrid photonics-wireless ARoF-WDM-PON system simulation model was
to evaluate the performance and system reach up to 40km according to NG-PON2 link section
requirements, under condition that it is still possible to achieve pre-forward error correction (pre-
FEC) BER level of 1x 1072 or lower [17]. According RoF ITU-T G.9803. rec., in our investigated 8-
channel A-RoF-WDM-PON transmission system depicted in Fig. 1, the baseband units (BBUs) are
located in the service provider’s central office (CO) allowing to transport intermediate frequencies
(IF) over optical front-haul network, and lastly performing signal up-conversion in radio units (RUs)
located at the receiver side of the base station (BS) [12].

Passive optical access network (PON) architecture, standardized to NG-PON2 requirements
can be technologically transformed into ARoF-WDM-PON transmission system through the A-
RoF segment integration. The proposed ARoF-WDM-PON transmission system designed for the
transmission of intermediate frequencies (IF) over commercially used optical core network is a per-
spective solution for the latest fifth-generation (5G/5G+) cellular mobile communication network.

According to the fundamental PONs architecture,we chose the frequency gridaccording to ITU-T
G.694.1 rec (dense WDM systems) for our investigated 8-channel hybrid ARoF-WDM-PON system,
where the central frequency is anchored on 193.1 THz and channel spacing is 50 or 100 GHz [18].
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Figure 1: Simulation scheme of 8-channel 2.5 Gbaud/s per channel PAM-4 modulated ARoF-WDM-PON
optical transmission system with investigated A-RoF transmission of 28 GHz mm-wave signal for 5G mm-
wave hybrid photonics-wireless interface.
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As it is shown in Fig. 1, the CO includes OLT with eight transmitters modified as RoF transmitters
(ROF_Tx) and designed for heterodyne A-RoF system, where 28 GHz intermediate frequencies are
generated.

Each ROF _Tx transmitter based on heterodyne up-conversion technique by using two separately
coupled continuous wave (CW) laser sources, with 28 GHz frequency difference for necessary mm-
wave generation (in our case for 28 GHz (Ka-band)) with +9 dBm output power is directly connected
to differential Mach-Zehnder modulator (MZM) resulting in +3.5 dBm optical transmitter average
output power [16,19]. The parameters of the MZM, including S frequency response, are set
according to the specification of Photline MX-LN-10 intensity modulator [20].

The modulation of both optical signals is ensured as follows. Both arms of the differential MZM
are driven by the same electrical PAM-4 signal, while bias voltage with opposite signs is ensured.
The electrical PAM-4 signal is provided by dividing pseudo-random bit sequence (PRBS) from
PRBS generator into two subsequences (sequence of most significant bits (MSBs) and the sequence
of least significant bits (LSBs) with a bit rate of 2.5 Gbit/s each and generating electrical NRZ
signals with appropriate amplitude levels. The NRZ signals are then combined into one PAM-4
signal with a bit rate of 5 Gbit/s (2.5 Gbaud/s), whichis amplified by an electrical amplifier which
parameters is set according to the specification of SHF 100 BP amplifier [21].

Optical signals from each ROF _Tx are coupled together by using an arrayed-waveguide-grating
(AWG) multiplexer. The optical signal at the output of the multiplexer for 100 GHz and 50 GHz
channel spacing is shown in Figs. 2(a) and 2(b), respectively.
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Figure 2: Optical spectra of multiplexed 8-channel hybrid photonics AROF-WDM-PON system with (a)
100 GHz and (b) 50 GHz channel spacing and (c) received down-converted 2.5 Gbaud/s PAM-4 modulated
28 GHz mm-wave signal eye diagram after B2B transmission with 100 GHz channel spacing and (d) received
down-converted 2.5 Gbaud /s PAM-4 modulated 28 GHz mm-wave signal eye diagram after B2B transmission
with 50 GHz channel spacing.

At the receiver side, the signal is demultiplexed utilizing AWG demultiplexer, which corresponds
to wavelength-routed WDM-PON (WR-WDM-PON) architecture. The 3-dB bandwidth of the each
and every channel of AWGs was set to the 75vGHz for 100 GHz channel spacing and 35 GHz for
50 GHz channel spacing, respectively [22,23]. Optical signals are transmitted through ODN link
section in optical C-band via ITU-T G.652 standard-compliant single-mode optical fiber (SSMF).

The receiver side consists of optical network terminals (ONTSs), where each ONT receiver
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(ROF_Rx) consists of photoreceiver (PIN) with 3-dB bandwidth of 36 GHz, sensitivity of —18 dBm
for BER of 107'2] the dark current of 1nA and responsivity of 0.7 A/W [24]. Pre-filtering of the
received electrical signal after PIN is realized by the electrical Bessel band-pass filter (BPF), which
has 28 GHz central frequency and 5 GHz 3-dB electrical bandwidth. Finally, down-conversation is
realized by the envelope detector, which is emulated multiplying the signal by itself and filtering it
using low-pass Bessel filter with the 3-dB bandwidth of 2.5 GHz [25-28]. The eye diagrams for the
received and down-converted 100 GHz and 50 GHz spaced 2.5 Gbaud/s PAM-4 modulated 28 GHz
mm-wave signal for B2B transmission are shown in Figs. 2(c) and 2(d), respectively.

3. RESULTS AND DISCUSSION

In our research, we implement PAM-4 modulated A-RoF transmission through PON’s architecture
to support higher spectral efficiency providing a good trade-off between performance and complexity
for future broadband 5G/5G+ cellular mobile communication networks.

The feasibility of the designed hybrid photonics-wireless system is verified by the performance
indicators as pre-forward-error-correction (pre-FEC) BER threshold BER < 1072 and eye diagrams
of received and down-converted mm-wave radio signal. The obtained results of worst performing
channel for transmission distances of up to 40 km over SMF ODN section for PAM-4 modulated 8-
channel ARoF-WDM-PON transmission system with 100 GHz channel spacing are shown in Fig. 3.
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Figure 3: BER versus transmission distance for down-converted 2.5 Gbaud/s PAM-4 modulated 28 GHz
mm-wave signal after ARoF-WDM-PON transmission over 20 and 40 km SSMF ODN distances. Insets show
the received down-converted PAM-4 signal eye diagrams after B2B, 20 and 40 km transmission over SSMF
for 2.5 Gbaud/s symbol rate with 100 GHz spacing.

After transmission through 20 km of ODN including SSMF fiber, the BER is significantly lower
than the FEC threshold, where the BER of received signals was 4 x 1078, While after 40km
transmission through ODN the BER of received signals was 2.8 x 1073, which is slightly above
FEC threshold. That means that it is technically difficult to ensure such transmission distance and
more comprehensive future research on the limits of the parameters of the transmission system for
the implementation of such a long transmission distance (40km) is desirable.

Further, the utilization of twice narrower —50 GHz channel spacing was investigated. The
optical spectrum of the 2.5 Gbaud/s PAM-4 modulated signal at the output of AWG de-multiplexer
(original signal) and after AWG de-multiplexer (after transmission over 20 km ODN link section)
for hybrid photonics ARoF-WDM-PON system obtained by use of AWG’s with 50 GHz channel
spacing and 3-dB bandwidth of the 35 GHz are shown at Fig. 4. While the eye diagram of the
received signal and corresponding BER are shown at the inset of Fig. 4. As one can see in Fig. 4
(inset), with the 50 GHz channel spacing, it is not possible to ensure transmission with BER below
FEC threshold for our investigated 2.5 Gbaud/s PAM-4 modulated 8-channel ARoF-WDM-PON
transmission system even for 20 km long SSMF.

In this case the BER of received and down-converted 28 GHz mm-wave PAM4 modulated signal
is 2.1 x 1072, It is worth to mention that even for B2B transmission the demonstrated BER is
slightly below defined BER threshold (1.4 x 1074, please see Fig. 2(d)). This drop in the BER
performance with applying the narrow (50 GHz) channel spacing can be explained by the small
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Figure 4: Optical spectra of the worst performing channel containing two 2.5 Gbaud/s PAM-4 modulated
and 50 GHz spaced optical signals at the output of RoF transmitter (launched optical signal) and on the
output of AWG demultiplexer after transmission over 20 km SMF fiber span. Insets show the corresponding
eye diagram of the 2.5 Gbaud/s mm-wave signal received and down-converted after 20 km transmission.

cut-off frequency passband (3-dB bandwidth is 35 GHz) of commercially used AWG multiplexer/de-
multiplexer. Respectively, the signal at IF frequency is considerably affected by the bandwidth (3-
dB bandwidth is 35 GHz)of 50 GHz spaced AWGs, as it is situated at 28 GHz inter-channel spacing
relative to the main (baseband) frequency. The described effect can be observed by comparing the
spectrums of the original and de-multiplexed signals as shown in Fig. 4. That is also confirmed
with the relatively high BER value obtained for B2B transmission (please see Fig. 2(d)).

4. CONCLUSION

The main goal of this work is to provide PAM-4 analog radio over fiber A-RoF transmission through
widely used PON‘s architecture to support higher spectral efficiency providing a good trade-off be-
tween performance and complexity for future broadband fifth-generation (5G/5G+) cellular mobile
communication networks. We have demonstrated the perspective solution for latest fifth-generation
(5G/5G+) cellular mobile communication network -passive optical access network (PON) architec-
ture together with analog radio over fiber (A-RoF) segment integration, which is technologically
transformed into ARoF-WDM-PON transmission system for transmission of intermediate frequen-
cies (IF) over commercially used optical network. We show the use of PAM-4 modulation format
with possible AROF transmitter implementation into improved fiber-optical line terminals (OLT),
enabling to generate PAM4 modulated signal and perform mm-wave signal transmission over the
WDM-PON network allowing to support higher spectral efficiency and improve the performance,
i.e., increase available transmission speed for the end-users.

In our research, we used VPI Photonics Design Suite software for design and simulation of 8-
channel 2.5 Gbaud/s per channel PAM-4 modulated WDM-PON optical transmission system with
investigated AROF transmission of 28 GHz mm-wave signal for 5G mm-wave hybrid photonics-
wireless interface. Our proposed 8-channel 2.5 Gbaud/s PAM-4 modulated ARoF-WDM-PON op-
tical transmission system with 100 GHz channel spacing is capable to provide transmission through
ODN over SSMF fiber for at least 20 km with BER significantly smaller than FEC threshold (BER
is 4 x 107®), while after 40km transmission the BER of received and down-converted mm-wave
signal was 2.8 x 1073, which is slightly above FEC threshold. That means that it is technically
difficult to ensure such a transmission distance of 40 km with the use of 100 GHz channel interval
commercial AWG.
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We also show that the use of 50 GHz channel spacing for such as hybrid system is limited. It is not
possible to implement 50 GHz channel interval utilizing commercial AWG where 3-dB bandwidth is
35 GHz and, consequently, WR-WDM-PON architecture, due to the low cut-off frequency passband
of AWG multiplexer/de-multiplexer, that leads to the considerable cut-off of the 28 GHz IF signal.

As a result, we conclude that our utilized WR-WDM-PON architecture can be utilized for the
generation and transmission of 2.5 Gbaud/s PAM-4 modulated mm-wave signal ensuring channel
spacing of 100 GHz, however for smaller channel spacing, e.g., 50 GHz and smaller, the use of
wavelength-selective switch (WSS) with tunable bandwidth may be considered.
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Abstract— In this paper, the architecture of hybrid analog radio over fiber (ARoF) and next-
generation (NG) wavelength division multiplexed passive optical network (WDM-PON) infras-
tructure for broadband internet services and the latest fifth-generation (5G) cellular mobile com-
munications is proposed. Investigated ARoF-WDM PON architecture is a trade-off between
technology and cost for future 5G mobile cellular communications to meet the internet service
requirements, allowing to increase system capacity ensuring higher spectral and energy efficiency.
In our proposed infrastructure the widespread used passive optical access network (PON) ar-
chitecture is technologically transformed to the AROF-WDM-PON transmission system without
replacing existing network elements, by integrating baseband units (BBUs) or mobile radio trans-
mitters located in optical line terminal (OLT) at the central office (CO) and the receiving radio
unit (RU) part of mobile base stations, leaving the traditional WDM-PON broadband architec-
ture unchanged. In our investigated ARoF-WDM PON transmission system model, designed in
the simulation environment, we research the possible ARoF system implementation scenarios into
the PON’s segment, which has been now standardized to the 40 Gigabit-capable next-generation
passive optical network (NG-PON2) standard providing an unique solution for hybrid fiber optical
infrastructure serving as the next step for future 5G wireless communication networks.

1. INTRODUCTION

The past decades have seen mobile technologies indicated with several generations: 2G, 3G, 4G
(LTE) and at the moment the latest generation (5G) [1]. Within the framework of new tech-
nology introduction and implementation for a comprehensive range of users, the previously used
generations gradually will be evolved out.It is expected that the latest fifth-generation (5G) mobile
communication networks will be capable to provide and fulfill service requirements to end-users,
required services and daily used overflow of electrical gadgets [2]. The services within the scope of
fifth-generation are categorized into three types: 1) High data rate services (HDR), 2) Internet of
things (IoT) and 3) Ultra-reliable low-latency services (URLLC) [2-4].

Traditionally long-term evolution (LTE) cellular radio access network (RAN) combines basic
bandwidth processing and radio functions in each physical base station and is still used for 4th
generation (4G) mobile technology [5]. According to ITU-T G.9803 rec. it is proposed to imple-
ment analog radio over fiber (ARoF) into the passive optical network (PON) segment, coexisting
with a 40-Gigabit-capable passive optical network (NG-PON2) supporting the international mobile
telecommunication (IMT) systems over the fiber core network, e.g., optical distribution network
(ODN) [6,7]. The basic function of the radio over fiber (RoF) via optical line terminal (OLT) is
to convert radio signals to optical signals and accommodate multiple (BBUs) to make efficient use
of the ODN together with wavelength division multiplexing (WDM) technique wavelength grid [8].
The PON’s core network functions are to provide connections between the RoF OLT and the RoF
optical network terminals (ONU), where optical-to-electrical (O/E) conversion into radio signals
at radio frequency band necessary for the base station (BS) is provided by ODN [9]. Connectivity
between ODN and remote radio unit (RU) enables efficient frequency up/down conversion func-
tion for mm-wave up/down-stream data transmission between multiple-input and multiple-output
(MIMO) antennas [9, 10]. To achieve the required capacity and end-user data rates across different
regions, possible mm-wave frequency RF-bands of sub-6 GHz and above are considered [11,12].
Due to management of frequency bands up to 28 GHz (Ka-band) in Europe, Japan, Korea, and
Australia, as well as higher frequency bands in the US (< 72 GHz V-band), China (< 43.5 GHz
V-band) are considered for deployment [2,4,9, 12].

2. SIMULATION MODEL OF HYBRID AROF-WDM PON TRANSMISSION SYSTEM

The goal is to design hybrid AROF-WDM-PON passive optical access communication system and
evaluate the performance of such a data and radio signal transmission system, which implements
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baseband radio processing in a service provider’s central office (CO) part, allows the effective
provision of broadband internet and cellular data transmission between the service provider’s CO
and end-users. As well it allows reducing overall costs through a pooling of resources and providing
end-users with the required data rates.

The widespread used passive optical access network (PON) architecture can be technologically
transformed into the AROF-WDM-PON transmission system without the need to replace existing
network elements, by integrating mobile radio transmitters of baseband units BBUs and the re-
ceiving radio unit RU parts of mobile base stations, leaving the traditional WDM-PON broadband
architecture the same.Developed and further investigated the 8-channel A-RoF-WDM-PON optical
transmission system model is depicted in Fig. 1.

- Smatendintemetaandee | {1l
| Ol - b

o s X
soirte | :..'?’",_il %T
oo " y

<]
o
»

F
o

t (]

’??y
)
2 |

4
|
|
|
|
I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Figure 1: Simulation scheme of 8-channel hybrid ARoF-WDM PON transmission system which consists of
two parts: (1st) 4-channel 10 Gbit/s per channel NRZ-OOK modulated signal transmission for broadband
internet service and (2nd) 4-channel 2.5 Gbit/s per channel NRZ-OOK modulated multi-channel mobile
cellular network — transmission of 28 GHz mm-wave signals for 5G mm-wave interface.

The hybrid AROF-WDM-PON system consists of cellular mobile and broadband internet trans-
mission parts. The cellular mobile part consists of baseband units BBUs and mobile base station
incoming receiver radio unit parts RUs, providing a radio signal transmission overoptical fiber
(RoF), while the broadband internet transmission part consists of an optical line terminal OLT,
which houses optical transmitters (Tx) and a receiver or optical network terminal (ONT). Cen-
tral office CO of our research model includes optical line terminal OLT, which consists of eight
transmitters (OLT-Tx), where four of them are unchanged for commercial fiber optical broadband
internet end-user data transmission and four of them are modified for A-RoF system data contain-
ing 28 GHz carrier frequencies (even more considered frequency bands depending on allocation of
regional spectrum management) generation and transport of an intermediate frequencies through
existing fiber optical distribution network ODN [6].

The cellular mobile transmission part is based on the principle, where the baseband radio signal
processing is located in the CO part and performed by two carrier signals, used to transmit the
radio signal through the optical fiber. The inter-channel frequency difference of the first data
modulated optical carrier (F1) and second local oscillator optical carrier (Fro1) is equal to the
necessary mm-wave radiofrequency (RF) for transmitting wireless signals at the receiver side. By
transmitting the two carrier signals Fy and F ;o1 with an appropriate inter-channel interval through
the ODN, providing backbone routing network operation, an uplink conversion of the transmitted
signal to a carrier frequency (IF) is performed by a broadband semiconductor photodiode (PIN)
within a single optical channel. Here IF = Frp;— Fy, enabling the direct wireless transmission of
data between remote base station radio units RU as well as multiple-input and multiple-output
(MIMO) antennas [5,13,14].

Displayed results in our research are obtained by the newest RSoftOptSim simulation software
with the use of the Time Domain Split-Step (TDSS) method to solve differential equations describ-
ing signal propagation. Additionally, Matlab software was used to estimate obtained quality of the
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received signals, perform BER measurements and display them [5,15]. In our research, we show
the obtained performance of our investigated AROF-WDM-PON transmission system according
to a commercially used BER threshold equal to 107'2. Forward-error-correction (FEC) with a
103 BER performance threshold is shown to determine the system’s performance and received
signal capability after 20 and 40 km SSMF optical link transmission,in line with NG-PON require-
ments [16]. According to ITU-T G.964.1 recommendation, dense WDM architecture with 50 GHz
and 100 GHz channel spacing with 193.1 THz central frequency is chosen for our investigated hybrid
AROF-WDM-PON transmission system standardized to 40 G PON (NG-PON2) requirements. As
it is shown in Fig. 1, our investigated 8-channel hybrid A-RoF-WDM-PON optical transmission
system model consists of four channels operating at 2.5 Gbit/s for cellular mobile communication
millimeter-wave (mm-wave) interface and four 10 Gbit/s channels for broadband internet connec-
tion.

The transmitter part of the cellular mobile communication mm-wave interface consists of base-
band units (BBUs) integrated into the OLT of WDM-PON located on the CO side. According
to the fundamental architecture of a typical RoF system for the case of downstream transmission,
the CO includes OLT with four transmitters, where each of them has been modified to operate
as RoF transmitter (ROF_Tx) designed for A-RoF system data containing 28 GHz intermediate
frequencies IF generation. Trade-off radio communication service and requirements for the balance
in radio signal frequency band, the necessary number of radio signals and optical path loss for
various applications are achievable by investigated hybrid AROF-WDM-PON architecture taking
into account ITU-T G. 9803 requirements [6]. Each of ARoF transmitters located in OLT for
generation of mm-wave IF signal bases on homodyne up-conversion principle and is designed by
using two continuous wave (CW) laser sources with a linewidth of 30 MHz, where one of them (with
+8dBm output power) is directly connected to intensity Mach-Zehnder modulator (MZM) [5, 14].
Second light source with channel spacing equal to necessary intermediate frequency IF and mm-
wave generation (in our case for 28 GHz (Ka-band)), by the inter-channel interval between two
laser sources is operating as a local oscillator (LO) with a related output power of +1dBm. The
electrical pseudo-random bit sequence (PRBS) data source and non-return to zero (NRZ) driver
encode the logical data into NRZ electrical signal [17,18]. The MZM is driven at 2.5 Gbit/s bit
rate by previously formed and Bessel low-pass filter (3-dB bandwidth is 3 GHz) filtered electrical
NRZ signal.

The broadband internet transmitter part has an optical line terminal — OLT, which consists of
four transmitters (OLT_Tx) located in a CO. Each OLT_Tx transmitter contains CW laser source
(30 MHz linewidth, +9dBm output power), which is directly connected to the intensity MZM
modulator. The MZM is driven at 10 Gbit/s bit rate by previously formed and Bessel low-pass
filter (3-dB bandwidth is 10 GHz) filtered electrical NRZ signal, passing from NRZ driver. MZM
chirp factor, which guarantees the highest performances in terms of maximum achievable dispersion-
tolerance in optical fiber links, was not observed. As a result, the transmitted optical signal was
affected by the impact of chromatic dispersion (CD), which leads to inter-symbol interference. In
such a way, it performs E/O conversion using one single carrier (optical tone) for transmission
through ODN [5, 18, 19].

The mean launch power of +4dBm and optical budget (OB) depending on optical path loss
within range of 18 to 33 dB is provided for ROF_Tx and OLT_Tx transmitter optical output signals
of our investigated hybrid ARoF-WDM PON transmission system, which are compliant with the
NG-PON2 defined Elclass optical distribution network ODN requirements [6,7]. Optical signals
from each RoF-Tx and OLT_Tx are coupled together by using arrayed waveguide grating (AWG)
multiplexer with 3.5 dB insertion loss, and depending on the simulation model, 50 or 100 GHz chan-
nel interval (3-dB bandwidth is 30 GHz) is chosen. A single-mode optical fiber (SSMF) span with
0.2dB/km attenuation and 16 ps/nm/km dispersion coeflicients (at 1550 nm reference wavelength),
according to ITU-T G.652 recommendation, is used for the ODN link sections with the length of
20 and 40km [7]. After optical signal transmission through the ODN section, a variable optical
attenuator (VOA) is used to obtain BER versus received optical power of the signal. After trans-
mission through ODN and VOA, intermediate frequency (IF) and single-carrier are separated by
AWG de-multiplexer located in the remote terminal (RT). AWG de-multiplexer has 3.5 dB insertion
loss, 30 GHz 3-dB bandwidth, and depending on the simulation model, it has 50 GHz or 100 GHz
channel spacing.

The receiver side consists of optical network terminals (ONTs) divided into two parts: 1st for
broadband internet service (channels 1 to 4) and 2nd for a cellular mobile network (channels 5 to 8).
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In the first scenario, each ONT receiver (ONT_Rx) of the broadband internet network consists of
a semiconductor photoreceiver (PIN) with 50 GHz 3-dB bandwidth, the responsivity of 0.65 A/W,
applicable to increase the total bitrate per wavelength up to 40 Gbit/s in line with ITU-T G.989.2
NGPON2 requirements [7,20]. After O/E conversion by PIN photoreceiver, received electrical
signal is pre-filtering by electrical Bessel low-pass filter (LPF) with 9 GHz 3-dB electrical bandwidth.
In the second part, designed for the cellular mobile network, each ONT receiver (ROF_Rx) consists
of the same 50 GHz photoreceiver (PIN) applicable in both scenarios with ITU-T G.989.2 [7]. After
O/E conversion by PIN photoreceiver, pre-filtering of received electrical signal for each channel is
realized by the electrical Bessel band-pass filter (BPF), which is tuned to 28 GHz central frequency
and has 28 GHz 3-dB electrical bandwidth. Afterward, homodyne down-conversation is realized by
the homodyne signal processing technique using a passive Schottky diode-based envelope detector
(ED) [4,10,11,21]. Received and down-converted modulated baseband signal is filtered by an
electrical Bessel low-pass filter (LPF) with 3 GHz 3-dB electrical bandwidth.

3. RESULTS AND DISCUSSION

In our research we show A-RoF implementation and generation of 28 GHz mm-wave radio signals
within the existing WDM-PON network without replacing its elements, leaving fiber-optical line
terminals OLT as well as fiber optical network terminals ONT unchanged for end-user fiber optical
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Figure 2: Optical spectra of multiplexed 8-channel hybrid ARoF-WDM PON transmission which consists of
two parts: (1st) 4-channel 10 Gbit/s per channel NRZ modulated signal transmission for broadband internet
service and (2nd) 4-channel 2.5 Gbit/s per channel NRZ modulated 28 GHz mm-wave signal transmission
before B2B and after transmission through (a) 20km long ODN (50 GHz ch. spacing), (b) 40km ODN
(50 GHz ch. spacing), (¢) 20km ODN (100 GHz ch. spacing), and (d) 40 km ODN (100 GHz ch. spacing).
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broadband internet connections. Optical signal spectra after B2B and 20/40 km long ODN fiber
span transmission are shown, please see Fig. 2.

As one can see in Figs. 2(c) and 2(d), the 8-channel 100 GHz spaced NRZ signals spectra of each
channel in B2B and after 20 to 40 km long ODN fiber span transmission in our hybrid AROF-WDM-
PON transmission system are shown. In our research we applied also narrower channel spacing,
therefore the second investigated channel spacing was 50 GHz. Spectra of 8-channel 50 GHz spaced
hybrid AROF-WDM-PON transmission system in B2B configuration and after transmission over
20 to 40 km long SSMF fiber spans is shown in Figs. 2(a) and 2(b).

The obtained BER versus received optical power at PIN photoreceiver in two different scenarios
with 50 and 100 GHz channel spacing for (1st) 10 Gbit/s (broadband internet) NRZ signal and
(2nd) down-converted 2.5 Gbit/s (28 GHz mm-wave 5G signal)after transmission over 20 to 40 km
long ODN SSMF fiber span in 8-channel hybrid AROF-WDMPON transmission is shown in Fig. 3.
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Figure 3: BER vs. received optical power for 1st down-converted 2.5 Gbit/s (28 GHz mm-wave 5G signal)
and 2nd 10 Gbit/s (broadband internet) NRZ signal after hybrid ARoF-WDM PON transmission over 20
and 40km SSMF fiber. Insets show the received signal eye diagrams after transmission over SSMF for 2.5
and 10 Gbit/s bitrates with 50 GHz ch. spacing.

The measured average optical output power after 20 km long ODN SSMF section for 1st re-
ceived down-converted 2.5 Gbit/s 28 GHz mm-wave signal for 50 GHz spaced 8-channel hybrid
ARoF-WDM PON transmission system varied from —20.15 dBm to —28.65 dBm, where the BER of
received signal was from 9.8 x 1079 to 2.2 x 10'. After a 40 km long ODN SSMF section, for 50 GHz
spacing measured average optical output power varied from —20.12dBm to 28.62 dBm, where the
BER was 9.8 x 10739 t0 2.2 x 107!, In the case of 2nd down-converted 2.5 Gbit/s 28 GHz mm-wave
received signal the error-free transmission was observed. In the first scenario with 10 Gbit/s NRZ
signal (broadband internet) after 20 km long ODN SSMF section transmission for 50 GHz spaced
8-channel hybrid ARoF-WDM PON transmission system measured optical output power varied
from —19.12dBm to —27.12dBm where the BER of received signal was 9.9 x 1073 to 3.1 x 1071,
respectively. Measured average optical power after 40 km long ODN SSMF section transmission
at 50 and 100 GHz spacing varied from —11.12 to —28.62dBm and —11.15dBm to —28.65 dBm,
where the BER of received signal was from 1.3 x 10738 to 2.4 x 10! and 9.6 x 10737 to 2.2 x 10",
respectively.

As one can see in Figs. 4(a), 4(b), 4(c), 4(d) and Figs. 5(a), 5(c) the signal quality after 20
and 40 km long ODN SSMF section transmission for cellular network mm-wave and end-user fiber
optical broadband signal is good, the eye is open and error-free transmission is provided.

After 40 km transmission through the ODN section over standard SSMF fiber, we conclude that
received signal for broadband internet with 10 Gbit/s bitrate is mainly affected by the impact of
crosstalk and chromatic dispersion. As one can see in Figs. 5(b) and 5(d) after transmission for our
investigated 8-channel hybrid ARoF-WDM PON transmission system with 50 and 100 GHz channel
spacing trough 40 km ODN in 1st scenario for (broadband internet service) the NRZ signal operating
at 10 Gbig 45 bitrate per channel was mainly affected by CD, where the BER was 1.3 x 1073 and
9.6 x 10777,
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Figure 4: Eye diagrams of received 2.5 Gbit/s NRZ modulated 28 GHz mm-wave signal after ED detection:
(a) after 20km over SSMF transmission at 50 GHz spacing, (b) after 40km over SSMF transmission at
50 GHz spacing, (c) after 20km over SSMF transmission at 100 GHz spacing, (d) after 40 km over SSMF
transmission at 100 GHz spacing for multiplexed 8-channel hybrid ARoF-WDM PON transmission system.
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Figure 5: Eye diagrams of received 10 Gbit/s NRZ modulated broadband internet signal: (a) after 20 km
over SSMF transmission at 50 GHz spacing, (b) after 40 km over SSMF transmission at 50 GHz spacing, (c)
after 20 km over SSMF transmission at 100 GHz spacing, (d) after 40 km over SSMF transmission at 100 GHz
spacing for multiplexed 8-channel hybrid ARoF-WDM PON transmission system.

4. CONCLUSION

In this paper, the architecture of hybrid analog radio over fiber (ARoF) and next-generation (NG)
wavelength division multiplexed passive optical network (WDM-PON) infrastructure designed for
broadband internet services and the latest fifth-generation (5G) cellular mobile communications is
proposed. We have demonstrated the widespread used passive optical network (PON) architecture,
which is technologically transformed to the AROF-WDM-PON transmission system without replac-
ing existing network elements, by integrating BBU’s mobile radio transmitters and receiving parts of
the mobile base stations RU, leaving the WDM-PON broadband architecture unchanged.The trade-
off between radio communication services and requirements fora balance in radio signal frequency
band, as well as the capability to increase the capacity of bitrate in the fiber optical networks, the
necessary number of radio signals according to 40G NG-PON req. and optical path loss for various
applications is achievable by investigated hybrid AROF-WDM-PON architecture.

In our investigated transmission system model, designed in the environment of simulation soft-
ware, we researched the possible A-RoF system implementations into PON’s segment with dense
WDM channel frequency grid (50 GHz), which has been standardized to next-generation (NG-
PON2) standard, providing a unique solution for hybrid fiber optical infrastructure serving as the
next step for future 5G wireless communication networks. The feasibility of the proposed system is
verified by the obtained quality of the received signal, accordingly, eye diagrams and measurements
of BER performance. Our proposed 8-channel AROF-WDM-PON transmission system model is
capable to provide data transmission over optical fiber distribution network with a length of up
to 40km with E1 class optical path loss using standardized ITU-T G.652 optical fiber as a signal
transmission media.
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Abstract—We experimentally demonstrate Kerr optical fre-
quency combs (OFCs) with mode spacing of 1, 2, 3, 5, 6, and
8 free spectral ranges (FSRs) corresponding to 0.4, 0.8, 1.2, 2, 2.4,
and 3.2 THz, respectively, in silica microspheres pumped by CW
C-band lasers in the anomalous dispersion range. Experimental
realizations are based on using standard telecom equipment and
components such as SMF-28e fiber for producing microspheres
and fiber tapers for pump coupling and OFC outcoupling.
Numerical simulation is performed to support the experimental
results and explain the observed spectral asymmetry in OFCs by
the influence of the 3rd-order dispersion.

Index Terms— Microsphere, whispering gallery mode (WGM),
free spectral range (FSR), optical frequency comb (OFC).

I. INTRODUCTION

PTICAL frequency combs (OFCs) generated in

microresonators  with  whispering gallery modes
(WGMs) are attractive for basic science and numerous
applications (see, for example, the reviews [1], [2] and
references therein). OFCs can be generated in manifold steady-
state and dynamical regimes depending on system parameters
in spherical, disk, ring, toroidal, and other microresonators
made of glass or crystalline materials [1]. The spacing between
OFC modes may correspond to microresonators’ free spectral
range (FSR), to multiples of FSR, or even to rational fractions
of the FSR [1]-[6]. OFCs with multi-FSR mode spacing were
observed in crystalline resonators [3], [4]. Detailed theoretical
analysis in the framework of Lugiato-Lefever equation (LLE)
in resonators with only a Kerr nonlinearity and constant
2nd-order dispersion was performed in [7]. A numerical
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study of multi-FSR OFCs driven by a continuous wave (CW),
cosine-modulated pump with allowance for 2nd-order and
3rd-order dispersion was presented in [8]. It was found that
3rd-order dispersion can modify OFC mode spacing and
decrease the intensity of OFC modes, but for the considered
parameters multi-FSR OFC spectra were almost symmetric
relative to the pump frequency [8].

Silica microspheres with high Q-factors can be produced in
an easy and cheap way by melting the end of a standard tele-
com fiber [9], and the observed nonlinear effects in them can
be described by the LLE as for other types of microresonators.
So, silica microspheres are a convenient platform for OFC
generation and study of different regimes. Such microspheres
can be pumped by telecom C-band CW lasers through a silica
fiber taper, so the experimental realization can be based on
using standard telecom components and equipment.

Here we generated single- and multi-FSR Kerr OFCs in
silica microspheres in two experimental series and tested
spectral long-term stability for up to 5 h. Numerical simulation
of the LLE was performed to support the experimental results
and explain the observed asymmetry in OFC spectra.

Il. RESULTS
A. The First Experimental Series

The first experimental series was conducted according to
the scheme shown in Fig. 1(a). The radiation of ‘CW laserl’
with a linewidth of 100 kHz and 6 dBm optical output power
adjusted at a C-band wavelength of 1552 nm was amplified
with an Er-doped fiber amplifier (EDFA) up to 23.5 dBm
and after passing an optical Faraday isolator (ISO) and a
polarization controller (PC) was coupled through a silica fiber
taper to a silica microsphere. The fiber taper was manufactured
by melting and stretching a silica fiber with a gas burner.
A microsphere with a diameter of about 170 xm was produced
from an SMF-28e telecom fiber by melting its end in a fiber
splicer as described in [10]. Microphotos of the produced
microsphere in two mutually orthogonal planes are presented
in Fig. 1(b). Our microsphere was multimode, but we adjusted
its position to the taper in such a way that only one WGM
family (fundamental as we believe) was strongly excited (see
Fig. 3(c)). The curve presented in Fig. 1(d) corresponds to the
resonance from this family and gives Q-factor of ~0.4 - 108.
The dispersion for the fundamental WGMs was calculated by
numerical solution of the characteristic equation as described
in [11]. The calculated zero dispersion wavelength (ZDW)
was 1545 nm. So, the microsphere was pumped in a slightly

1041-1135 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 1. (a) Simplified schematic for the first experimental series.

(b) Microphotos of the produced silica microsphere in two mutually orthog-
onal planes. (c) Microsphere resonances. (d) Measured (black) and Lorentz
fitted (red) single-resonant curve for Q-factor determination. (e) Spectrum
with 1- FSR mode spacing. (f) Spectrum with 2. FSR mode spacing. Spectra
as functions of time for OFCs with 1 - FSR mode spacing (g) and 2 - FSR
mode spacing (h).

anomalous dispersion regime. The microsphere and the fiber
taper were enclosed in a separate box for dust prevention and
humidity control providing long-term stability of the generated
OFCs. A piezo micro-positioner was used to control the
relative position between the microsphere and the fiber taper
as described in [9], [12]. The output spectra were recorded by
a telecom Optical Spectrum Analyzer ‘OSAY’.

OFC generation was initiated by hard bumping the pump
fiber which translated to abrupt changes in the pump power
coupled to the microsphere (‘power kick method” [13]). The
process was not 100% successful, so that several attempts
were needed to attain OFC generation. First, we generated
an OFC with a single-FSR mode spacing of 0.4 THz which
corresponds to the theoretical FSR estimation. The corre-
sponding spectrum is plotted in Fig. 1(e). Next, by changing
the relative position between the microsphere and the taper,
we obtained an OFC with 2 - FSR mode spacing of 0.8 THz
with the spectrum plotted in Fig. 1(f). We tested the long-
term stability of these OFCs for 5 h; the corresponding almost
constant spectra as functions of time are shown in Fig. 1(g)

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 33, NO. 9, MAY 1, 2021

and (h) for mode spacings of 1-FSR and 2-FSR, respectively.
The recording time of 5 h for each measurement shown
in Fig. 1(g,h) was chosen to obtain them in one day.

B. The Second Experimental Series

The second experimental series was conducted with a
microsphere very similar to that described in the previous sub-
section but with another laser source pumping a microsphere
in the anomalous dispersion regime at a longer wavelength
farther from the ZDW. The spectrum demonstrating a Kerr
OFC with 1-FSR mode spacing in the 1490-1630 nm range is
plotted in Fig 2(a). This spectrum was used as a reference
to find a mode spacing for multi-FSR OFCs demonstrated
in Fig. 2 in the 1st column. A simplified experimental scheme
is shown in Fig. 2(b). The microsphere was pumped through
a fiber taper by ‘CW laser2’ (10 kHz linewidth, 18 dBm
maximum power, 190.3-197.9 THz tuning range). Output
spectra were registered by telecom ‘OSA2’.

To attain single- and multi-FSR OFCs, the regime of
sweeping the frequency of ‘CW laser2’ near a resonant WGM
at ~1570 nm was turned on. The laser frequency offset as
a function of time is plotted in Fig. 2(c). When sweeping
near a resonant WGM, OFC generation and its absence were
observed dynamically and periodically. Next, we stopped the
sweeping regime on the descending branch after 30 s (see
Fig. 2(c)). A steady-state OFC with single- or multi-FSR mode
spacing was often generated due to mode pulling [1], [2] for
the pump power of about 13 dBm before the taper. The coupled
pump power and the pump detuning from exact resonance
are the key parameters governing the formation of different
structures in a microresonator [7]. However, in the experi-
ment it is difficult to access these parameters independently.
We varied the distance between the taper and the microsphere
that mainly affects the coupling coefficient and the pump
wavelength. Due to mode pulling effect the effective detuning
in the steady-state regime is also power-dependent and is not
directly related to the shift of the pump wavelength from the
cold resonance. By varying both parameters we could find the
regimes corresponding to the generation of multi-FSR OFCs
with a mode spacing of 3-FSR, 5-FSR, 6-FSR, and 8- FSR
(see Fig. 2, the 1st column), although these regimes were
quite sensitive to the changes of any of the system parameters.
The dotted gray lines through the left column in Fig. 2 show
the correspondence between the modes generated in multi-
FSR OFCs and in the single-FSR OFC. It is seen that the
spectra are slightly asymmetric relative to the pump, and the
short-wavelength harmonics have higher spectral intensities
compared to the long-wavelength ones. The pedestals in the
experimental spectra originate from the pump laser. Stability
of OFC spectra with single- and multi-FSR mode spacing was
tested for times of the order of 10 minutes. We did not observe
operation in bistable regimes.

C. Numerical Smulation Supporting the Second
Experimental Series

To support the experimental results and explain the observed
spectral features, we performed a numerical simulation based
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Fig. 2.

(a) Spectrum with 1 - FSR mode spacing for the second experimental series. (b) Simplified schematic for the second experimental series. (c) Pump

offset from the central frequency as a function of time. Results for OFCs with N - FSR mode spacing (under the horizontal gray bold line): experimental
spectra (the 1st column), numerically simulated spectra (the 2nd column), numerically simulated intensity distribution in the time domain (the 3rd column),
and the corresponding 3D representation (the 4th column) for 3 - FSR (d-g), for 5- FSR (h-k), for 6 - FSR (I-0), and for 8 - FSR (p-s).

on the LLE. Home-made software based on the Split-step
Fourier method was used for numerical modeling of the master
equation written as [1], [14]:

oA

%:—(1+ia)A+iA/ R(S)|A(t, 7 — 5)|2 ds

o
.bzﬁZA b383A
222,33 F @
! 2 012 6 013 + &)

where A(t, 7) is the intracavity dimensionless field; z and t are
the fast and slow dimensionless times; « is the phase detuning
of the pump field F from the nearest resonance, b, and bs
are the coefficients of 2nd-order and 3rd-order dispersion, and
R(t) is the Raman nonlinear response function [14]:

R() = (1 — fr)3(t)
+ TRz 2 + 1, D sin(t /o) exp(—t/12)  (2)

where fr is the Raman fraction; J(t) is the Dirac delta
function; 77 = 12.2 fs, and 7, = 32 fs.

It is known that multi-FSR (N - FSR) OFCs corresponding
to the so-called Turing roll patterns (consisting of an integer
number of rolls N in the microresonator) can be obtained in an
anomalous dispersion range for certain areas of parameters [4],
[7]. The analytical expression of this number N at a pump

threshold depending on « and by is given in [7] for b3 = 0
and fr = 0. This expression is not valid above the threshold
power with allowance for bz # 0, but we used it as the first
guess in selecting the parameters for obtaining regimes with
spectra similar to the experimental ones.

We took by —0.05, b3 = 0.002 and varied « and
|F|2 to attain a good agreement between experimental and
simulated spectra (compare Fig. 2, the 1st and 2nd columns
under the horizontal gray, bold line). The presented numerical
OFCs with mode spacings of 3 - FSR, 5 FSR, 6 - FSR, and
8 - FSR were obtained for a equal to 1.7, 0.5, —1.5, and
—6.5, respectively. The corresponding steady-state temporal
structures with 3, 5, 6, and 8 rolls are plotted in the 3rd
column and in 3D representation in the 4th column. The dash-
dotted lines shown in the 2nd column in the simulated spectra
emulate the pedestal of ‘CW laser2’. So, Figs. 2(d, e, f, g)
correspond to 3-FSR OFC, Figs. 2(h, i, j, k) to 5-FSR OFC,
Figs. 2(l, m, n, 0) to 6 - FSR OFC, and Figs. 2(p, q, I, S) to
8 - FSR OFCs. Thus, the experimental spectra coincide with
the numerical ones obtained with allowance for the 2nd-order
and 3rd-order dispersion, and Kerr and Raman nonlinearity.
Note that our spectra are asymmetric relative to the pump
(short-wavelength harmonics have higher intensities compared
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Fig. 3. Numerical spectra of OFCs with 5- FSR mode spacing (dark-blue
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dependent dispersion S (blue curves, right axes).

to long-wavelength harmonics), but in the model without
allowance for 3rd-order dispersion and Raman nonlinearity,
the spectra are symmetric [7].

D. Numerical Sudy of Spectrum Asymmetry

To explain the asymmetry of the experimental spectra shown
in Fig. 2(d, h, 1), also observed for the numerical spectra in
Fig. 2(e, i, m, q), we performed a more detailed simulation
with switching on and switching off the 3rd-order dispersion
and Raman response in Eq. (1). We considered the mode spac-
ing of 5-FSR corresponding to Fig. 2(i). The spectrum in the
full model with allowance for b3 > 0 and fr = 0.18 in a wider
range compared to Fig. 2(i) is shown in Fig. 3(a) together
with the wavelength-dependent dispersion. In this case, short-
wavelength harmonics have higher spectral intensities than
long-wavelength ones. In addition, the dispersive wave (DW)
generation in the normal dispersion region is observed. DW
generation is a well-known effect for both optical fibers [14]
and microresonators [2]. Then, we switched off the Raman
response (fr = 0) and obtained the spectrum shown in
Fig. 3(b), which is very similar to the spectrum shown in
Fig. 3(a). Therefore, the contribution of Raman nonlinearity
was insignificant in this case. Then, we switched off the
3rd-order dispersion (bz = 0) and calculated the spectra with
fr = 0.18 (Fig. 3(c)) and fr = 0 (Fig. 3(d)). In these cases,
very similar symmetric spectra without DW were obtained.
The same results were obtained when simulating OFCs with
different mode spacings (3 - FSR, 6 - FSR, and 8 - FSR).
Thus, the experimentally observed asymmetry of the spectra
is explained by the influence of the 3rd-order dispersion. For
the considered regimes, the effect of Raman nonlinearity is
negligible.
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I11. CONCLUSION

We have experimentally attained single- and multi-FSR Kerr
OFCs with mode spacings of 1-FSR, 2-FSR, 3-FSR, 5-FSR,
6-FSR, and 8- FSR corresponding to 0.4, 0.8, 1.2, 2, 2.4, and
3.2 THz, respectively, in 170-xm silica microspheres pumped
by C-band CW lasers in the anomalous dispersion range
and tested the spectral long-term stability for up to 5 hours.
Numerical simulation based on the LLE was performed to
support the experimental results and to explain the observed
spectral asymmetry in OFCs by the influence of the 3rd-order
dispersion. For the considered regimes, the Raman nonlinearity
is negligible. Thus, multi-FSR OFC generation in a silica
microsphere is a simple way to obtain steady-state long-term
stable OFCs with a mode spacing of the order of 1 THz.
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Abstract: Optical frequency combs (OFCs) generated in microresonators with whispering gallery
modes are demanded for different applications including telecommunications. Extending operating
spectral ranges is an important problem for wavelength-division multiplexing systems based on
microresonators. We demonstrate experimentally three spectrally separated OFCs in the C-, U-, and
E-bands in silica microspheres which, in principle, can be used for telecommunication applications.
For qualitative explanation of the OFC generation in the sidebands, we calculated gain coefficients
and gain bandwidths for degenerate four-wave mixing (FWM) processes. We also attained a regime
when the pump frequency was in the normal dispersion range and only two OFCs were generated.
The first OFC was near the pump frequency and the second Raman-assisted OFC with a soliton-like
spectrum was in the U-band. Numerical simulation based on the Lugiato-Lefever equation was
performed to support this result and demonstrate that the Raman-assisted OFC may be a soliton.

Keywords: silica microsphere; optical frequency comb (OFC); Raman OFC; soliton-like spectrum;
four-wave mixing

1. Introduction

Microresonators with whispering gallery modes (WGMs) are attractive for various
applications, including classical and non-classical ones [1,2]. Sensing [3-5] and biosens-
ing [6,7], optical filtering and switching [8-10], frequency stabilization, and linewidth
narrowing [11,12] are just a few of them. A possibility of developing a new class of opti-
cal sources with a controllable number of robust soliton pulses operating in self-starting
regimes based on coupled resonators is discussed in [13], where stabilization is imple-
mented by linear coupling without saturable absorption. The OFC generation in microres-
onators, demonstrated for the first time in 2007 [14], has greatly expanded the application
range of such photonic devices [1]. They are used in coherent communication [15,16],
dual-comb spectroscopy [17], optical atomic clock [18], ultrafast optical ranging [19], and
in many more areas.

Although on-chip microresonators belong to one of the most actively developing
areas [20], silica microresonators are also of great interest, since they are a very convenient
platform for the development of micro-photonic devices. For example, a four-port microde-
vice based on an SNAP (surface nanoscale axial photonics) microresonator produced on the
surface of a silica fiber was demonstrated in [21]. The silica microresonator technologies
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are easier and cheaper compared to the technologies of on-chip crystalline microresonators.
The commonly used method of pump coupling into a microresonator through a tapered
fiber also allows system parameters to be controlled in a wide range by varying the rela-
tive position between the resonator and the tapered fiber (while a similar adjustment is
impossible for on-chip microresonators). To protect silica microresonators from air flows,
dust, and high humidity, they are portably and robustly packaged [22].

Silica microresonators made of a standard optical fiber are suitable for application in
the telecommunication range, since they can be pumped by narrow-linewidth C-band tele-
com lasers, and the corresponding experimental schemes are based on standard telecom
components. Recently, we studied theoretically [23,24] and demonstrated experimen-
tally [25] the implementation of wavelength division multiplexed-passive optical network
(WDM-PON) in the C-band using an OFC generator based on a silica microsphere as a
multiple light source. When several lasers (laser array) are replaced by a single OFC source,
it improves the energy efficiency of the WDM fiber optical communication system, at the
same time providing stable frequency spacing and strong phase relation between generated
carriers (modes) [24-26]. Extending OFCs to the L-band is also a straightforward solution
for WDM-PONSs, when the use of the C-band is insufficient for satisfying the bandwidth
demand. Particularly, it is of interest for next-generation passive optical network 2 (NG-
PON2) or currently developing Super-PON networks, where frequencies of L-band are
allocated for the downstream transmission [27]. U-band laser sources are mainly used for
network monitoring purposes, so their development and investigation is also required.

It is known that, for Kerr OFC generation, the main mechanism is FWM, which can
be readily applied for explanation of experiments. However, frequently, when generating
OFCs, Raman nonlinearity plays an important role in silica microresonators. A Raman
microsphere laser was demonstrated for the first time in [28]. Since then, Raman processes
have been widely investigated. Many works were also devoted to study of Kerr-Raman
OFCs (for example, [22,29-31]). However, the nonlinear dynamics of intracavity radiation
can be so complex and diverse that it is still possible to discover new features or interesting
regimes of nonlinear conversion of radiation.

Here, we demonstrate three experimental series on the generation of spectrally sep-
arated OFCs in silica microspheres. In the first series we obtained the first OFC near the
pump frequency in the C-band, the second Stokes OFC in the U-band and beyond, and
the third anti-Stokes OFC in the E-band. To give a qualitative explanation of OFC genera-
tion in the sidebands, we estimated gain coefficients and gain bandwidths for degenerate
four-wave mixing (FWM) processes under the strong intracavity CW field approximation.
To understand the opportunities for OFC generation in sidebands due to the degenerate
FWM process within such an approximation, we analyzed in detail a pump frequency
varying in the 190-198 THz range. In the second experimental series, by simple tuning of
the pump frequency we attained frequency tunable Raman OFCs and E-band OFCs, as well
as a C-band OFC. In the third experimental series, the pump frequency was in the normal
dispersion range and we attained a Raman soliton-like spectrum without symmetric high-
frequency sideband. To support this result, we performed numerical simulation based on
the Lugiato-Lefever equation. We theoretically demonstrated Raman soliton generation
in the anomalous dispersion range with the pump in the normal dispersion range, for
the first time, to the best of our knowledge. Note that a Stokes (Raman-assisted) soliton
co-existing with a fundamental dissipative Kerr soliton in the anomalous dispersion range
was discovered in a silica on silicon microcavity [32], but this regime differs from ours.

2. Methods
2.1. Fabrication of Microspheres

Samples of silica microresonators were made of standard ITU-T G.652.D telecommu-
nication fiber Corning SMF28e using the technology described in detail in [24]. In brief, it
is based on repeated melting of a thinned fiber end with a fiber splicer. This fabrication
process allows producing microspheres with reproducible and controllable diameters and
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similar Q-factors. Within a few hours after manufacturing, the Q-factors, regardless of the
microsphere diameter, exceeded 5 x 107 on average. Within a couple of days, the Q-factors
dropped on the average to a value of 4 x 107, and then this value remained unchanged for
a long time. Two months after the preparation of the samples, the Q-factors were about
2 x 107. Note that the record large value is Q = 8 x 10° measured at 633 nm ~1 min
after fabrication for a silica 750-um microsphere [33]. However, typical Q-factors for silica
microspheres at 1.55 pm used for OFC generation or Raman lasing are 107-108 [28,29,34,35],
which agrees with our results. The reasons limiting Q-factors are discussed in [33].

We used microspheres with diameters d ~ 165 um and FSRs of about 400 GHz in all
experiments and the corresponding numerical simulations. Note that the mode spacing
400 GHz = M x 100 GHz (M = 4) satisfies the ITU-T recommendation G.694.1 [36], which
specifies the spectral grid for WDM systems. To excite WGMs in a microsphere, we used
tapered fibers made of Corning SMF28e with gas burners [24,25,37].

2.2. Numerical
2.2.1. Calculation of Dispersion and Nonlinear Coefficient

To find a free spectral range (FSR) and to calculate dispersion of a microsphere, we
numerically solved the characteristic equation for a fundamental TE mode family [38]:

! !
[(kd/z)l/zhﬂ/z(kd/z)] [(kod/z)l/zHl(i)l/2(k0d/2)] O
n - 7
(kd/2)' 2110 (kd/2)  (kod/2)"2H, 5 (kod /2)

where the prime is the derivative with respect to the argument in parenthesis; 1, and
Hiq /2(1) are the Bessel function and the Hankel function of the 1st kind of order [ + 1/2,
respectively; [ is the azimuthal index; kg = 2-7-v/c is the light propagation constant in
vacuum; v is the frequency; k = n(v)-ko; n(v) is the linear refractive index of the silica
glass (calculated using the Sellmeier formula given in [39]). We selected the first roots
of Equation (1) for the fundamental mode family. The roots were localized using a well-
known approximation formula for the eigenfrequencies presented, for example, in [38].
These approximate eigenfrequencies were used as the initial values for finding the roots of
Equation (1). The iterative algorithm was implemented with the dispersion of the silica
glass taken into account [39]. After finding eigenfrequencies for the fundamental TE mode
family, we calculated the 2nd-order dispersion [40]:

:BZ = T 5 935 s (2)

where
Vigp — V-
Avp = == A(AY) = v — 20+ v ®)

The electric field E(r) of the fundamental TE WGM was found as in [38], and after that,
the effective WGM volume V5 and nonlinear Kerr coefficient y were calculated

2(F243
Veffzifn ‘E‘Er, 4
max(n?|E|?)
2m n
7= ; (5)

A Vegp/ (md)’

where 71, = 2.2:10720 m? /W is the nonlinear refractive index of the silica glass [39]. We
found 1y = 6.2 (W-km)~! for v ~# 193 THz and neglected its frequency dependence in the
simulations below.
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2.2.2. Calculation of Intracavity CW Power

Nonlinear dynamics of the intracavity radiation neglecting Raman contribution can
be described by the Lugiato-Lefever equation in the following form [1]:

E(LT) | B fio\ . 2 ,
R = |~ 1(50+17tdk>22k! i + iymd|E(t, T)*| E(t, T) + VOE;,  (6)

where E(t, T) is the intracavity field; g is the round trip time; t and 7 are slow and fast
times, respectively; a is the loss coefficient including intrinsic and coupling losses; By is the
dispersion of the k-th order; 6 is the coupling coefficient; and &y is the frequency detuning
of the pump field E;,, from the exact resonance.

Further, to find the intracavity CW power, we applied the commonly used ap-
proach [39,41]. For the CW solution, Equation (6) is reduced to the following algebraic
equation in the standard dimensionless form [41]:

Y3 —2AY% + (A2 +1)Y = X. @)

Here, X and Y are the normalized pump and intracavity powers, respectively; A is
the normalized detuning (X = | E;;, | 2(re-d-y-8/a%); Y = | E|1%(r-d-y/«); and A = &y/«). We
found Y(A) from Equation (7), and in the case when this equation had three roots, we took
the maximum value corresponding to the upper stable branch.

2.2.3. Calculation of Gain Coefficients for the Degenerate FWM Processes under the Strong
Intracavity CW Field Approximation

To estimate the possibility of generating sidebands via degenerate FWM under the
strong intracavity field approximation, we followed the approach developed in [35,42]
(which can be extended taking into account the dispersion of finesse [43]). We assumed that
the total intracavity field can be approximated as the sum of a strong CW field Ej found
from Equation (7) and two small-amplitude sidebands (la+ | << |Eg|) symmetrically
shifted by £Q) from the pump frequency

E(t,T) = Ep + a4 exp(iQ7) + a_ exp(—iQ1). 8)

Next, we rewrote Equation (6), taking into account the expression (8), and linearized
this equation. After algebraic transforms, the following system of equations was obtained

; g( ay ) [ —a+iB—indD,(Q) irdy(E5)? ( ay ) )
Rat\ a* )~ —indy(E})? —& — iB — irtdD,(Q) at )’

where B = —3g + 71d-D(Q) + 271dy | Eg 12, Do(€)), and D,(Q2) are odd and even dispersion,
respectively

4
Do(Q) = Y Boxn O*H/ (2k+ 1)1, (10)
k=1
4
De(Q) = Y B/ (2k)1. (1
k=1

The eigenvalues of Equation (9) are

AL (Q)tg = —a+imdD,(Q) £ \/47rd'yP((50 — 1dD,(Q)) — (8 — mdD,(Q))* — 372d242 P2 12)

Here, P= | Ey| 2 is the intracavity power.
The instability (exponential increase of a-) is observed if Re(A+(Q)) > 0). For this case,
the gain coefficient is Re(A 1 ((2)).
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2.2.4. Numerical Simulation Based on Lugiato-Lefever Equation with the Raman
Nonlinearity Taken into Account

To analyze the dynamics of the optical intracavity field taking the Raman nonlinearity
into consideration, we used the generalized Lugiato-Lefever equation

EMLT) | Br(:d\* , ‘ e .
tr Pyl 1(50+17rd]§2ﬂ 5 E(t,T)+iynd E(t,T)/R(S)‘E(t,‘L’ s)|?ds + V/OE;,. (13)

with the added Raman response function R(f) [39]:
R(t) = (1= fR)8(t) + fr(Ty 2 + T, ) Ty exp(—t/To) sin(t/ 1), (14)

where 4(t) is the Dirac delta function; fg = 0.18 is the fraction of Raman contribution to the
total nonlinear response; Ty = 12.2 fs, and T, = 32 fs.

We used a home-made software based on the common symmetrized split-step Fourier
method (SSFM) [39] for modeling intracavity light field dynamics.

3. Results
3.1. The 1st Experimental Series

In the 1st experimental series, we used the scheme shown in Figure 1a. The radiation
from the output of a C-band tunable laser ‘CW pump laser (I)’ with a 4 mW power and a
100 kHz linewidth was amplified up to 220 mW using an erbium-doped fiber amplifier
(EDFA). Next, the amplified signal passed a Faraday isolator (ISO), a polarization controller
(PC), and was then coupled through a tapered fiber to a microsphere. Two CCD cameras
were used for a rough control of the relative position between the tapered fiber and
the microsphere and a piezo micro-positioner was used for precise control. We used a
telecom Optical Spectrum Analyzer ‘OSA(I)’, which operates up to 1700 nm to record
the output spectra. We varied the distance between the microsphere and the tapered
fiber, thereby varying the effective coupling coefficient and the pump detuning from
exact resonance (due to thermal mode pulling effect). It is well known that detuning
is a very important parameter strongly affecting the nonlinear dynamics of intracavity
radiation [44,45]. By changing the relative position between the tapered fiber and the
microsphere, it is possible to obtain OFC in different regimes. Note that a similar scheme
was previously used to generate a long-term stable OFC with 2-FSR mode spacing [46].
Here, in the 1st experimental series, we pumped the microsphere at 193.4 THz near the zero
dispersion frequency of about 193.3 THz. The calculated dispersion of the microsphere is
shown in Figure 1b. We attained the first relatively weak OFC near the pump frequency
and two spectrally separated OFCs in the sidebands (Figure 1c). The second low-frequency
OFC was near 180 THz and the third high-frequency OFC is located symmetrically to the
second OFC.

To qualitatively explain the OFC generation in the sidebands (Figure 1c), we estimated
gain coefficients and gain bandwidths as described in Section 2.2.3. We took the pump
power before the microsphere | Ej, 12 = 50 mW, assumed « = /2, and set the finesse
/e =5 x 10%. Since detuning was not known for sure, we considered various values
presented in Figure 1d. We found that the experimental sidebands shown in Figure 1c
correspond to the gain bands for reasonable values of detuning. In addition, the Raman
scattering may also affect the low-frequency OFC, but here we did not consider it for
qualitative understanding of the FWM process.



Photonics 2021, 8, x FOR PEER REVIEW
Photonics 2021,'8,'345

6 of 13
6 of 12

(a) Mlcrosphere

CW
pump bt OSA(D)
laser(I) poered

fiber
10 T T T T
5t (b) Simulation |
g 0
5
g 37 1
o -10F b
-15r ]
720 1 1 1 1 1 1 1 1
175 180 185 190 195 200 205 210
Frequency; THz
(© Experiment
0 = -

Power, dBm
I
[
(=]
T
1

1 1 1 1 1 1 1 1

175 180 185 190 195 200 205 210
Frequency, THz

20 T T T T T T T T
N (d) Simulation
L A=-5
= A=0
g o A=5
% A=10
S A=20
£ A=30 /\
&)
o L[ /AN ‘ ‘ ‘ ‘ A\
175 180 185 190 195 200 205 210

Frequency, THz

Figuse 1. (@)Wﬁeadeﬁppﬁfﬁ@ﬂmaédfémmﬁ)&hmﬂ%ﬁ@@i%)(%@mwwma@ép&m
fien fona silieaoupeaeniste deﬁﬁrﬁé%%ﬁ%ﬂﬁ&ﬁf(d}@xfﬁﬁﬁ@ﬁ&??g&%ﬁ%%

Sres QRGF: tﬂswﬂqppa%&e R%‘Fr%‘é{ efﬁ%%éf,avrsfm?&%%sﬁ%&b?a RI&‘%‘A@%E‘T&%&‘H&&%&‘%
&ipcostisicnt upder ﬁ;ogﬁggon x%x@ﬁitlonn’flopg%u%ﬁ IR SOBHSR R, T e s

vertlcaie ine T roug PLerd spersion
line through (b—d)‘in 1cates Zero dlspersmn

32 Theeretical Study of FEWM

To wndlerstand dhe morandial off OIC ganartion i sildiabands e to the dlogenarte
FWM proeess [Rirastiopganacrtp wampelblay epaaliats e thenprirgsarnfyerey
yangiig thed®0909898H e Eanga:el Mkifrheyarayy 2aggcaameedyrined with eommereialily
available tunable mamow-linrwiitthlasssss Wiveaasidiriesbppupmpopweely £ mbVrnd
dhé BY) 230 n¥Ve. wedithe ahprpistodeiiatibedibe $entBur oh2 for fiodinglingranardtyGhy
Cuwposvanslatht thppiipprbadestesbeidda ideStictivd 2.3 3do fifdingggaiin coefficients for @
FWM process.

The calculated imtracavity CW powers ae sthowm iin Higgiree 2gkb. For tihe muaiked
poiimtts vweecabdatd adedt b g gjai noedfitfiones ts farfoiations the fhenppifingg freqeeany sicdixide-
brendefreigaeiibienuliherinalmesidad arsdésnerestdeednstFagedeipc Higorp2ng fowprsop
Tomds afd GonmmWink SeatWe hesfoectiiabn domdéssateiuniess detuhihg, A5 BeR1td (e
absvetipondirg peardird; pointseih pignie iza Fifiger2d)c Bigtre Payinater dhevsanferctiosane

scale. The sidebands are wider and located closer to the pump frequency when it is in the



Photonics 2021, 8, 345

Photonics-2021,-8;

7of12

EOR PEER REVIEW

aneBIaiakap disReTFHIR kRgRdVAReR i Re R R EedueReyrifol th B nunopTal ddspgrsioanrange,
thesislabandafregatnaictispershiftedsighificardly pronp theqeentp frequenay(whidvagrees
withethiewesirgs, ofh#heipelperd Irdjuboritheasarsie detusigngianatynftom ghinmoeffitients are
slighdpdyighbiciordtpes 50ith WicthiasuFord? the Itape 3k fon thigirendrdeteairigy poxier (see
Figuvan gyirweeffideniahye clighiyehighaesdustiictahingVAhaadosdy SOOMPY dBOV (see

(e)

(d) :

requency, TH:

20
00
180
160

g8 2

140 140 140 =
190 192 194 196 198 190 192 194 196 198 190 192 194 196 198 6 5
Pump frequency, THz Pump frequency, THz Pump frequency, THz 4 E

o

240 2 2

&

220 [

a1sBiSﬁércié&fféEfa‘éi?Ydli‘ﬁig’?ﬁ&%ﬁ?eﬁé%%ﬁ%)ﬂ\ﬁglffb%}que‘%ﬂ%dﬂ%
£)

givith ¢y li%{ﬁrelﬁ’e:(ﬁ%f@%ﬁfsi

effi
an

C lcula&

The Sagda

frequericies clos
ga

aln C
est am—%

L

al Wl
€ Zero

exce
ispersion

j rFéﬁure
9

el

2e
A0

réquency.

2

aE)]nfzre individu.

SHISISRE detuning, the higher the gain coefficient.

240
220
200
180
160

200
180
160

140
198 190

192

Pump frequency, THz

194 196

192 194 196
Pump frequency, THz

140
198

)
190

192 194 196
Pump frequency, THz

col
ose

ol
“ihelareerificd

198

._‘\'
=
(e) g
&
4
[+
140 140 y
192 194 196 198 190 192 194 196 198 190 192 194 196 198
Pump frequency, THz Pump frequency, THz Pump frequency, THz
—— —— -
0 10 20 0 10 20 30 0 20 40

Gain coefficient, 107

Gain coefficient, 107

Gain coefficient, 107

?r
ned

i

i

S eXcC

() S 16004 ) 1]

= 3004 /s = ]
- 7 -
s Eavee 1l
2 %120(:
E‘ " B
£ 200 o r — Py = 10mW
g | £ 8004 .
g g / — P, =50mW
2 100 £ 2
E £ 4007 7
£ 4 =

0 ; . . : o . - :

-5 0 5 10 15 20 0 20 40 60 80

A A

;. YFaHe _‘iiﬁ'%’@é’l'ﬁn‘}eﬁts are
aithsemespnding nerked printa P e8! dfining).

scale
TO

are .
1spersion

S
lrger the

Figure 2. (a,b) Intracavity CW power versus normalized detuning calculated for pump powers of 10 and 50 mW ((a) is on a
magnified scale). Numerically calculated gain coefficients under the strong pump approximation as functions of pump
frequency and sideband frequency for pump powers P, =10 mW (c) and P, = 50 mW (d,e). For (c,d) the same colormap
scale is used. For (e) colormap scales are individual for each subplot.
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By adjusting the relative position between the microsphere and the tapered fiber, we
attained three OFCs for the pump frequency of 192.9 THz (Figure 3b). The Raman-assisted
OFC had a soliton-like shape (Figure 3b). Its low-frequency spectral wing extended beyond
the OSA operating range. The E-band OFC contained more than 20 spectral lines with a
relatively high intensity. For pump frequencies of 193.7 THz and 191.4 THz, the Raman-
assisted OFCs in the U-band also had soliton-like shapes, while the E-band OFCs were
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very weak (Figure 3c,d). In these cases, the Raman OFCs were not weak in comparison
with the pump, so the simple method of calculating gain coefficients for the FWM process
described in Section 2.2.3 and applied in Sections 3.1 and 3.2 could not be used.

It should be noted that in this experimental series, by simple tuning of the pump
frequency we attained frequency tunable Raman soliton-like OFCs, which may be useful
for applications.

3.4. The 3rd Experimental Series and Its Interpretation

Next, we removed the bandpass filter from the scheme plotted in Figure 3a and
operated with the scheme shown in Figure 4a. We set the pump frequency f, = 197.7 THz
and attained only two OFCs: the first one was near the pump frequency, and the second
was the Raman-assisted OFC (Figure 4b). In this case, the pump frequency was in the
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(b) is due to spontaneous emission from the pump laser.
4. Discussion
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niboeried gimadationEsRtbé dbantet0:&IdE the Lugiato—Lefever equation with the Raman

In the first series, we have obtained the first OFC near the pump frequency in the

C-band, the second Stokes OFC in the U-band and beyond, and the third anti-Stokes OFC
in the E-band. The qualitative explanation of OFC generation in the sidebands is based on
degenerate four-wave mixing (FWM) processes under the strong intracavity CW field
approximation. Note that similar spectra were previously demonstrated in different mi-
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nonlinearity taken into account as described in Section 2.2.4. We considered 2° modes.
The numerically modeled stable spectrum and spectral phase of the Raman-assisted OFC
are plotted in Figure 4c. Here, we set A = 6 and X = 25 to attain a sufficiently good
agreement between the experimental and the simulated spectra (compare Figure 4b,c).
The measured spectral intensity at the pump frequency f;, is higher than the calculated
spectral intensity at f, because in the experiment the transmitted unconverted pump is also
measured. The slight difference in the shape of the experimental and measured spectra
is explained by the fact that we did not exactly know several experimental parameters
(for example, detuning and coupling coefficient). The simulated intensity distribution in
the time domain is shown in Figure 4d. Next, we filtered out the Raman-assisted OFC in
the spectral domain (using the super-Gaussian filter for the complex spectral envelope:
exp(-(f, + Afr)®/5f°), Afg = 15 THz, 5f = 7 THz) and found its field distribution in the time
domain. The temporal intensity and phase of the Raman soliton are plotted in Figure 4e.
We indeed obtained the sech?-shape soliton demonstrated in Figure 4e. This soliton has
almost flat spectral and temporal phases. Its duration is 180 fs (full width at half maximum,
FWHM) and TBP = 0.315 (time-bandwidth product, TBP). Note that for the sechz-shape
Fourier transform limited pulses, TBP is also 0.315.

4. Discussion

We have demonstrated three experimental series of spectrally separated OFC genera-
tion in different telecommunication bands in silica microspheres, with a diameter of about
165 um and an FSR of about 400 GHz.

In the first series, we have obtained the first OFC near the pump frequency in the
C-band, the second Stokes OFC in the U-band and beyond, and the third anti-Stokes
OFC in the E-band. The qualitative explanation of OFC generation in the sidebands is
based on degenerate four-wave mixing (FWM) processes under the strong intracavity CW
field approximation. Note that similar spectra were previously demonstrated in different
microresonators (for example, in [40,42,47]). We have also investigated the pump frequency
varying in the 190-198 THz range. The sidebands are wider and are located closer to the
pump frequency when the pump frequency is in the anomalous dispersion range. When the
pump frequency is in the normal dispersion range, the sidebands’ frequencies are shifted
significantly from the pump frequency (which agrees with the results of the paper [35]).
For the same detuning, maximum gain coefficients are slightly higher for a higher pump
power due to a higher intracavity power. The broadest gainbands are obtained for pump
frequencies close to the zero dispersion frequency. Their spectral widths exceed 20 THz.
The larger the detuning, the higher the gain coefficient.

In the second experimental series, by simple tuning of the pump frequency, we have
attained frequency tunable Raman OFCs in the U-band and anti-Stokes OFCs in the E-band,
and also OFCs in the C-band. In these cases, the Raman OFCs are not weak in comparison
with the pump, so the simple method of calculating gain coefficients for the FWM process
applied for the first series cannot be used here.

In the third experimental series, the pump frequency was in the normal dispersion
range and we have attained a Raman soliton-like spectrum without symmetric high-
frequency sideband. To demonstrate that the observed Raman OFC with a soliton-like
spectrum can indeed correspond to a soliton with a localized unchangeable temporal
profile, we have performed numerical simulation in the framework of the Lugiato-Lefever
equation, with the Raman nonlinearity taken into account. Note that experimental and
theoretical studies of the generation of Raman OFCs with bell-shaped spectra from a
silica rod microresonator with controlled center frequency via detuning and coupling
optimization were presented in [30]. However, the possibility of Raman soliton formation
was not investigated in the work [30]. A Stokes soliton co-existing with a fundamental
dissipative Kerr soliton in the anomalous dispersion range was discovered in a silica on
silicon microcavity [32]. However, we could not find works reporting a Raman soliton in
microresonators (in the anomalous dispersion range) when the pump with a weak OFC
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nearby was in the normal dispersion range (as in Figure 4). Thereforw, we believe that this
found regime of the Raman soliton generation is novel.
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Abstract: The fabrication of microsphere resonators and the generation of optical frequency
combs (OFC) have achieved a significant breakthrough in the past decade. Despite these advances,
no studies have reported the experimental implementation and demonstration of silica microsphere
OFCs for data transmission. In this work, to the best of our knowledge, we experimentally for
the first time present a designed silica microsphere whispering-gallery-mode microresonator
(WGMR) OFC as a C-band light source where 400 GHz spaced carriers provide data transmission
of up to 10 Gbps NRZ-OOK modulated signals over the standard ITU-T G.652 telecom fiber
span of 20 km in length. A proof-of-concept experiment is performed with two newly generated
carriers (from 7-carrier OFC) having the highest peak power. The experimental realization is
also strengthened by the modeling and simulations of the proposed system showing a strong
match of the results. The demonstrated setup serves as a platform for the future experimental
implementation of silica microsphere WGMR-OFC in more complex WDM transmission system
realizations with advanced modulation schemes.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical frequency combs (OFCs) have a high potential to replace tens of tunable continuous-
wave (CW) lasers with a single laser source and a whispering-gallery-mode microresonator
(WGMR) in modern wavelength-division multiplexing (WDM) optical communication systems
to upgrade the architecture of the service provider’s central office (CO). OFC can be generated
in a controllable manner using different kinds of WGMRs — integrated microring resonators
[1], microdisk resonators [2], and microtoroid resonators [3], spatial microdisk resonators [4],
and microsphere resonators [5,6]. Even though integrated microresonators, providing Q-factor
~10°, have been studied extensively, silica microspheres [7] have many advantages as more
easily and quickly to manufacture by melting the end of standard optical fiber [8]. By using arc
discharge of a fusion splicer, it is possible to quickly fabricate microspheres with repeatable
diameter, and it is easy to control the free spectral range (FSR), which is inversely proportional to
the diameter. Also, routinely reached Q-factor values in silica microspheres are higher 107-10%
[9,10] compared to integrated resonators resulting in optical carriers with narrower linewidth [11].
The tapered fiber method of microsphere excitation allows to fine-tune the coupling conditions
which is not possible for chip-based resonators with integrated waveguides. Considering these
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aspects of microsphere resonator advantages, we have chosen them for OFC generation in optical
communication systems. While optical data transmission has been well studied and demonstrated
employing OFC generated in integrated resonators showing even terabit communications [12-14],
the experimental demonstration of data transmission based on OFC generated in microsphere
resonator, to the best of our knowledge, has not been demonstrated until now. This research
reports the first successful demonstration of experimental 2.5 and 10 Gbps non-return to zero
(NRZ) on-off keying (OOK) WDM system based on optical carriers generated in fabricated
silica microsphere resonator. We also integrated the experimentally obtained WGMR-OFC
into the simulation model corresponding to the experimental system to support and verify the
experimental results regarding the overall system operation and signal waveform quality in terms
of the bit-error-ratio (BER) values. As a result, it enables the simulation environment to develop
more complex WDM transmission systems with advanced modulation schemes.

The remainder of the manuscript is structured as follows: Section 2 describes the fabrication
process of a microsphere resonator and an experimental process of coupling the light inside of
a Kerr OFC in the produced WGMR. Section 3 presents the designed experimental setup of
silica microsphere WGMR-OFC as a C-band light source providing data transmission of up to
10 Gbps/h NRZ-OOK modulated signals over 20 km the standard ITU-T G.652 telecom fiber
using 400 GHz spaced carriers. This section also describes the performed setup for assessing the
impact of pump source light polarization on the WGMR-OFC. Experimentally obtained results,
spectra, received signal bit pattern, eye diagram, and system performance analysis are provided
in section 4. Section 5 presents the integration of the experimental generated OFC comb into the
simulation environment to verify the obtained experimental results regarding the overall system
operation. The simulation model reproduces the data transmission part of the experimental setup
as close as possible and enables the further development of more complex WDM transmission
systems with advanced modulation schemes. Finally, section 6 gives a brief summary of the
experimental and simulative results and concludes the paper.

2. Fabrication and characteristics of a designed silica WGMR-OFC microres-
onator

Microspheres with diameters of about 170 um used in this research were fabricated from a
standard ITU-T G.652 single-mode telecommunication fiber by a two-stage method using a
specially developed program for a commercially available specialty optical fusion splicer. At the
first stage, the fiber was tapered with a decrease in the diameter of the thinnest part by ~3 times.
Then, as the arc discharge current increased, the fiber was divided into two parts. Then one of the
parts was removed from the fiber splicer, and the remaining fiber end was melted several times
by arc discharge. After that, a microresonator was formed under the action of surface tension.
With each subsequent melting, the shape of the microresonator more and more approached a
spherical one. Due to fiber tapering at the first stage, the fiber stem was obtained sufficiently thin
at the point of contact with the microsphere, making it possible to minimize the effect of the stem
on the microsphere’s properties. This method of microsphere fabrication has been previously
demonstrated by [9]. By varying the diameter of the microsphere, it is possible to control the
distance between the eigenfrequencies and change the dispersion [5,8]. In our case, the calculated
dispersion of the microsphere was slightly anomalous at 1550 nm (the zero dispersion wavelength
was about 1540 nm). We experimentally optimized the number of fiber end melting cycles
to form microspheres with 400 GHz spacing between fundamental eigenfrequencies for OFC
generation suitable for WDM applications following the ITU-T frequency grid. It should be noted
that the developed program for the fiber splicer provides the manufacturing of microspheres with
reproducible parameters. The Q factor of produced microspheres is relatively persistent over at
least 2 months, as we experimentally observed. A tapered fiber was used for coupling the light
inside the microsphere resonator, please see Fig. 1(a). The jacket and coating were stripped from
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ITU-T G.652 single-mode optical fiber (900 um jacket) in the region of 1-2 cm where it was
heated. A hydrogen flame was used to soften the fiber, and submicron microstepping motors were
used to pull it in both directions with a constant speed of 80 um/s. The burning temperature of
the hydrogen flame is lower than the hydrogen-oxygen flame. It melted and softened the optical
fiber slowly, which was more desirable as the time period for tapered fiber fabrication steps was
more flexible. The optical fiber transmission spectrum was monitored during the tapering process
to determine when it will return to the single-mode operation.

(a) CAMI cAM2 (b)

25
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—(freshly fabricated)

=1 =30 SN
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ith zoom camera, PS — power splitter, OSA — optical spectrum analyzer, WSS — wavelength
selective switch, MZM - Mach-Zehnder modulator, AWG — arbitrary waveform generator, B2S — bits to symbol mapping,
DAC —digital-to-analog converter, EA — electrical amplifier, SMF — single mode fiber, VOA — variable optical attenuator,
PM — optical power meter, PIN — photodiode, DSO ~ digital storage oscilloscope, DSP — digital signal processing.

Fig. 1. (a) Silica microsphere and tapered fiber position state captured by microscopes with
zoom cameras: side view and top view during the experiment where OFC carrier generation
was observed. (b) Experimentally observed Q-factor degradation in terms of a 2-month
life cycle (freshly fabricated and after 2 months) while it resided inside the cover box. (¢)
Experimental setup of the designed silica microsphere WGMR-OFC as a light source where
400 GHz spaced carriers provide NRZ-OOK modulated 2.5 and 10 Gbps data transmission
over 20 km SMF fiber. Insets show tapered fiber and silica microsphere resonator positions
of coupling conditions and WGMR-OFC reduced humidity and dust prevention cover box.
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3. Experimental setup of the employed WGMR-OFC light source for a fiber opti-
cal communication system

The measured quality factor (Q) of the fresh microsphere resonator used for the comb generation
in this research is 3.7x107 (5.2 MHz FWHM of the WGM resonance). After a two-month life
cycle as the resonator ages, it is slightly reduced to 2.0x107 (9.8 MHz FWHM of the WGM
resonance), please see Fig. 1(b). The setup for the generation of WGMR-OFC and the realized
WDM communication system is shown in Fig. 1(c).

First, we search for stable combs on an optical spectrum analyzer by tuning external cavity
CW semiconductor laser in wavelength steps of 10 pm and bumping light source output fiber.
Such a kick method could possibly lead to soliton comb formation [15,16]. We found that the
most appropriate wavelength, where a CW laser with a linewidth of about 100 kHz and +6 dBm
optical output power can be used as an OFC comb pump source is 1552 nm. The light coming
from the pump source is further amplified up to +23 dBm by the erbium-doped fiber amplifier
(EDFA). The polarization state of the amplified signal is adjusted using the polarization controller
(PC1) before coupling the signal into the microsphere through a tapered fiber. The isolator on the
EDFA output is used to prevent back-scattered light from entering the output port of the CW
laser, destabilizing its central frequency, therefore influencing the stability of the comb. Silica
microsphere and tapered fiber are enclosed in a separate box for dust and air flow prevention,
providing even further stability to the resulting OFC. The X, Y, and Z micro-translation stage is
used to position the microsphere to touch the tapered fiber at a place slightly thicker than the
taper waist, which changes such coupling conditions as coupled power and the Q factor of the
resonances that we have demonstrated in our previous work [17].

The taper and microsphere are touching to improve WGMR-OFC stability, as maintaining
a constant gap is challenging and minuscule changes considerably affect the intensity of the
generated optical carriers. As shown in Fig. 1, an optical spectrum analyzer (OSA) with 0.01 nm
resolution is used to measure OFC performance over 10 hours period (see Fig. 2(b)) and power
stability and power distribution stability over the wavelength of the OFC carriers. After OFC
generation the carriers (-1) and (+1) are similar but one can be a few dBm more intense than the
other if multiple solitons are circling inside the resonator. We have observed that comb lines (-1)
and (+1) have a different performance where power instability over a 10-hour period is within
about a 3 dB margin due to the impact of resonator ability to support multiple spatial modes. As
our experimental setup is located on an optical table with an active pneumatic vibration isolation
system, the disturbance like small vibrations is not affecting the generated OFC and the rest of
the transmission system. Setup temperature is not actively stabilized, while humidity inside the
cover box is reduced using silica gel desiccant.

The optical carriers A = 1549 nm depicted as (-1) and L = 1555 nm depicted as (+1) are used
further to demonstrate NRZ-OOK modulated 2.5 Gbps and 10 Gbps data transmission, please
see Fig. 2(a). For a fair comparison, in this paper, we focus on newly generated carriers (-1) and
(+1) having the highest achieved peak power levels. As shown in Fig. 1(a), the generated OFC
signal is sent to the wavelength selective switch (WSS) used to filter out one optical carrier (-1)
or (+1) at a time. The realization of an experimental setup corresponds to wavelength-selective
(WS) fiber optical communication system architecture. Fully ITU flexible grid G.694.1 compliant
WSS with dynamic channel width control provided by liquid crystal on silicon (LCoS) switching
technology is set for 400 GHz OFCs channel spacing, where output optical channels bandwidth
is 25 GHz (4 x 6.25 GHz).

The filtered output (-1) or (+1) carrier is amplified with EDFA2 pre-amplifier to the necessary
optical power level. Polarization controller (PC2) is placed after EDFA2 to reduce the polarization-
dependent loss. Bitrates of 2.5 Gbps and 10 Gbps by a 2! long pseudo-random bit sequence
(PRBS15) NRZ signal from 65 GSa/s and 25 GHz analog bandwidth arbitrary waveform generator
(AWG) are modulated onto the optical carrier signal (-1) or (+1) using the Mach-Zehnder intensity
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Fig. 2. Measured OFC performance over a 10-hour period: (a) optical spectrum with inset
representing captured power stability, and (b) power distribution stability over the wavelength.
(c) The experimental measurement setup, where one WGMR-OFC optical carrier (+1) is fed
into an MZM modulator driven by a 2 GHz sinusoidal tone to assess the impact of optical
signal polarization on the spectral purity of generated optical carriers

modulator (MZM) with an extinction ratio of 20 dB. Then the modulated signal is transmitted
over 20 km of standard single-mode optical fiber (SMF), variable optical attenuator (VOA), and
detected with 10 GHz photoreceiver (PIN), which sensitivity is equal to -18 dBm at BER of
1079 and overload power 0 dBm for BER of 10~'3. An optical coupler (coupling ratio 10/90)
and a power meter are used before PIN to monitor the optical power level falling on the PIN
receiver. An 80 GSa/s and 33 GHz analog bandwidth digital storage oscilloscope (DSO) is used
to sample the received electrical signal, filter it with an 8 GHz low-pass filter (LPF) in case of
10 Gbps and 2.3 GHz LPF in the case of 2.5 Gbps data transmission to measure the quality of
the received signal (e.g., eye diagrams, waveform), and estimate its BER. Please note that the
represented BER values are calculated from the DSO’s estimated Q-factor values of the captured
NRZ signal real-time eye diagrams.

We have also assessed the impact of the pump signal polarization state on the spectral purity
of generated OFC carriers. An additional experimental measurement scheme is built for this
purpose, as shown in Fig. 2(c). For this measurement, the optical heterodyning process of two
optical carriers, where the frequency difference or intermediate frequency (IF) between them
generates the desired carrier on the output of high-speed photodiode, is used [18]. RF peaks
around DC can be masked by a photodetector flicker noise and low-frequency technical noise.
For that reason, we are focusing on higher frequencies, which allows us to better evaluate the
spectral purity of generated OFC carriers. For the polarization measurement, to prevent the IF
frequency instability caused by laser phase noise we use (+1) WGMR-OFC optical carrier which
is fed into an optical input of MZM modulator and modulated by the 2 GHz sinusoidal signal
originating from a high-stability microwave signal generator, please see Fig. 2(c). Bias voltage
Vb, of MZM is set to 3.33 VDC, which is near to its null-bias point. In such a way three optical
carriers spaced by 2 GHz are obtained on the output of the 40 GHz analog bandwidth MZM.

The frequency spacing between the first and third carriers is 4 GHz. By changing the power
of the 2 GHz sinusoidal signal applied to the S;(t) RF input of the MZM, an optimal RF drive
voltage (Ve = 1.2 V) ensuring almost equal peak powers of generated RF carriers is found. The
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first RF peak located at DC is not seen in Fig. 3 as the DC blocker was attached to the electrical
output of the PIN receiver. Accordingly, after directly receiving such an optical signal by the 10
GHz high-speed PIN photoreceiver, the optical heterodyne up-conversion process occurs. As
a result, on the RF output of this PIN receiver, the electrical signal containing the DC-filtered
baseband part and two RF carriers (2 GHz and 4 GHz) is generated. Here the 4 GHz RF tone
originates from the heterodyning process of two outer optical carriers, while the 2 GHz RF tone
originates from two neighboring optical carriers. An effect of polarization on signal quality is
further discussed in the experimental results section of this paper.
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Fig. 3. Measured effect of polarization, by received electrical signal IF after optical

heterodyne up-conversion on photodiode in different polarization states: (a) polarization state

with large amplitude modulation, (b) intermediate state, and (c) the optimized polarization

state for lowest amplitude modulation showing the highest spectral purity of the generated

OFC optical carrier. (d) Part of the received and normalized 10 Gbps NRZ-OOK signal

waveform after 20 km transmission with applied upper envelope function, highlighting

the periodic waveform fluctuations, (e) 15 ns insight of the normalized waveform showing

received bit sequence, and (f) power spectral density of the calculated envelope signal.

4. Experimental results

The setup displayed in Fig. 2(c) is used to determine the impact of light polarization of the input
CW pump laser on generated OFC optical carriers. The effect of polarization is observed at three
different scenarios; (1) polarization state with large amplitude modulation, (2) intermediate state,
(3) polarization optimized for lowest amplitude modulation by adjusting PC1 before WGMR-OFC,
see Figs. 3(a), 3(b) and 3(c).

Microsphere pump light polarization is adjusted by PC1 to minimize 27.92 MHz amplitude
self-modulation of comb lines. Fast photodiode measure (+1) comb line to offset spectrum
towards higher frequencies. The implemented heterodyne beating method enables to observe the
effect of OFC input light polarization on the spectral purity of generated carriers. By the pump
source first, and second polarization states, the generation of higher-order sub-carrier signals for
2 GHz and 4 GHz IF frequencies are observed, which lead to deterioration of the quality of our
data signal, see Figs. 3(a) and 3(b).

An optimized polarization state, when the CW pump laser polarization coincides with the
principal axes of the polarization, shows the best result and guarantees that equal amounts of
optical power split to both the X/Y polarization states, see Fig. 3(c) [19]. We have set an optimized
polarization state for the lowest amplitude modulation of PC1 during the data transmission of
2.5 and 10 Gbps NRZ-OOK modulated data over B2B and 20 km SMF transmission in both
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cases using (-1) or (+1) optical carriers. As shown in Fig. 3(d), the waveform fluctuations with
periodic nature are observed on the captured data signal waveforms. After 2.5 and 10 Gbps data
transmission, we estimate that the period of these fluctuations for (+1) OFC optical carrier is
35.82 ns or 27.92 MHz in frequency, as it is confirmed by the spectral analysis of the applied
upper envelope signal, see Figs. 3(e) and 3(f).

It should be noted that the fluctuations on the lowest part of the waveform are optically
suppressed by intentionally adjusting the bias point of MZM closer to its null-point. For (-1)
harmonic, the same fluctuations period is observed. As observed during the experimental
measurements, a periodic intensity modulation often appears on the comb lines, always having
the same frequency for the particular resonator.

This process has been previously studied in [20] where it was shown that mechanically
driven oscillations occur due to radiation pressure force which subsequently causes microsphere
deformation. By using COMSOL Multiphysics we calculate that for a silica microsphere with a
diameter of 170 um this resonance frequency corresponds to the strongest mechanical resonance
of 27 + 1 MHz, see Fig. 4.
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Fig. 4. COMSOL simulation of mechanical oscillations at nm scale for silica microsphere
of 170 um in diameter indicating the strongest eigenfrequency at about 27 + 1 MHz that
can be excited by a radiation pressure causing periodic detuning from resonance and back
manifesting as an amplitude modulation of comb lines, where (a) represents microsphere
at is diameter maximal expansion, and (b) represents the diameter maximal contraction.
For a better visual representation, the deformation in simulation is exaggerated 100 000
times. The black surrounding line indicates the unperturbed microsphere size. Color scale
represents the absolute value of deformation in micrometers.

We observe that an amplitude modulation depth of less than 30% is deteriorating telecom data
demodulation. We can reduce this amplitude modulation by adjusting the polarization of the CW
pump light, see Figs. 3(a) to 3(c). This reduction in amplitude modulation could be explained by
the sideband cooling/heating effect of the mechanical resonance [21].

The performance indicators as eye diagrams and BER values of the received signal verify the
feasibility of the fiber optical WGMR-OFC based transmission system. The worst-performing
data channel based on the BER value is with the wavelength of 1549 nm, depicted as a carrier
(-1), see Fig. 2(a). The BER of received 2.5 Gbps and 10 Gbps NRZ-OOK signals after 20 km
transmission is 5.58x10~7 and 1.58x107%, please see Figs. 5(b) and 5(d). The best performing
data channel based on the BER is the one with a wavelength of 1555 nm, denoted as a carrier
(+1). In this case, the BER of received 2.5 Gbps and 10 Gbps NRZ-OOK signals after 20 km
transmission is 1.39x107'% and 3.64x1071°, please see Figs. 5(a) and 5(c).

The error-free transmission is established during the experiment in both cases of 2.5 and 10
Gbps data rates for OFC comb pump source operating at 1552 nm wavelength. It allows to use
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Fig. 5. Eye diagrams of the received signal after 20 km transmission over SMF fiber at
a data rate of 2.5 Gbps for (a) carrier “+1” and (b) carrier “-1”, and at a data rate of 10
Gbps for (c) carrier “+1” and (d) carrier “-17, and (e) the plots of BER vs. average received
optical power in B2B and after 20 km transmission of the NRZ-OOK modulated signal with
bitrates of 2.5 and 10 Gbps for “+1” and “-1” carriers.

WGMR-OFC as a light source where 400 GHz spaced carriers provide 2.5 and 10 Gbps NRZ
modulated data transmission over 20 km SMF fiber. Please see the captured eye diagrams in
Fig. 5(a) to 5(d). The BER versus received average optical power measurements are preferred for
WGMR-OFC carrier signals (-1) and (+1) at 2.5 and 10 Gbps data rates to fully evaluate the
quality of transmission characteristics, see Fig. 5(e).

We have chosen B2B transmission and a distance of 20 km corresponding to the NGPON2
requirements to measure the BER correlation diagrams. Figure 5(e) shows that the optical carrier
denoted as (+1) provided the highest system performance, where the received optical power
varies from -4 to -17.5 dBm, and the BER of 2.5 Gbps NRZ-OOK signal is in the range from
1.39x10715 t0 7.76x1073.

As one can see in Fig. 5, BER curves bending upwards are observed at relatively high detected
power levels for WGMR-OFC comb carrier (+1) at 10 Gbps B2B and 10 Gbps 20 km transmission,
as well as for (-1) carrier at 2.5 Gbps B2B transmission. It could be explained by detector
saturation, nonlinear optical processes in the resonator or transmission fiber.

5. Results of mathematical modeling and discussion

The experimentally generated OFC is integrated into the simulation environment [22] to verify
the obtained experimental results regarding the overall system operation, signal waveform quality
in terms of eye diagrams, and the BER values. For this purpose, the VPI Photonics Transmission
maker software is used, where the target is to reproduce the data transmission part of the
experimental setup as close as possible, please see Fig. 6.

The developed simulation model (see Fig. 6) supports future research regarding fiber optical
data transmission employing WGMR-OFC generated in silica microsphere, as the simulation
environment enables the development of more complex WDM transmission systems with
advanced modulation schemes, e.g., higher-order pulse amplitude modulation (M-PAM) or
quadrature amplitude modulation (M-QAM) providing higher data rates per carrier. Figure 6
shows the developed simulation setup of a 400 GHz spaced WDM system used for the designed
silica microsphere-based OFC comb spectrum implementation and performance assessment.
The experimentally obtained silica microsphere-based OFC comb spectrum is implemented as
a multiple laser source into the simulation model, shown in Fig. 6. Afterward, spectral lines
from WGMR-OFC are filtered and de-multiplexed utilizing WSS, where the bandwidth of each
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Fig. 6. Structure of simulation scheme corresponding to the experimental fiber optical data
transmission system for data transmission of 2.5 Gbps and 10 Gbps NRZ-OOK modulated
signals by 400 GHz spaced carriers generated in the experimental silica microsphere
WGMR-OFC.

WSS channel for 400 GHz channel spacing is set to 25 GHz, and central frequencies correspond
to the optical carriers (-1), (0), and (+1) shown in Fig. 2(a). Implemented OFC comb spectral
lines are amplified by EDFA having 15.6 dB gain and fed to the optical input of the first MZM
named MZMI1. The circuit block, which consists of the electrical sinusoidal signal generator
operating at 27.92 MHz frequency, is directly connected to the first MZM modulator (MZM1) to
implement experimentally observed periodic oscillations.

The output of the MZM1 is connected to the output of MZM2, where the optical carriers are
modulated by the 2.5 or 10 Gbps NRZ encoded bit sequence through the NRZ driver with a
length of 21°~1 (PRBS15) originating from logical pseudo-random bit sequences (PRBS) source.
Both MZMs have a 3-dB bandwidth of 12 GHz and a 20 dB extinction ratio. The modulated
optical signals are transmitted over 20 km SMF spans.

The receiver consists of a PIN photodiode with 12 GHz of 3-dB bandwidth, -18 dBm sensitivity
for BER of 10710, and responsivity of 0.65 A/W, electrical low-pass filter LPF, and electrical
scope. In the case of 10 Gbps bitrate, the received, modulated signal is filtered by an LPF with 8
GHz 3-dB electrical bandwidth, while for 2.5 Gbps, the filter bandwidth of 2.3 GHz is used. The
electrical signal analyzer is used to measure the received signal, e.g., showing a bit pattern for
BER and eye diagram measurements. The parameters for all used elements are set according to
the real equipment specifications used in the experiment. The same fluctuation period of 35.82
ns for 2.5 and 10 Gbps waveform fluctuations can be successfully emulated also in the simulation
environment providing an experimentally observed effect of 27.92 MHz periodic oscillations,
see Figs. 7(a) and 7(b). Received eye diagrams of the 2.5 and 10 Gbps NRZ-OOK modulated
signals after transmission over 20 km SMF fiber span for implemented 400 GHz spaced (+1) and
(-1) OFC carriers are displayed in Fig. 7.

The BER values corresponding to received eye diagrams in Fig. 7 are as follows. In the case
of 2.5 Gbps data transmission over 20 km of SMF fiber, the BER value of simulated carrier (+1)
is 2.39x107'¢ (Fig. 7(c)), and the corresponding experimental value is 1.39x1071,

For simulative carrier (-1), the BER value is 3.7x107!0 (Fig. 7(d)), and the corresponding
experimental value is 5.58x1077. In the case of 10 Gbps data transmission over 20 km of SMF
fiber, the BER value for the simulated carrier (+1) is 1x10~° (Fig. 7(e)), and the corresponding
experimental value is 3.64x1071°, For simulative carrier (-1), the BER value is 1.8x10~°
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Fig. 7. Simulated and captured waveforms of (a) 10 Gbps NRZ-OOK signal waveform after
20km transmission, and (b) 20 ns insight of the waveform showing received bit sequence.
Simulative eye diagrams of the received signal after 20 km transmission over SMF fiber at a
data rate of 2.5 Gbps for (c) carrier “+1” and (d) carrier “-1”, and data rate of 10 Gbps for
(e) carrier “+1” and (f) carrier “-1”.

(Fig. 7(f)), and the corresponding experimental value is 1.58x107°. There is a strong correlation
between the obtained BER results and eye diagrams of the realized experimental and simulative
setups, indicating that the mathematical modeling following the experiment is performed correctly.

6. Conclusions

We have designed and demonstrated that the WGMR-OFC generated in silica microsphere with
an FSR of 400 GHz can provide the stable operation of 2.5 and 10 Gbps NRZ-OOK modulated
WDM data transmission over 20 km SMF link and have the potential to replace individual laser
arrays as a multiple laser source. Modeling of the WDM data transmission system based on
the experimentally measured parameters shows a high coincidence of results. The developed
mathematical model reproduces the integration of generated OFC into the simulation environment
and will support future research as the simulation platform. Note that lower spacing between
comb carriers can be achieved by using a WGMR with a larger diameter. To obtain 200 GHz
spacing, one can use ~330 um diameter silica microsphere [22]. To obtain standard 100 GHz
spacing, one can use ~660 pm diameter silica resonator. For operating with 100 GHz mode
spacing, microspheres may be not a very optimal choice due to excitation of WGMs from not
the fundamental mode family, so using silica microrod or microdisks [8] may be beneficial for
this purpose. Moreover, when using larger WGMRs compared to our samples, the effective
field areas of the fundamental modes will be larger, so the nonlinear Kerr coefficient y will
be smaller. The nonlinear processes leading to OFC generation depend on yXPpy,, so the
pump power Py, should be increased, which means that the power in each harmonic will grow
too. This may be also beneficial for demonstrating advanced systems (with higher baud rate,
coherent modulation formats, etc.). In addition, careful system optimization can help increase
the efficiency of harmonic generation. Further, the application of WGMR-OFC is considered as
potential to be used in more complex optical communication systems with advanced modulation
formats, namely, M-PAM or M-QAM.
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Abstract: Kerr optical frequency combs (OFCs) based on silica microsphere whispering gallery
mode resonator (WGMR) have various applications where they are used as a light source. For
telecommunication purposes, WGMR-based Kerr-OFC comb generators can be physically realized
using silica microsphere resonators and can be used to replace multiple laser arrays. In such a
realization, these novel light sources have the potential to demonstrate an attractive solution for
intra-datacenter interconnects (DCI). In this paper, we show an experimental demonstration of a
silica microsphere WGMR-based Kerr OFC light source where newly generated 400 GHz spaced
carriers together with powerful linear equalization techniques, such as a linear symbol-spaced
adaptive decision-feedback equalizer (DFE) with feed-forward (FF) and feedback (FB) taps, provide
an alternative to individual lasers ensuring low-cost and low-complexity IM/DD scheme for the
transmission of NRZ-OOK modulated signals at data rates up to 50 Gbps/A over 2 km SMF link.
Finally, we demonstrate a record 50 Gbps per A transmission of NRZ-OOK modulated signals with a
novel silica microsphere WGMR-based Kerr-OFC as a light source operating in the optical C-band,
surpassing the previously demonstrated data rate record by five times.

Keywords: Kerr optical frequency combs (OFC); silica microsphere; intra-datacenter interconnects
(DCI); equalization

1. Introduction

Kerr optical frequency combs (OFC) based on whispering-gallery-mode microres-
onator (WGMR) with a single laser source have already shown different applications and
especially its application in fiber optical communication systems replacing multiple laser
arrays [1]. Accurate timing, low phase noise, and the narrow linewidth of generated
harmonics allow achieving the ultimate performance desired from an optical comb-based
system. In addition, OFC generators have applications in areas such as optical clocks [2],
ultra-stable microwave generators [3], applications that require a precise and stable optical
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frequency distribution via long fiber [4], spectroscopy [5], sensing [6], quantum applica-
tions [7], optical communications [8], etc. OFC sources for wavelength division multiplexed
(WDM) systems cover use cases ranging from short reach fiber-optic links (e.g., as for
data center interconnects (DCI)) to metro-access fiber-optic links interconnecting large
geographic areas [9,10]. More specifically, the WGMR-based Kerr-OFC comb generators
physically realized on silica microsphere demonstrate [9] a new concept able to provide an
attractive solution to intra-DCIs due to low costs and energy consumption. The data centers
(DCs) are the foundation of Internet applications such as cloud computing, where Big Data
storage and large-scale high-performance computing (HPC) take place. The intra-DCI
devices require not only large capacity but, most importantly, high scalability and low
energy consumption. Therefore, these requirements require new transmission technologies
for short-reach communications [10,11].

It can provide a lower energy consumption while ensuring improved spectral effi-
ciency and a stable frequency spacing between OFC lines (carriers) thanks to the sustained
strong phase relation between them [9,12,13]. OFCs have various realizations; among them,
the realization by four-wave mixing (FWM) in highly nonlinear optical fiber (HNLF) [13],
electro-optic phase modulation of a laser using, e.g., cascaded phase and amplitude mod-
ulators [1,14], chip-based mode-locked laser (MLL) combs [13], and silicon microroring
resonators [13,15]. Potentially cost-effective solutions for the realization of data trans-
mission in optical WDM networks are OFC generation in silica whispering gallery mode
resonator—microspheres manufactured from melted telecom fiber, e.g., from Corning SMF
28e (ITU-T G.652) [9,12,14], which is realized as the pumping of a high-quality (high Q
factor) optical resonator with Kerr nonlinearity using a single continuous-wave (CW) laser.
When optimal conditions are met, the intracavity pump photons are redistributed via
the FWM to the neighboring cavity modes, thereby creating the so-called Kerr OFC. The
exciting pump signal is launched into the Kerr-OFC resonator via a tapered fiber, and an
OFC is generated at the output of this taper. In addition to being energy-efficient, con-
ceptually simple and structurally robust Kerr comb generators are very compact devices
(to micrometric size) that can be integrated on a chip [16,17]. Kerr microresonator OFCs
can achieve bandwidths of hundreds of nanometers covering different (e.g., E-, S-, C-, and
L-band) telecommunication bands (according to ITU-T G. 694.1 recommendation) [18,19].

Considering the findings of our previous works [9,12,20,21], here, we propose a
silica microsphere WGMR-based Kerr-OFC as a light source operating in the C-band
(1530-1565 nm) and having 400 GHz spaced comb lines. These comb lines are subsequently
used as optical carriers for the data transmission using the intensity modulation direct
detection (IM/DD). Data rates up to 50 Gbps/A are employed in combination with the
non-return to zero (NRZ) on-off keying (OOK) format for the transmission over a 2 km
short fiber-optic link consisting of the standard ITU-T G.652 single-mode fiber. The afore-
mentioned IM/DD signal format is chosen as it still dominates in short-reach optical
interconnects due to its simplicity. Digital equalization techniques shown in our previous
works [22], such as a linear equalizer with feed-forward (FF) and feedback (FB) taps, can
improve the signal quality due to different system distortions, mainly caused by limited
channel bandwidth and nonlinearities during the optical to electrical (O/E) and electrical
to optical (E/O) conversions and the link induced inter-symbol interference (ISI). There-
fore, we apply the use of the symbol-spaced adaptive decision-feedback equalizer (DFE)
implemented at the receiver part to improve the pre-FEC bitrate and to achieve higher
data rates in DCI with the optical carriers generated by the developed silica microsphere
WGMR-based Kerr-OFC.

The rest of the paper is structured as follows. Section 2 describes the characteristics
of the designed silica microsphere and shows the deterioration of its Q factor with time.
Section 3 presents the experimental setup of the WGMR-based Kerr-OFC light source
operating in the C-band and used for the generation of 400 GHz spaced optical carriers.
This section also describes the fabrication process of a tapered fiber used for the coupling of
light into and out of a silica microsphere and the experimental setup used to characterize
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coupling conditions between the silica microsphere and the tapered fiber. Furthermore,
Section 3 reveals the experimentally obtained characteristics of the designed WGMR-based
Kerr-OFC light source, Q factor, and optical output spectra. Section 4 summarizes the
conducted data transmission experiment by analyzing the received signal bit error rates
(BER) and eye diagrams. The impact that digital post-equalization at the receiver has on
system performance is provided in Section 5. Finally, Section 6 overviews the experimental
results and concludes the paper.

2. Characteristics of Designed Silica Microsphere WGMR for Kerr-OFC

Silica (SiO;) microspheres with a diameter of D = 170 um used for the Kerr-OFC
were fabricated from a standard ITU-T G.652 single-mode telecommunication fiber by the
melting method using a specially developed program for a commercially available optical
fusion arc splicer, which has been previously demonstrated by authors in [9,23]. During
the manufacturing process, by changing the diameter of the fabricated silica microsphere,
we can obtain an OFC with a free spectral range (FSR) ranging from about 200 GHz (sphere
D =320 um) [20] up to about 400 GHz (sphere D = 170 pum) [18] in addition to the possibility
of finetuning the coupling conditions between the resonator and tapered fiber, which is
not possible for chip-based resonators with integrated waveguides, and therefore can
be considered to be a major advantage over other OFC technologies. Silica microsphere
resonators also have advantages of fast and simple fabrication using commercially available
fusion arc splicers, allowing the fabrication of silica microspheres with user-defined sphere
diameter and high-quality factor (Q > 107) in a couple of minutes.

Most applications, especially silica microsphere-based Kerr-OFC, require the realiza-
tion of the highest possible quality factor (so-called Q factor) microsphere resonators. In
regular laboratory conditions, the microsphere’s Q factor deteriorates within a 1 h time
scale in the open environment due to the deposition of nanoscale particles or water vapors
to the microsphere surface. The Q factor of the microsphere is determined by several
aspects such as intrinsic radiative (curvature) losses, scattering losses on residual surface
inhomogeneities, losses introduced by surface contaminants, and material losses [24]. For a
more detailed illustration, see Figure 1 where newly fabricated and artificial degradations
of the microsphere surface by water vapors are obtained using a scanning electron micro-
scope (SEM, Hitachi 5-4800) for 170 um silica microsphere resonators. Scanned sphere
illustrations with a focused beam of electrons (captured at: 3 kV (accelerating voltage) and
4.0 mm (surface scale) @ x400 to 45.0 k times and 2.9 mm @ x180 k times) for a particular
micro-sphere resonator after 100% humidity exposure (resonator has been in humidity
fog for 5 s) are shown in Figure la—d. The newly fabricated silica microsphere resonator
obtained by SEM (captured at: 3 kV, 4.0 mm @ %300 to 50.0 k times) is shown in Figure le-h.
White dots (see Figure 1f) for evaporated silica (cristobalite) from the arc fusion splicer
discharge explain why the maximal Q factor of a newly fabricated microsphere is below
1 x 108. We can observe that the evaporated silica dust from the arc fusion splicer (see
Figure 1g) and nanoscale particles (see Figure 1h) are deposited on the surface of the
silica microsphere.
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[26] needed for OFC generation (see Table 1). No OFC was generated when it degraded
below 2.0 GW/cm?. Microresonator with high Q faqggr:cégﬂlbuild up a significant internal)
circulating intensity when pumped with low laser power. The circulating intensity can be
found using the fOllOWi‘ﬂg Qquigﬂmq@ﬁgculating power, and Ay is the effective area of the mode area of
the resonance. A can be found by using simulations. As calculation parameters, resonator
radius, refraction index, apgl res&n@ﬂg frequency at 1550 nm wavelength for fundameat)al
mode were used. P, in tﬁlergilica‘ﬁa'yqr’osphere WGMR can be found as follows [25]:

where Peir is internal circulating power, and A.7 is thé@ffecti¥e area of the mode area oé)
cire — +in

the resonance. Agscan be found by using simulations. A% éX16kitation parameters, resonator

radius, refraction index,and serenance feeaersyia 15 5 nnavieN elengih farifundamentale
mode were used. Peirc iadithielsilichernivrooplaete, WIOMR tdFisb f6mdsbefollpling P25 neter that

shows the ratio between intrinsic and extrinsic Q-factors, and Q;,;;, is the intrinsic Q factor,
which is limited byall los_sepdefiﬂﬂ@!b;ﬂl’f&msonator cavity. The coupling parameter(%n
be estimated using 2 fismissiOn T BRH& elifiance frequency [27].

where A is the resonance wavelength, 1 is the refragtion coefficient, R is the microsphere
radius, Pi is the input power (Pin=100 mWJ, X Q@;Q%% is the gqupling parameter that)
shows the ratio between intrinsic and extrinsic Q-factors, and Qi is the intrinsic Q factor,
which is limited by all losses defined by the resonator cavity. The coupling parameter can
be estimated using transmission T at the resonance frequency [27].

- -
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Table 1. Results of characteristics calculations for 170 pm SiO, microsphere resonator versus life cycle.

Life Cycle T K FWHM, MHz 0 Qinir Peives W GV\;;cmz Reg‘;g“g
Freshly fabricated 0.13 2.1 5.2 3.7 x 10 1.2 x 108 3327 13.8 yes
After 2 months 0.64 9.0 15.7 1.2 x 107 1.2 x 108 1458 6.0 yes
After 3.5 months 0.62 8.4 50 3.9 x 100 3.6 x 107 455 1.9 no
After 4 months 0.78 16.1 96 2.0 x 100 3.5 x 107 249 1.0 no
After 4 months (repaired 7\ 135 m 44x10°  63x107 538 22 no

by Hydrogen flame)

Several moisture and dust degradation methods of protection can be used to keep
high Q factor of newly fabricated silica resonators, for instance, storage with ethanol drops
or storage with dry nitrogen within hermetic enclosure boxes. The packaging technique
utilized by UV-curable polymer for stabilizing both the microsphere and the tapered fiber
could be preferred for long-term maintenance of silica microsphere WGMR-based Kerr-
OEFC light sources. While the use of a coating polymer significantly increases the stability
of mechanical alignment between the microsphere and taper, accompanied by a relativity
low absorption and insertion loss of polymer packaging [28]. An additional solution to
keep a high Q factor for silica microresonators and taper satisfying coupling conditions and
providing improved long-term frequency stability is packaging into modules that feature
temperature control by integrated Peltier elements [29].

3. Experimental Setup of Designed Silica Microsphere WGMR-Based Kerr-OFC as A
Light Source for Application in Optical Communications

The setup used for the generation of WGMR-based Kerr-OFC is shown in Figure 2a,c.
First, we prepare the tapered fiber for coupling the light into the silica microsphere. We
used a non-zero dispersion-shifted fiber (NZ-DSF) patch-cable compliant with the ITU-T
G.655 standard for the preparation of a tapered fiber pulling probe. In the process of
the tapered fiber fabrication procedure, the tapered fiber probe was formed from two
separate cut parts of an NZ-DSF compliant patch cable. The patch-cable fiber ends were
cut using a fiber cleaver, cleaned, and spliced together with a commercial arc fusion splicer
(Sumitomo, T-71C), ensuring a low insertion loss <0.01 dB. As a result, the jacket and
coating of connectorized patch-cable were removed in the region of 3.8 cm, where it is
intended for heat treatment.

Clamps of V-grove fiber holders located on the 50 mm compact, motorized transla-
tion stages with DC servo motor actuators (Thorlabs MTS50-Z8) were used to pull the
tapered fiber in both directions with a constant speed of 100 um/s (see Figure 2a,e). Several
techniques can be used to form tapered fiber through thermal heating, for instance, a
ceramic tube microheater(s) consisting of a heat-resistant wire that is approximately 22 mm
in length and 19 mm inner diameter and placed within the ceramic [30]; another option
would be micro burners driven by propane-butane (30% propane and 70% butane) gas
flows [23] or by pure hydrogen (H;) [31], providing a high-temperature (>1900 °C) flame.
The latter setup was used in our experiments; specifically, a constant hydrogen flow of
50 mL/min from the hydrogen generator (see Figure 2b) was connected to a microburner
placed between compact, motorized translation stages. For pure hydrogen generation,
we use an in-house-built hydrogen generator (electrolyser) that operates by splitting the
water into hydrogen and oxygen through electrolysis. The number of plates for cathode
and anode is set to x11. Each plate was driven by 12 VDC (30 A) output voltage through
an 11x high-speed Schottky diodes barrier using a (220 V~50 Hz 350 W) power supply
unit (PSU). As shown in Figure 2b,f, sets of 11 cathode and 11 anode plates are located
in separate tubes (D = 250 mm) where the electrolysis interconnection between them was
made by water and potassium hydroxide (KOH) electrolyte through a round tube transition.
For the microburner, we used an in-house-built micro torch that consists of 9 cylindrical
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stainless-steel tubes of 0.9 mm inner diameter, allowing us to produce a low and wide
flame of ~10 mm along the fiber axis [32]. The fiber position relative to the flame is a critical
parameter. Therefore, the microtorch stainless-steel tube position is sprightly adjusted to
the fiber’s mid-point. To sustain transmission, the tapered fiber needs to be pulled adiabati-
cally while not exceeding the delineation angle [33]. Using a ~7 mm wide hydrogen flame,
we produced sub-wavelength nearly adiabatic tapers with an overall transmittance higher
than 95%, as a very efficient adiabatic transfer from the single mode of the un-tapered fiber
to the fundamental mode of the central part of the taper. The burning temperature of the
hydrogen flame melted and softened the fiber slowly within the purified fiber section as
a result of a tapered thicker section of 18 mm in length. It is important to mention that if
the fiber ends are inclined (0.1 mrad) at the place of V-grove fiber holders, a curvature of
5 pm is intelligently formed in the melted location of the taper when the flame width is
1 mm. The angle exceeding 0.08 mrad is no longer good, as the allowable adiabatic angle
is between 0.02 and 0.05 mrad [34]. Due to rapid assembly, a flame wider than 1 mm was
used. The mounting of the fiber holders on one optical axis is adjusted under a microscope.
The 3-axis X, Y, and Z micro-positioner stages with the built-in piezo controller were used
to align the microsphere with the tapered fiber at a location slightly thicker than the taper
waist to achieve the critical coupling and to minimize the coupler losses; see Figure 2d,e.
Side and top view microscope cameras (CAM-1 and CAM-2) with 160x zoom lens (see
Figure 2e) were used to monitor silica microsphere and tapered fiber positions to control
the touchpoint of the resonator with the slightly thicker tapered fiber placed to excite the
fundamental mode of the microsphere. Silica microsphere and tapered fibers, including
integrated and developed components for fiber tapering and microsphere positioning, are
included in an enclosure box to protect it from dust and airflows. Humidity inside the
enclosure box is reduced and maintained at levels below 20% using a silica gel desiccant.
The enclosure box together with pumping source components is located on a vibration iso-
lation system breadboard table to minimize the impact of external low frequency vibrations.
The setup used for the characterization of the taper fiber (see Figure 3) consists of InGaAs
switchable gain amplified photo-detector (PD) A = 800-1700 nm (Thorlabs (Bergkirchen,
Germany), PDA20CS2) connected with a digital signal analyzer (DSA) used to record the
received electrical signal in time and to monitor the transmission spectra from the adiabati-
cally tapered fiber for an overall transmittance analysis used also in further telecom data
transmission. A tunable A = 1550 nm laser (Thorlabs SFL1550P) with a narrow linewidth
of 50 kHz and 10 dBm output optical power is connected via a polarization controller
(PC1) and used for transmission spectra measurements. The transmission spectrum was
monitored during the tapering process to determine when it returns to the single-mode
operation state (see Figure 4a). As shown in Figure 4a, the adiabatically tapered fiber
spectrum presents single-mode (SM) operations in the beginning from 0 to 0.5 min mark
and after pulling at around 3.3 min mark (represented in the red color) when the signal
intensity becomes constant. SM fiber becomes multi-mode (MM) when the signal starts to
propagate through the cladding (represented in the blue color).

Calculations show that the hot zone’s width of exponentially pulled tapered fiber
should be at least 7 mm long to satisfy the adiabaticity criteria at the middle of the pulling
range and to maintain high final transmission [33]. Please see the calculations of the pulled
length of tapered fiber hot zone to one side from center versus fiber diameter at the tapper
section in Figure 4b. The setup shown in Figure 3 also was used to determine the Q
factor of the silica microsphere and to identify the best coupling condition region between
the microsphere and tapered fiber used in OFC generation. The measured Q factor of
the microsphere used for OFC comb generation and further telecom data transmission
is 3.7 x 107 (5.2 MHz FWHM of the WGM resonance); please see Figure 4c. As shown
in Figure 4c, resonances were obtained by scanning the laser over resonances while Kerr-
OFC was generated with a single pumping wavelength. The silica microsphere resonator
supports many modes inside the cavity, but not all modes in addition to the fundamental
mode can support Kerr-OFC generation.
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Figure 3. Experimental setup used for the characterization of the tapered fiber and silica micro-
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Figure 4. The characterization of the tapered fiber and its coupling conditions with the silica mi-
crosphere: (a) spectrum of the adiabatically tapered fiber recorded for the overall transmittance
analysis and (b) the calculations of pulled one side fiber length at hot zone from center versus fiber
diameter at tapered section. (c) Experimentally observed (from the microsphere excited by the tapered
fiber) WGM resonances of the Kerr-OFC at the optical C-band used for the Q factor calculation and
(d) optical spectra of the generated silica microsphere WGMR-based Kerr-OFC comb source.

The pumping source for the Kerr-OFC generation consists of a continuous optical
wavelength (CW) laser source (Agilent 81989A) with a linewidth of 100 kHz and +6 dBm
optical output power at A = 1551.737 nm wavelength that is directly connected to fixed
output power (up to +23 dBm) erbium-doped fiber amplifier (EDFA). The light coming
from the EDFA is passed through an optical isolator and PC1 to prevent back-scattering and
to control the amplified signal’s polarisation state before coupling it into the microsphere
through the tapered fiber, providing further stability of the resulting OFC. An optical
spectrum analyzer (OSA-1, Advantest Q8384) with 0.01 nm resolution and 1001 sampling
points is used to monitor generated OFC as well as to measure the peak powers of generated
(—1) and (+1) carriers and pumping source depicted as a carrier (0); see Figure 4d. The
power instability and power distribution stability over the wavelength of the generated
OFC comb carriers was not measured during this research. The generated comb carriers
(—1) and (+1) over 10 h have a different performance within about a 3 dB margin; please
see our previous work [9]. Silica microsphere WGMR-based Kerr-OFC light source newly
generated carriers (—1) and (+1) and comb carriers followed by (+1) carrier have additional
sub-carriers generated under the influence of stimulated Brillouin scattering (SBS); see
Figure 4d. The SBS effect occurs due to a relatively high pumping power launched from
EDFA (up to +23 dBm) in the 170 pm silica microsphere. The SBS effect appears and then
disappears in the time interval for both the pumping source and the newly generated
carriers on the left or right side with a constant FSR of ~10 GHz and various power levels
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within the time interval of about ~15 min (usually this is observed when the comb has
been operated for some time). It is relatively hard to detect and predict those sub-carriers
bursts because their phenomenon is unstable and changeable in time-lapse, as captured
and shown in Figure 4d.

4. Experimental Setup of the Silica Microsphere WGMR-Based Kerr-OFC Light Source
for Its Use in High-Speed IM/DD Short-Reach Optical Interconnects
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The high-speed NRZ encoded signal is loaded to the EAWG, pre-equalized, and

The high-speed NRZGJHRH WARAPHP LIRS RRMRGLeDRLUL derttisakdaher
i EA-T, z, and. B gain) and fed into the S; (f) input of the with a null chirp
transmitted. The genqg@ttﬁcfrfa%p}ﬁg alast %@@@B}i&ﬁ@ﬁﬁ Yad) £1€91TRGA, emapﬁ 8
fier (EA-1, 38 GHz, aficleR:d Brgaxist pamsiéll {BERipdxsotinarfe( tyd mipusted s MBS Wi tH therMiIM
to 3.8 V. After MZM, the modulated optical signal is transmitted over a 2 km long SMF
link and passed through a variable optical attenuator (VOA) located before a photoreceiver
for the power control. The photoreceiver module (PIN, Lab Buddy, DSC10H-39) consists
of high optical power 50 GHz InGaAs photodiode with a 3 dB bandwidth of 50 GHz, a
sensitivity of +4 dBm at BER of 1012, and responsivity of 0.5 A/W. An optical coupler
with a 10/90 coupling ratio and a power meter were used before PIN to monitor the optical
power level at the receiver. After optical-to-electrical conversion, the electrical signal is
amplified by an electrical amplifier (EA-2, 25 GHz, 16 dB gain). Thereafter, the signal is
captured by a digital storage oscilloscope (DSO, Keysight DSAZ334A, 80 GSa/s, 33 GHz).
The sampled signal is processed offline using digital signal processing (DSP) consisting
of a low-pass filter (LPF), clock recovery, resampling, and linear post-equalization based
on a symbol-spaced adaptive decision-feedback equalizer (DFE) and bit error rate (BER)
counter. Please note that BER values are obtained using bit-by-bit comparison between the
transmitted and received bit sequences.

5. Experimental Results

Using the experimental setup shown in Figure 5 and described in Section 4, we make
a fair comparison, showing the performance limits in terms of achievable data rates for
short-reach optical interconnect applications. Our goal is to achieve a data rate that is as
high as possible, even up to 60 Gbps/A in the system that uses the implemented Kerr-OFC
generated optical carriers for carrying IM/DD data. The received and sampled signal is
processed offline after the reception, using a DSP routine that consists of a low-pass filter
(LPF), a maximum variance timing recovery, post-equalization, and a BER counter. The
LPF has a bandwidth of 0.6 times the Baud rate. That value was identified using the results
data shown in Figure 7. It ensures the best possible performance after further processing.
In such a case, we obtain BER as a function of the LPFgy /Baud rate from 0.4 to 0.8 for
NRZ-OOK signals.
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BER curves showing how pre-FEC BER values change with the received optical power
(ROP). We assume that all errors can be corrected for the pre-FEC BER below that threshold.
As one can see in Figure 8a, the worst-performing (based on the BER value) data channel
is the carrier (—1) at 1548.485 nm, yet it is capable in providing the maximum bitrate of
50 Gbps. In this sub-figure, the 60 Gbps curve is not shown because due to extremely poor
BER performance, i.e., it is way beyond our defined pre-FEC BER threshold of 5 x 1073.
The best performing (based on the BER) data channel is the pumping source carrier with
a wavelength of 1551.737 nm depicted as a carrier (0). Without the post-equalization, the
received 40 Gbaud and 50 Gbaud NRZ-OOK signals are mostly below the 7% HD-FEC
limit for the Kerr-OFC generated carriers (—1), (0), and (+1); see Figure 8a—c. In those cases,
the main limitations are a relatively low effective bandwidth of the electrical components,
ISI, and the implementation penalty itself.
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To achieve higher data rates, a dispersion-induced power fading must be reduced,
and signal equalization must be applied to reach the BER threshold of 5 x 10~3. We have
chosen a linear equalizer for which its structure consists of 33-FF and 15-FB taps. The
number of taps is chosen in a manner that maximally improves performance by tackling
the bandwidth limitations of electrical components and chromatic dispersion. The results
show that such post-equalization significantly improves BER performance compared to the
previous case without the post-equalization. As one can see in Figure 8e,f, post-equalization
can significantly improve the signal quality for Kerr-OFC generated carriers (0) and (+1), or
even enable new modulation format alternatives. However, the feed-forward equalizer,
due to the intensity fluctuations of the (—1) carrier, cannot show visible performance
improvement (see Figure 8a,d).

With the linear post-equalization (33-FF and 15-FB taps), BER performance is signifi-
cantly improved for carrier (+1), which allows us to achieve the BER floor below the 7%
HD-FEC limit for NRZ-OOK signals at 60 Gbaud. Figure 8g—i show the corresponding eye
diagrams captured for modulated carriers (—1), (0), and (+1) at —10 dBm received optical
power (ROP) that allows detecting signals with BER below 5 x 1072 at 40 Gbaud.
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6. Conclusions

This work is a significant achievement by experimentally demonstrating a data trans-
mission record of 50 Gbps per A with a silica microsphere WGMR-based Kerr-OFC light
source. In this experiment, we have designed and demonstrated the silica microsphere
WGMR-based Kerr-OFC built in-house and used as a light source for data center intercon-
nects (DCIs). The Kerr-OFC consists of several carriers spaced 400 GHz apart together
with powerful pre- and post-linear equalization techniques, such as a linear symbol-spaced
adaptive decision-feedback equalizer (DFE) with feed-forward (FF), and feedback (FB)
taps provide an alternative to ensure low-cost and low-complexity IM/DD schemes for
the transmission of NRZ-OOK modulated signals over 2 km SMF links. The obtained
results show that pre- and post-equalization techniques allow overcoming the ISI and
help recover the signal from distortions caused by limited bandwidth, enabling higher
data-rate alternatives to intra-DCIs. Without post-equalization, the received 40 Gbaud
and 50 Gbaud NRZ-OOK signals are below the 7% HD-FEC limit for Kerr-OFC generated
carriers (—1), (0), and (+1). The linear post-equalization, namely 33-FF and 15-FB taps,
improves BER performance for carrier (+1), which allows us to achieve the BER floor below
the 7% HD-FEC limit even for NRZ-OOK signals at 60 Gbaud.
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