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GENERAL DESCRIPTION OF THE THESIS 

Topic Introduction 

The world has recently experienced dramatic changes in our lives and the services we use 
due to the pandemic. The telecommunications industry has not been an exception, experiencing 
a rapid jump in the amount of data transmitted [1], which comes from new services such as 
high-quality video streaming, video conferencing, augmented and virtual reality, online offices, 
etc. Today's telecommunications industry generates an increasing amount of carbon dioxide 
emissions (CO2) of global emissions, which have increased from 1.4 % in year 2018 [2] to 4 % 
in year 2021 [3]. This is a serious problem that telecommunications engineers must solve to 
reduce emissions and support "green thinking".  

Therefore, telecommunication infrastructure owners must look for new solutions and 
technologies for the purpose of improving the network, to be able to cope with similar global 
crises in the future and to stop the continuous increase in emissions of CO2 by 1.4 % per year 
from the telecommunications industry [4]. Metro networks, data centres and passive optical 
networks generate the largest share of emissions in the entire communications industry. Two 
fundamental factors to reduce emissions are energy-efficient and low-cost hardware to operate 
these systems [5].  
 Modern optical communication networks use wavelength division multiplexing (WDM) 
technology to transmit large amounts of data, where several individual laser sources (laser 
arrays) are used to provide WDM channels. The most commonly used are lasers with a 
distributed feedback array [6]; however, other types of lasers, such as a surface-emitting laser 
with a vertical resonator [7], are also used in transceivers with a shorter transmission distance 
of up to 10 km. Such a WDM system, where laser arrays are used as sources of carrier signals, 
requires high costs, as individual lasers require synchronization. In addition, the wavelengths 
emitted by laser arrays drift in the range of several GHz due to heating and appropriate guard 
bands are required to avoid overlapping of adjacent channels as a result of heating. Thus, an 
efficient solution would be to use one light source for all data channels.   
 Optical frequency comb (OFC) generators, i.e., multi-wavelength carrier signal sources, 
offer an energy-efficient and low-cost platform to simplify the optical transceivers widely used 
in modern communication systems, as well as to reduce energy consumption in optical 
communication networks. OFC sources generate multiple carrier signals with the same spectral 
line spacing (from a few GHz to several hundreds of GHz), which meets the recommendation 
G.694.1 of the Telecommunication Standards Sector of the International Telecommunication 
Union (ITU-T) [8], to be able to ensure 2n channels (refer to Fig. 1). This advantage of OFC 
generators can therefore be used in a WDM transmitter, where an array of individual lasers can 
be replaced by a single optical frequency comb. So, it significantly simplifies the optical 
communication network, and changes are only required in the part of the transmitter, where the 
laser array is replaced, and an additional arrayed waveguide grating demultiplexer (AWG-
DEMUX) is inserted. The rest of the network, including receivers, remains unchanged. Existing 
passive optical network (PON) standards such as next generation passive optical network (NG-
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PON2), conforming to ITU-T Recommendation G.989.2 [9] and standards such as Super-PON 
developed and standardized by the Institute of Electrical and Electronics Engineers (IEEE) 
P802.4cs working group [10], can be optimised using carrier signals generated in a silicon 
microsphere and micro-rod Kerr OFC light source. 

Aim, Tasks and Theses to be Substantiated 

The aim of the Thesis is to develop a whispering gallery mode resonator optical frequency 
comb light source and integrate it into intensity-modulated optical communication systems. 

The following tasks are defined to achieve the aim of the Thesis: 
1. To analyse operation principles of whispering gallery mode resonator-based optical 

frequency comb light sources and possibilities to adjust the resulting optical frequency 
comb parameters to be used in optical C-band (1530–1565 nm) data transmission.  

2. To fabricate silica microspheres and micro-rods in RTU TI SSTIC laboratory for 
implementation in an optical frequency comb light source.  

3. To analyse the performance of 10 Gbit/s NRZ-OOK WDM-PON transmission systems 
with varying channel numbers (1, 4, 8 channels), spacing between optical carriers 
(400 GHz, 200 GHz, 100 GHz) and up to 60 km long transmission fibres (SSMF, CSF, 
NZ-DSF) by integrating numerically and experimentally obtained optical frequency 
combs in mathematical simulation programs. 

4. To evaluate the capabilities of the experimentally developed optical frequency comb light 
source to ensure 50 Gbaud and 60 Gbaud NRZ-OOK data transmission and 50 Gbaud 
PAM-4 data transmission over short-reach data centre interconnects. 

Thesis statements to be defended  
1. It is possible to generate an optical frequency comb in the optical C-band (1530–1565 nm) 

using fabricated silica resonators. 
2. It is possible to generate an optical frequency comb in microspheres and micro-rod 

resonators with optical carrier power and spacing according to the ITU-T G.694.1 
recommendation. 

3. Optical frequency comb light source supports up to 10 Gbit/s NRZ-OOK and 8-channel 
WDM-PON access systems with channel spacing of 100 GHz to 400 GHz, using up to 
60 km long SMF lines corresponding to different ITU recommendations, and up to 100 
Gbit/s PAM-4 DCI systems.  

Scientific Novelty and Main Results 

1. A mathematical model of 4-channel 10 Gbit/s NRZ-OOK WDM-PON transmission 
system based on numerically obtained microsphere-resonator optical frequency comb 
with 200 GHz spacing. 

2. A mathematical model of 8-channel 10 Gbit/s NRZ-OOK WDM-PON transmission 
system based on numerically obtained whispering gallery mode resonator soliton OFC. 
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3. A mathematical model of 4-channel 10 Gbit/s NRZ-OOK WDM-PON transmission 
system based on experimentally developed microsphere-resonator OFC light source 
providing 393-GHz spaced optical carriers. 

4. An experimentally developed whispering gallery mode micro-rod-resonator OFC light 
source, providing 7 optical carriers with optical power higher than –15 dBm. 

5. An experimentally developed 2 km long data centre interconnect system with up to 
100 Gbit/s data rate per channel based on a micro-rod-resonator OFC light source.  

 
The results achieved in the course of Thesis development have been applied in the 

following projects  
1. ERDF Industry-Driven Research project “Development of optical frequency comb 

generator based on a whispering gallery-mode microresonator and its application in 
telecommunications”, 1.1.1.1/18/A/144, 16.05.2019–15.05.2022.  

2. PostDoc project with ERDF funding “Development of optical frequency combs for fiber-
optic communication systems”, 1.1.1.2/VIAA/4/20/659, 01.01.2021–30.06.2023. 

3. ESF doctoral and academic staff specialization strategic strengthening grant, 
8.2.2.0/20/I/008, 01.02.2022–30.09.2023 

Structure and Volume of the Thesis 

The Thesis has been developed as a thematically related collection of scientific publications 
dedicated to the research of whispering gallery mode resonator fabrication, optical frequency 
comb light source development, and its integration in fibre optical communication system using 
mathematical simulations and performing experiments in the laboratory. The Thesis 
summarizes the information presented in 6 original scientific journal publications and in one 
scientific conference (indexed in Scopus, IEEE, Web of Science).  

Approbation of Thesis Results and Publications 

The main results of the Thesis have been published in 6 original scientific articles, one 
international scientific conference proceedings (indexed in Scopus, IEEE, Web of Science) and 
4 scientific conference proceedings (not indexed in Scopus, IEEE, Web of Science).  

Scientific publications in journals 
1. R. Murnieks, T. Salgals, J. Alnis, A. Ostrovskis, O. Ozolins, I. Brice, A. Sedulis, 

K. Draguns, I. Lyashuk, R. Berkis, A. Udalcovs, T. Bi, X. Pang, J. Porins, S. Spolitis, 
P. Del’Haye, V. Bobrovs. Silica micro-rod resonator-based Kerr frequency comb for 
high-speed short-reach optical interconnects. Opt. Express, 2023, vol. 31, iss. 12, pp. 
20306–20320. DOI: doi.org/10.1364/OE.488436. 

2. R. Murnieks, L. Skladova, J. Braunfelds, I. Lyashuk, A. Supe, E. A. Anashkina, 
A. V. Andrianov, S. Spolitis, V. Bobrovs. Impact of Kerr Optical Frequency Comb 
Linewidth on the Performance of NRZ-OOK Modulated Fibre Optical Communication 
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System. Laser Physics, vol. 31, No. 11, art. No. 115101, 2021. ISSN 1054-660X. e-
ISSN 1555- 6611.  

3. S. Spolitis, R. Murnieks, L. Skladova, T. Salgals, A. V. Andrianov, M. P. Marisova, 
G. Leuchs, E. A. Anashkina, V. Bobrovs. IM/DD WDM-PON Communication System 
based on Optical Frequency Comb Generated in Silica Whispering Gallery Mode 
Resonator. IEEE Access, 2021, vol. 9, pp. 66335–66345. e-ISSN 2169-3536. DOI: 
doi.org/10.1109/ACCESS.2021.3076411. 

4. J. Braunfelds, R. Murnieks, T. Salgals, I. Brice, T. Sharashidze, I. Lyashuk, 
A. Ostrovskis, S. Spolitis, J. Alnis, J. Poriņš, V. Bobrovs. Frequency Comb Generation 
in WGM Microsphere Based Generators for Telecommunication Applications. 
Quantum Electronics, 2020, vol. 50, No. 11, pp. 1043–1049. ISSN 1063- 7818. e-ISSN 
1468-4799. Available from: DOI: doi.org/10.1070/QEL17409.  

5. E. A. Anashkina, M. P. Marisova, A. V. Andrianov, R. Akhmedzhanov, R. Murnieks, 
M. D. Tokman, L. Skladova, I. V. Oladyshkin, T. Salgals, I. Lyashuk, A. Sorokin, 
S. Spolitis, G. Leuchs, V. Bobrovs. Microsphere-Based Optical Frequency Comb 
Generator for 200 GHz Spaced WDM Data Transmission System. Photonics, 2020, vol. 
7, No. 3, pp. 1–16. ISSN 2304-6732. DOI: doi.org/10.3390/photonics7030072. 

6. K. Zvirbule, S. Matsenko, M. Parjonovs, R. Murnieks, M. Aleksejeva, S. Spolitis. 
Implementation of Multi-Wavelength Source for DWDM-PON Fibre Optical 
Transmission Systems. Latvian Journal of Physics and Technical Sciences, 2020, 
Vol. 57, No. 4, pp. 24–33. ISSN 0868-8257. DOI: doi.org/10.2478/lpts-2020-0019. 

The results of the Thesis published in the proceedings of scientific conferences 
(indexed in Scopus, IEEE, Web of Science) 

1. I. Lyashuk, R. Murnieks, L. Skladova, S. Spolitis, V. Bobrovs. The Comparison of 
OFC Generation Techniques for WDM Networks. International Conference Laser 
Optics (ICLO), Jun. 20–24, 2022. IEEE, pp. 1. DOI: 
doi.org/10.1109/ICLO54117.2022.9840130 

The results of the Thesis presented at scientific conferences (not indexed in Scopus, 
IEEE, Web of Science) 

1. I. Lyashuk, R. Murnieks, V. Bobrovs. The evaluation of optical frequency comb 
generators compared to the conventional transceiver types, 63rd International 
scientific conference of RTU, Riga, Latvia, October 14, 2022. 

2. R. Murnieks, I. Lyashuk, T. Salgals, J. Alnis, I. Brice, A. Sedulis, A. Udalcovs, Pang, 
O. Ozolins, S. Spolitis, V. Bobrovs. Micro-rod resonator-based optical frequency 
comb for datacentre interconnects, 63rd International scientific conference of RTU, 
Riga, Latvia, October 14, 2022.  

3. R. Murnieks. Research on Kerr Optical Frequency Combs for NRZ-OOK Modulated 
Fibre Optical Communication Systems, First Workshop for ERI on 
Telecommunication and Networks, March 14–15, 2022.  

4. R. Murnieks, J. Braunfelds, T. Salgals, S. Spolitis, V. Bobrovs, J. Porins. Evaluation 
of Optical Frequency Comb Generators Based on a Whispering Gallery Mode 



 11 
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INTRODUCTION 

High-quality optical resonators make third-order nonlinear optical effects more efficient by 
encapsulating radiation in a small whispering gallery mode (WGM) resonator volume. This 
allows OFC to be obtained using four-wave mixing (FWM) [11]. The generation of OFC has 
been demonstrated by sending a continuous-wave (CW) pumping laser beam of a certain 
frequency into a nonlinear WGM resonator [12]. Optical frequency comb, in a broad sense, 
refers to a spectrum consisting of several carrier signals with the same spectral spacing. Such 
an optical frequency comb is usually called a Turing comb. There is also a soliton comb when 
the optical frequency comb is in a phase-matched state [13].   

OFC light sources have been used in technologies such as optical clocks, radio frequency 
photonic oscillators, coherent optical communications, etc. [14]. Several data transmission 
experiments using optical frequency combs obtained in integrated resonators have already been 
demonstrated when applying the OFC. For example, when using Si3N4, the total data rate is 
shown as 170.8 Gbit/s with a return to zero on-off modulation [15], and a WDM data 
transmission rate of up to 50 Tbit/s over a distance of 75 km was achieved [16]. OFC light 
sources have also been used in short-range wireless optical communications, shown in [17].  

OFC light sources based on spatial WGM resonators [18], such as silica microspheres and 
micro-rods, are significantly understudied. These WGM resonators are relatively simple to 
fabricate from standard single-mode fibre (SMF) using optical fibre splicers. In addition, data 
transmission based on OFC light sources built using these spatial WGM resonators is to be 
demonstrated. One of the most promising applications is optical fibre transmission systems. 
OFC light sources based on a WGM resonator are significantly simpler (consisting of one 
pumping CW laser and a WGM resonator) and smaller (the diameter of the resonator is usually 
from µm up to mm) than OFC light sources such as mode-matched lasers. WGM resonators 
make it possible to obtain OFCs centred at a wavelength of 1550 nm with a carrier signal 
spacing of about tens, and hundreds of GHz, covering more than 500 nm (70 THz) [19] or even 
several octave bandwidth [20]. It corresponds to optical S, C, L and U communication 
bands [21]. In terms of stability and power efficiency, the potential WGM resonator-based OFC 
light source is an ideal candidate for the intensity modulation direct detection (IM/DD) in 
wavelength-division multiplexing passive optical networks (WDM-PON) to replace the 
commonly used laser array solution [22].  

A general schematic of an OFC light source based on a spatial WGM resonator is shown in 
Fig. 1. The WGM resonator-based OFC light source consists of the following elements. First, 
a CW laser source is used as the pumping light source, the radiation of which is sent through a 
polarization controller (PC) to an erbium-doped fibre amplifier (EDFA) to increase the 
pumping power to the maximum. The amplified pumping radiation is coupled into the non-
linear resonator using a tapered fibre (TP), an angle-polished fibre, or a prism. An optical 
bandpass filter (OBPF) is used before the microresonator to filter the EDFA noise. The 
generated OFC is then out-coupled from the resonator by the same means, sent through an 
optical splitter and measured by an optical spectrum analyser (OSA). In addition, the OFC is 
detected by a PIN photodiode (PD) to analyse the frequency comb in the time domain with a 
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digital storage oscilloscope (DSO). At the output of the OFC light source, the carrier signals 
are further used in the transmitter (Tx). 

 

Fig. 1. A typical schematic of a WGM resonator-based OFC light source, where a prism can 
be used instead of a tapered fibre. 

As a result, OFC in microspheres and micro-rods are insufficiently modelled, their 
parameters are not optimised, as well as their experimental realisation for data transmission in 
the optical C-band (1530-1565 nm) with the number of channels equivalent to 2n (e.g., 4, 8, 
16 and so on) and data transmissions rates around 10 Gbit/s have not been sufficiently 
demonstrated.  
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MAIN RESULTS OF THE THESIS 

The development of silica microresonators, i.e., microspheres and micro-rod, was carried 
out during the doctoral studies, the development of OFC light sources, the acquisition of optical 
frequency combs, and the evaluation of the use of their carrier signals in both metro-access 
networks and data centre interconnects were carried out to evaluate the application possibility 
of OFC obtained in WGM resonators in fibre optic communication systems. 

1. FABRICATION OF SILICA RESONATORS 
AND EVALUATION OF THEIR PARAMETERS 

AND OPTICAL CARRIER GENERATION FOR DATA 
TRANSMISSION 

Spatial WGM resonators can be mainly divided into two groups – crystalline resonators 
fabricated by polishing calcium fluoride cylinders (CaF2) or magnesium fluoride cylinders 
(MgF2) and provide a Q-factor of ~109–1011 [23], and silica resonators, which are developed by 
melting the end of the fibre by using a heat source, such as CO2 laser or a gas flame, ensuring 
a Q-factor of ~106–1010. 

1.1. Description of Silica Microsphere Fabrication 

Typical microspheres with a diameter of several hundred micrometres can be made by 
melting the tip of a silicon optical fibre using technologies such as electric arc discharge and 
flame of CO2 laser [24], [25]. One of the simplest and most reproducible methods is the 
production of microspheres with a fibre splicer. The Thesis demonstrates the fabrication of 
microspheres with an optical fibre splicer Fujikura ARCMaster FSM-100P+, which allows to 
repeatedly obtain microspheres with the same parameters as diameter and Q-factor. The 
manufacturing process begins with constantly bringing the end of a cleaned optical fibre closer 
to the electrodes while rotating the fibre around its axis so that the microsphere maintains a 
maximally spherical shape and does not slide down under the influence of its mass. A spherical 
WGM resonator (microsphere) is thus created under the influence of surface tension forces.  

However, to obtain perfectly repeatable microsphere parameters, it is necessary to find 
optimal splicing parameters. The diameter of the microsphere can be adjusted by adjusting the 
tuning (or adjustment) of the optical fibre splicer – a parameter that affects the radius of the 
microsphere, as well as choosing the diameter of the fibre from which the resonator is made. 
Microspheres of such diameters D as 175 µm and 350 µm are made from standard SMF with a 
diameter of 125 µm. However, to obtain microspheres with a diameter equal to or greater than 
660 µm, coreless fibres with a diameter of 200 µm are required. It was experimentally 
determined that it takes 42 seconds to obtain 175 µm microspheres but 114 seconds to obtain 
350 µm diameter microspheres. As can be seen in Fig. 1.1, as the arc discharge time goes by, 



 15 

the diameter of the microsphere increases, and the shape becomes more and more close to a 
sphere.  

 

Fig. 1.1. Microsphere shape change and diameter increase depending on arc discharge time.  

The choice of diameters is based on the WDM system channel spacing defined in the 
recommendation ITU-T G.694.1 because it is the diameter that determines the spacing between 
the lines of the optical frequency comb. Namely, the microsphere diameter d is related to the 
free spectral range (FSR) through the following relation: FSR = c/(π⋅d⋅neff), where neff is the 
effective refractive index and c is the speed of light in vacuum. Therefore, it is possible to 
control the FSR by changing the microsphere diameter d. Thus, 175 µm, 350 µm and 660 µm 
diameters correspond to around 400 GHz, 200 GHz, and 100 GHz FSR, respectively. The 
optical fibre splicer parameters must be matched to each of the above diameters. 

1.2. Description of Silica Micro-rod Fabrication 

To make a micro-rod resonator, first, a cylindrical quartz rod must be prepared. The 
diameter of this cylindrical rod is chosen based on the required spacing between OFC carriers. 
A micro-rod manufacturing system with CO2 laser is depicted in Fig. 1.2. A cylindrical quartz 
rod is attached to an air-cushioned lathe with less than 100 nm of vibrations. This quartz rod is 
rotated perpendicular to the laser beam. A CO2 laser beam focused by a zinc selenium (ZnSe) 
lens is incident on a rotating quartz rod, resulting in the material being cut. In the next step, a 
resonator is created by focusing the laser beam at different positions along the axis of the quartz 
rod. During the process of cutting the material, dust is constantly generated; therefore, during 
the production of the micro-rod, a suction mechanism is needed to collect the dust, which can 
settle on the microrod and significantly reduce both its stability and the Q-factor. After the 
primary fabrication process is complete, the cutting area is annealed around with a laser beam, 
which greatly improves the Q-factor of the microresonator. Using the same fabrication process 
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and configuration – laser power, irradiation, duration, quartz rod rotation speed, and precise 
beam positioning – it is possible to recreate identical micro-rods. With this method, it is possible 
to create several micro-rods with the same parameters on one quartz rod in a relatively short 
period of time (around 5 min). Figure 1.2 (b) shows five microrod resonators built on a single 
quartz rod with a diameter of 700 µm D and a 520 µm space between the resonators, but with 
different curvature radii r (refer to Fig. 1.2 (c)), namely, 250 µm, 250 µm, 200 µm, 175 µm, 
and 150 µm (respectively, from Res1 to Res5). The curvature radius allows adjusting the Q-
factor of the resonator because not only the inhomogeneity of the surface of the micro-rod 
resonator, from which light is reflected and scattered outside the resonator, reduces the Q-factor 
but also the curvature radius of the micro-rod [26] is important. The curvature helps to retain 
and focus the light within the resonator mode.  

 

Fig. 1.2. (a) Development of micro-rods on a quartz rod using a CO2 laser, where a spindle 
stage is used to rotate the quartz rod and a galvanometer is used to position the laser beam on 
the ZnSe lens. (b) A picture of 5 fabricated micro-rods on one rod taken under a microscope 
with a diameter of 700 µm and a space of 520 µm between them. (c) Snapshots of individual 

micro-rods Res1–Res5, where the white circle indicates different curvature radii r. 

Res2 micro-rod WGM resonator (Res2, D = 700 µm and r = 250 µm) is used in Section 2.3. 
to obtain a Kerr-OFC with a carrier spacing of ~90 GHz (89 GHz). This micro-rod WGM 
resonator is chosen because the combination of resonator diameter D = 700 µm and curvature 
radius r = 250 µm gives the highest measured Q-factor of 2.6 × 107, compared between the 
5 fabricated micro-rod WGM resonators. The measured Q-factor is lower compared to [27], 
comparable to microspheres (~107–109), but higher than the one for integrated resonators 
(~105–106) [28]. The second resonator is also chosen based on experimental observations, as 
the OFCs obtained in the other micro-rod resonators were significantly affected by stimulated 
Brillouin scattering (SBS) noise.   
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1.3. Evaluation of Optical Frequency Comb Generation 

The OFC is derived from the nonlinear cascaded four-wave mixing (CFWM) optical effect 
provided by the Kerr nonlinearity process in optical materials [12]. Therefore, Kerr OFCs can 
be produced in any resonator made of an optical material with Kerr nonlinearity. OFC 
generation has been experimentally demonstrated in crystalline [29] as well as fibre ring 
resonators [30]. Numerically, optical frequency comb in microspheres is simulated based on 
the Lugiato-Lefever equation using the split-step Fourier method [31]. 

If the pumping radiation power exceeds the parametric gain threshold power in high Q-
factor WGM resonators, the first OFC carriers appear at Stokes and anti-Stokes frequencies 
with FSR multiples of spacing around the respective pumping frequency. A further increase in 
pumping power excites the CFWM, which produces higher-order carrier signals, forming the 
primary OFC. Initially, the carrier spacing Δ is reproduced between the newly created carriers, 
as CFWM ensures the conservation of energy. In the next step, the secondary carrier signals 
form sub-combs with a new resonant spacing 𝛿𝛿, which is different from the primary spacing Δ. 
Finally, the sub-combs overlap and form an OFC spectrum, where the spacing between two 
successive OFC carriers coincides with the FSR of the WGM resonator [19].  

The spacing between the OFC carriers is usually equal to the FSR of the WGM resonator 
[32]. The FSR or wavelength range between two resonances of a WGM resonator can be 
estimated using Equation (1.1), where a is the major radius of the resonator and 𝑛𝑛0 is the 
refractive index at the frequency of the pumping radiation [33]: 
 𝐹𝐹𝐹𝐹𝐹𝐹𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑐𝑐

2𝜋𝜋𝜋𝜋𝑛𝑛0
. (1.1) 

The spacing of OFC carrier signals in a small range can be adjusted in two ways – by 
changing the coupling conditions of the pumping radiation or by changing the radiation 
frequency [34]; in other words, by shifting the pumping frequency relative to the resonance 
mode frequency of the resonator. Changing the coupling conditions of the pump radiation 
changes the gap between the resonator and the TP, therefore changing the spacing between the 
OFC carriers and the Q-factor (increasing the gap increases the Q-factor). The Q-factor is a 
measure of the sharpness (linewidth of the carrier signal) of a resonance relative to its central 
frequency, where 𝜆𝜆𝑟𝑟𝑟𝑟𝑟𝑟 is the resonance wavelength and full width at half maximum (FWHM) 
describes the width of the resonance line [35]: 
 𝑄𝑄𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝜆𝜆𝑟𝑟𝑟𝑟𝑟𝑟

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
. (1.2) 

In the following, the experiments carried out in this section, the results obtained, and the 
methods described are promising for telecommunication applications, such as optical 
transmission systems of multi-wavelength light sources. The structure of OFC light sources is 
based on a high-quality WGM resonator. Its high Q-factor is at least 2 × 107, determined by the 
smooth surface, low internal losses, and radiation coupling in and out from the resonator [35]. 
In the OFC light source (refer to Fig. 1.3), the radiation is coupled into the WGM resonator 
through TP. To implement an OFC light source (refer to Fig. 1.3), a SiO2 microsphere was 
fabricated, as well as a TP. It should be mentioned that TP is a popular technique for the 
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radiation input into resonator because it provides high radiation input efficiency, and the TP is 
relatively easy to fabricate compared to angle-polished fibres or flat waveguides. In addition, 
the TP can be easily integrated compared to, for example, a prism, which is also often used for 
radiation input in WGM resonators.   

 

Fig. 1.3. OFC light source based on a SiO2 microsphere and tapered fibre. 

In the OFC light source shown in Fig. 1.3, a 40-mW single-mode optical laser with a central 
wavelength of 1550 nm is used to generate the optical signal in the transmission part (Thorlabs 
SFL1550S) in the scanning regime. To generate an OFC, the laser frequency must be tuned to 
the WGM faster than the resonator warm-up time [36]. The Kerr effect factually creates an OFC 
instantaneously. Here, the laser current is driven in a triangular shape with a repetition rate of 
about 1 kHz with a laser frequency deviation of 2 GHz. 

The laser output is connected to an optical isolator to protect the laser from reflected signals. 
The output of the optical isolator is connected to an EDFA to amplify the power of the optical 
signal. The output power of the EDFA is fixed at 20 dBm. Then, the amplified radiation is fed 
into the SMF28 single-mode optical fibre (900 μm shielding), which was used to fabricate the 
TP, and the optical radiation is coupled into the microsphere resonator. The same TP outputs 
OFC from the microresonator. Then, a Y-type optical power splitter (PS) with a ratio of 50/50 
is used in the receiver part to enable parallel OFC measurement. One of the PS ports is 
connected to a high-resolution OSA (0.01 nm), and the other port is connected to an InGaAs 
photodetector with a wavelength band of 800–1800 nm. A photodetector detects the OFC signal 
and sends it to a signal oscilloscope to monitor the resonance mode of the microsphere. To 
obtain OFC, it is important to control the gap between the TP and the microsphere (explained 
using the experimental results shown in Fig. 1.5). The air currents that appear around the thin 
TP and the microsphere displace these two elements. The gap between them changes, changing 
the power of the radiation injected into the microsphere, causing the OFC spectrum to fluctuate. 
This necessitates the creation of an isolation box in which to place the TP together with the 
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resonator to limit air flows and control humidity levels. This type of box also helps protect the 
elements from dust, which alters the Q-factor of the resonator, as dust particles settle on the 
surface of the resonator, causing radiation losses. 

OFC light source based on TP and SiO2 microsphere allows to obtain experimentally OFC 
as shown in Fig. 1.4. As can be seen from the optical spectrum, the OFC carrier spacing is 2 nm 
or 257 GHz, which is comparable to those studies presented in [21], [31], [34]. In this 
experiment, the result is obtained by scanning the frequency of the pumping laser and measured 
by OSA. The absence of some optical carriers can be seen in the OFC spectrum, which can be 
explained by the laser scanning but also by the mode mixing effect since the microsphere 
resonator has a wide mode spectrum. When two spatial modes are resonantly aligned at the 
same wavelength, OFC carrier intensity decreases as power is transferred to another family of 
modes [37]. So, according to the results, it is possible to obtain an optical frequency comb for 
optical communication applications; however, optimisation of the parameters and structure of 
the given OFC light source is required to achieve a time-stable OFC spectrum [36], which is 
presented in the following chapters of the Thesis.  

 

Fig. 1.4. Optical frequency comb obtained in OFC light source (Fig. 1.3). 

As mentioned above, changing the light input conditions, i.e., the gap between the TP and 
the resonator, changes the Q-factor of the resonator. The Q-factor determines how long the 
pumping radiation circulates in the resonator, and by reducing the coupling losses (increasing 
the gap), it is possible to increase the Q-factor [14]. A higher Q-factor, in turn, results in a 
narrower FWHM of the carrier signals. So, it can be said that increasing the gap between the 
TP and the resonator makes the FWHM of the carrier signal narrower, as shown in Fig. 1.5 (a). 
The increase in Q-factor is shown in Fig. 1.5 (c). The radiation input conditions in the resonator 
can be divided into three different regimes [38]. In the first regime, the fibre is located far away 
(0.57 µm) from the microsphere. The power injected into the resonator is too small (despite the 
low coupling losses) to overcome the internal losses due to absorption, as seen by the resonance 
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intensity. For example, in Fig. 1.8 (a), if the gap is 0.47 µm, the resonance depth is ~ 0.025 a.u. 
(refer to Fig. 1.8 (b)), and the Q-factor is ~6 × 106 (refer to Fig. 1.8 (c)). In the second regime, 
the radiation power in the resonator is high, but there are significant coupling losses, so the Q-
factor is small. For example, if the gap is 0.00 µm, then the Q-factor is ~5 × 105, and the 
resonance depth is ~0.25 a.u. In the optimal regime, there is a balance between the power 
injected into the resonator and the coupling losses. Considering the mentioned facts, it can be 
concluded that the optimal gap between TP and microsphere is 0.12 µm or 0.17 µm. 

 

Fig. 1.5. The radiation input conditions depend on the gap between the tapered fibre and the 
resonator: (a) WGM resonance transmission spectra when the gap is slowly reduced; 

(b) resonance depth variation; and (c) Q-factor variation. 

Summary: From the conducted research and obtained results, it can be concluded that silica 
microsphere resonators such as microspheres and micro-rods can generate OFC in the optical 
C band (1530-1565 nm) if an OFC light source is created on their basis. To achieve the 
generation of a desired OFC, it is necessary to adjust parameters such as pump power and 
wavelength to match the resonator mode from one of the resonator mode families. To obtain an 
OFC in the optical C-band (1530–1565 nm), it is necessary to pump the resonator around the 
1550 nm wavelength. To adjust the OFC carrier linewidth for a specific application, such as 
WDM-PON systems, it is necessary to adjust the gap between the TP and the resonator. 
Namely, by increasing the gap between the TP and the resonator, the bandwidth of the carrier 
signals becomes narrower (the Q-factor increases, but the power of the carrier signal decreases). 
The optimal spacing between the TP and the resonator is 0.12 µm or 0.17 µm, depending on 
the combination of Q-factor and carrier power. Finally, the spacing, or FSR, between the OFC 
carriers can be adjusted by choosing the appropriate resonator diameter – 175 µm, 350 µm and 
660 µm diameters correspond to, respectively, 400 GHz, 200 GHz and 100 GHz FSR.   

 Microspheres were created with Fujikura ARCMaster FSM-100P+ fibre splicer. It was 
experimentally determined that it takes 42 seconds to obtain 175 µm microspheres but 
114 seconds to obtain 350 µm diameter microspheres from a standard SMF with a diameter of 
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125 µm. Five micro-rod resonators have been fabricated in a relatively short period of time 
(around 5 min) with CO2 laser for a single diameter of a silica rod with 700 µm, and different 
curvature radii of 250 µm, 250 µm, 200 µm, 175 µm, and 150 µm and 520 µm gaps between 
the resonators. The highest Q-factor, 2.6 × 107, has been obtained in a second micro-rod 
resonator comparable to the microspheres (~ 107–109), bet higher than for integrated resonators 
(~105–106).  

Original publications on the research described in this chapter can be found in Appendices 
1, 4, and 5 of the Thesis. 
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2. ANALYSIS OF AN OPTICAL FREQUENCY COMB 
GENERATION IN MICROSPHERES AND MICRO-RODS 

CORRESPONDING TO FIBRE OPTICAL TRANSMISSION 
SYSTEM NEEDS 

2.1. Generation of an Optical Frequency Comb in Silica Microsphere 
with 400-GHz FSR  

A simplified schematic of an experimental OFC light source based on a silica microsphere 
resonator is shown in Fig. 2.1. For the purposes of the experiment, a microsphere with FSR = 
400 GHz (D = 168 μm) was fabricated using the optical fibre splicer as shown in Fig. 1.1., and, 
in addition, a 5 cm long TP fibre was made from SMF-28e fibre. 

 

Fig. 2.1. A simplified schematic of the experimental OFC light source. 

A WGM resonator is added for a precise three-axis positioning stage (Thorlabs MAX312D), 
which allows for coarse manual positioning as well as fine adjustment of the relative position 
of the WGM resonator and TP using built-in piezo motors. Coarse positioning of the resonator 
is performed manually using two CCD cameras, while fine position adjustment is performed 
by controlling piezo motors with an applied voltage. A view from one CCD camera is shown 
in Fig. 2.1. A tunable CW radiation laser has been used as the pumping source (Pure Photonics, 
PPCL550-180-60, output power 18 dBm, optical C-band operation, tuning range 60 nm) with 
a linewidth of 10 kHz. The CW radiation is filtered by a 1550 ± 10 nm OBPF to remove the 
background noise of the CW pumping laser before the radiation enters the resonator through 
the TP. The output signals from the microsphere are picked up by the OSA (Yokogawa 
AQ6370D, 0.6–1.7 μm). The measured spectral width of the resonant mode of the microsphere 
is δf = 6.5 MHz. The central frequency of the laser is f0 ~ 192.6 THz, hence the calculated 
Q = f0/δf = 3 × 107. 

By scanning the frequency (linear modulation) of the pumping laser around 1558 nm, OFC 
is obtained experimentally. The laser power is set to 16 dBm (before the 50/50 splitter, refer to 
Fig. 2.1). As a result, an OFC with a carrier signal interval of 393 GHz has been obtained at a 
small absolute dispersion value by pumping the WGM resonator at a frequency where there is 
a small anomalous dispersion (refer to Fig. 2.2). FSR 393 GHz roughly corresponds to n × 
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100 GHz, where n = 4, which corresponds to the inter-channel interval values of WDM systems 
specified in the ITU-T G.694.1 recommendation.  

The dispersion of the fabricated silica WGM has been calculated using a method detailed 
in previous works [39]. Dispersion is determined by a set of discrete points (marked by points 
in Fig. 2.2 (a) and corresponding to the frequencies of the characteristic modes of the resonator). 
For easier perception, these points are connected with a line. By comparing the experimentally 
obtained OFC carrier frequencies with the calculated characteristic frequencies, it can be seen 
that all the obtained carrier signals can be interpreted as fundamental transverse electric modes 
(refer to Fig. 2.2 (a), (b), the vertical dashed lines indicate the calculated mode frequencies and 
the corresponding OFC carrier signals). 

 

Fig. 2.2. (a) Calculated fundamental transverse electric mode family dispersion of a silica 
WGM resonator (dots indicate resonator-specific mode frequencies). (b) The spectrum of 

experimentally obtained OFC. The vertical dotted lines indicate the relationship between the 
resonator-specific mode frequencies and the OFC carrier signals. The flat plateau from 1540 – 

1560 nm is due to the bandpass filter (prior to the TP).   

Thus, a stable OFC has been obtained experimentally, providing an OFC light source that 
contains more than 20 carriers within a single fundamental mode family in and out of the optical 
C-band. Only four OFC carriers with the highest power, namely (–2), (–1), (1) and (2), are 
selected for further data transmission analysis. The tone-to-noise ratio (TNR) values of these 
carriers are about 41 dB, 49 dB, 46 dB, and 43 dB, respectively, while the pumped-radiation 
carrier has a TNR of about 73 dB. 

2.2. Generation of a Dissipative Kerr Soliton Comb in Silica Resonator 
with 100-GHz FSR 

Here, OFCs are numerically simulated by applying the dissipative Kerr soliton (DKS) comb 
formation mode in a silica resonator. To obtain the desired FSR (in this case 100 GHz) and at 
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the same time control the parameters so that the dispersion is anomalous in the optical data 
transmission wavelength range, it is possible to use resonators of different geometries, such as 
toroids, discs, and spheroids [37]. Figure 2.3 (a) shows a simplified schematic of an OFC light 
source that uses an axially symmetric silica WGM resonator in which the radiation is injected 
via a TP. The dynamics of the radiation field circulating inside the resonator can be described 
by the generalised equation of Lugiato-Lefever, which is independent of the geometry of the 
resonator. A dimensionless form that considers Raman response, anomalous dispersion and 
cubic dispersion are applied here (standard normalisation, refer to [37]): 
 ∂𝐸𝐸(𝑡𝑡,τ)

∂𝑡𝑡
= �−1− 𝑖𝑖∆ + 𝑖𝑖

2
∂2

∂τ2
+ 𝑏𝑏3

6
∂3

∂τ3
� ∙ 𝐸𝐸(𝑡𝑡, τ) + 𝑖𝑖(∫𝑅𝑅(𝑠𝑠) |𝐸𝐸(𝑡𝑡, τ −

𝑠𝑠)|2)𝐸𝐸(𝑡𝑡, τ) + 𝑆𝑆, 
(2.1) 

where E(t, τ) is the intra-resonator dimensionless field; τ and t are the normalised fast and slow 
times, respectively; b3 is a dimensionless coefficient characterising the cubic dispersion (here 
b3 = 0.01); Δ is the dimensionless detuning from exact resonance mode closest to the pumping 
frequency (here Δ = 60); S is the CW pumping radiation field entering the WGM resonator 
(here |S|2 = 65); R(t) is the Raman response function taken in the common form for silica 
glass [40]: 
 𝑅𝑅(𝑡𝑡) = (1 − 𝑓𝑓𝑅𝑅)δ(𝑡𝑡) + 𝑓𝑓𝑅𝑅(τ1−2 + τ2−2)τ1exp(−𝑡𝑡/τ2)sin(𝑡𝑡/τ1), (2.2) 

where δ(t) is the Dirac delta function; fR = 0.18 is the Raman part in relation to the nonlinear 
response; τ1 = 12.2 fs and τ2 = 32 fs.  

The results of the numerical simulation of OFC in DKS mode at a resonator pumping 
frequency of 193.7 THz (1547.71 nm) are shown in Fig. 2.3. To modulate the DKS optical 
frequency comb within the framework of Equation (2.1) with consideration of Equation (2.2), 
a code from Matlab is being utilised, the operation of which is based on the split-step Fourier 
method. The authors in [41] have analysed the effect of the Raman response on DKS (in the 
absence of cubic dispersion). The research has found such displacement parameters at which 
an existing fundamental soliton is stable. The effect of Raman nonlinearity is shown to cause 
an asymmetry of the DKS spectrum with respect to the frequency of the pumping radiation and 
a shift of the spectrum closer to longer wavelengths, which is also consistent with the results 
presented in [42]. In this case, the top of the shifted soliton is comparably flat at large values of 
the shift of Δ. Therefore, the choice of Δ and S parameters is dictated by the results presented 
in [41]. The FSR of the resonator modes set in the code is 100 GHz (coinciding with a 
microsphere diameter of about 660 μm) according to the ITU-T inter-channel interval. 

The frequency of the pumping radiation is chosen so that the most suitable carrier signals 
for WDM systems (around 193.1 THz) have the maximum power. The relative spectral 
intensity of the OFC carrier signals is shown in Fig. 2.3 (b), whereas Fig. 2.3 (c) shows the 
distribution of the resulting DKS pulse intensity in the time domain with FWHM duration 
TFWHM = 180 fs. The zoomed-in spectrum near the peak of the soliton is shown in Fig. 2.3 (d). 
The carrier signal located at the pumping frequency is labelled with (0). It can be seen that the 
(–6) and (–7) carriers located at frequencies corresponding to 193.1 THz and 193 THz, 
respectively, have the maximum relative intensity. Eight carrier signals (–3), (–4), to (–9),  
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(–10) whose power difference does not exceed 0.5 dB can be used for the 8-channel WDM-
PON system for further data transmission. For the given study, OFCs with carrier FWHM 
values of 100 kHz, 1 MHz, 10 MHz and 100 MHz are numerically simulated, where the optical 
carrier signals in each case are spaced at 100 GHz interval or FSR, which corresponds to the 
ITU-T G.694.1 recommendation. OFCs with different carrier linewidth values, which are later 
integrated into the simulation model, are shown in Fig. 2.4. 

 

Fig. 2.3. (a) Simplified schematic of an OFC light source. The inset image to the right 
shows the realisation of a particular edge of the resonator. In simulated OFC DKS regime: 

(b) optical spectrum; (c) the corresponding power distribution in the time domain; (d) zoomed 
OFC spectrum at its top. 
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Fig. 2.4. OFC carrier spectra used in simulations of an 8-channel 100 GHz inter-channel 
spacing WDM-PON system with different carrier signal linewidth values (top row) as well as 

zoomed centre carrier signals (bottom row). 

2.3. Development of an Experimental Optical Frequency Comb Light 
Source Based on Silica Micro-rod with 90-GHz FSR 

The experimental scheme visible in Fig. 2.5 has been used to obtain an OFC in a micro-rod 
light source. The TP fabricated from a non-zero dispersion shifted fibre (NZ-DSF), similar to 
previous studies [43], and the silica micro-rod are enclosed in a box to protect them from dust. 
Inside the box, the humidity is kept below 20 % with the help of a silicon gel desiccant (dryer). 
In addition, both the pumping source and the box are placed on a vibration-isolating table to 
minimize the influence of external low-frequency vibrations.  

The micro-rod OFC light source consists of a CW laser (Agilent 81989A) with a centre 
frequency of λ = 1555.46 nm, bandwidth of 100 kHz, optical output power +6 dBm and relative 
intensity noise –145 dB/Hz. PS, with a 50/50 ratio, splits the pumping laser radiation into two 
equal parts – in clockwise and counterclockwise directions. These two parts of the radiation are 
pumped into the micro-rods at the wavelength λ = 1555.46 nm from both sides. First, the light 
in each pumping section is sent through a 5 dB fixed optical attenuator (to ensure adequate 
optical input power of the amplifier) and then sent to the EDFA (in counter-clockwise: Keopsys 
PS-CUS -BT-C and in clockwise direction: Spectra RED5018) with fixed output power (up to 
+23 dBm). Afterwards, the amplified optical signals pass through PCs placed before optical 
circulators (OCs) to optimise radiation input efficiency. OC is used to eliminate the effect of 
backscattering light, which can cause instability of the CW laser and lower the amplification 
efficiency of the EDFA. In clockwise and counterclockwise directions, the light is fed into the 
TP fibre via optical circulator 1 (OC1) and 2 (OC2). The light signal of the optical frequency 
comb is sent to the OSA through the return port of OC1 (Anritsu MS9740A, 0.03 nm resolution) 
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to monitor and measure the power of the generated OFC carrier signals. In clockwise and 
counterclockwise directions, radiation coupled into the micro-rod from both sides ensures the 
required circulation intensity to achieve OFC generation. When radiation is input in only one 
direction, some of the optical power is converted to heat, so radiation input in the other direction 
is required to compensate for optical power losses. Increased stability of the OFC acquisition 
was obtained by pumping the micro-rod from two sides, splitting the radiation of one laser into 
two directions. In each direction, the EDFA amplifies the optical power to a fixed level of 
+23 dBm. A single pumping laser beam in two directions has previously been used in [44]. 
Finally, the optical circulator OC2 separates the generated OFC. A 10/90 ratio optical splitter 
captures the output OFC spectrum using OSA-2 (Advantest Q8384 with 0.01 nm resolution).  

The generated OFC is shown in Fig. 2.6 along with a zoomed-in centre frequency comb 
portion around the pumping wavelength corresponding to the (0) carrier signal. The optical 
carrier signals generated by the OFC light source are plotted and depicted as (0): λ = 
1555.46 nm, (+1): λ = 1556.18 nm, (+2): λ = 1556 nm, (+3): λ = 1557.62 nm, (+4): λ = 
1558.34 nm, (+5): λ = 1559.06 nm and (+6): λ = 1559.78 nm (refer to Fig. 2.6) and these are 
further selected to demonstrate 50 and 60 Gbaud non-return-to-zero on-off keying modulation 
(NRZ-OOK) and 50 Gbaud pulse intensity modulation (PAM-4) data transmission over a 2 km 
long SMF line in Section 3.4. The given carriers are chosen for data transmission experiments 
because they provide the highest peak power levels above –15 dBm (respectively, 4 dBm, –
2.7 dBm, –7.3 dBm, –9.6 dBm, –11.6 dBm, –14.8 dBm and –14.1 dBm), compared to others. 
The distance between the carrier signals is 89 GHz (~0.72 nm). The TNR of these carrier 
signals is 52.9 dB, 46.5 dB, 41.8 dB, 39.4 dB, 36.8 dB, 34.2 dB and 35.1 dB, respectively. 

 
Fig. 2.5. Experimental scheme illustrating a silica micro-rod-based OFC light source for fibre 

optic transmission systems. 
As can be seen in Fig. 2.6 in approximation, optical carrier signals after (+6) have similar 

performance, however, during the experiment it was observed that these carrier signals are not 
stable enough to modulate data on them. Additionally, the EDFA, which is used in Fig. 3.15, is 
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not capable of amplifying the carrier signals after (+6) because they do not provide enough 
input power, even the (+5) carrier signal is close to the amplified spontaneous emission 
(ASE) noise level. A solution that would allow the use of carrier signals after (+6) is to first 
apply an EDFA with a lower input power level.  

 

Fig. 2.6. Output spectrum of a silica micro-rod OFC light source with 89 GHz (~0.72 nm) 
comb carrier spacing generated in a Res2 micro-rod resonator with R = 700 µm, r = 250 µm, 

and the Q-factor of 2.6 × 107. 

Compared to [45], the obtained OFC is asymmetric – there is a visible drop in the spectrum 
at shorter wavelengths from the pumped mode. This is explained by mode crossing, that is, at 
the same wavelength, two modes with opposite polarization exist, and the power is divided 
between these two modes, and most of the power goes to the opposite polarization mode. The 
demonstrated OFC is obtained in the Turing state by injecting pumping radiation of 250 mW 
optical power into the micro-rod through a tapered fibre touching the micro-rod. For most parts 
of the experiment, the noise performance is close to the noise of the EDFA ASE, except for the 
optical carrier signal (+1), where the noise comes from the SBS. The OFC is obtained in the 
second micro-rod (Fig. 1.2) with a pumping power conversion efficiency of about 20 % 
(250 mW at the resonator input, and the OFC has about 50 mW of optical power over the entire 
bandwidth). This result is close to [12], where the authors have achieved a similar conversion 
efficiency but with a lower input power in a 75 µm toroidal resonator. In comparison, most 
soliton OFCs are obtained in integrated resonators with conversion efficiencies of around a few 
per cent [46].  

As can be seen in Fig. 2.6, OFC has a difference of at least 20 dB between the optical power 
of the individual carrier signals. The reason for large power fluctuations is the Turing state, 
which is characterized by a decrease in the power of the carrier signals with greater spectral 
distance from the wavelength of the pumped mode. To ensure similar bit error rate (BER) 
performance across all carriers in WDM applications, it is important to obtain an OFC with a 
smooth envelope, as power differences require additional solutions. One possible solution is to 
obtain the OFC in soliton form, which provides a flatter spectrum. Despite the improved 
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stability of TNR and soliton carrier signals, obtaining a soliton comb requires stabilizing the 
circulating optical power of the resonator, which is usually done with an additional laser. 
However, an additional laser complicates the OFC light source scheme. Another solution to 
power fluctuations is to amplify each carrier signal to a fixed power level or to use a 
wavelength-selective switch in the transmission line to equalise the OFC before data 
modulation.  

Optical signal-to-noise ratio (OSNR) is a critical aspect of high-quality WDM data 
transmission. The minimum ratio should be at least 20 dB [47]. OFC has a long-term stability 
problem – the power level of OFC carrier signals fluctuates, which causes fluctuations in OSNR 
and transmitted signal quality. The long-term stability of the OFC carrier signals (refer to 
Fig. 2.7) obtained from the second ~90 GHz (89 GHz) micro-rod (Res-2) has been measured 
with the TP touching the micro-rod throughout the experiment. 

 

Fig. 2.7. Measured micro-rod OFC light source carrier performance from (0) to (+6): 
(a) obtained OFC in the second micro-rod resonator (D = 700 µm and r = 250 µm, FSR 

~90 GHz), where the side peaks at the (+1) carrier originate from the SBS. The highest side 
peak amplitude is 32.3 dB lower than the carrier signal itself; (b) received carrier signal power 

stability over a 20-hour period. 

It has been experimentally observed that the optical carrier signals from (0) to (+6) obtained 
in the second micro-rod are relatively stable for 20 hours and have different performances due 
to the simultaneous propagation of several spatial modes in the resonator. In the stability curves 
from hours 0 to 4, at the 14th hour and the 18th hour, there are fluctuations that need to be 
explained. The first event is related to the change in temperature, which affects the power of 
the OFC. Since the temperature is not actively stabilized in the protective box, the temperature 
inside the protective box is variable in relation to the temperature of the surrounding laboratory 
environment – during the daytime, around 23.0 ± 1°C. At night, the room temperature drops by 
6 degrees, which also explains the first fluctuations from 0 to 4 hours. The sudden spikes at the 
14th hour and 18th hour are associated with mechanical displacements between the micro-rod 
and the tapered fibre. The mechanical displacement causes the mode to circulate inside the 
micro-rod in a different geometric position, resulting in power spikes. 

Despite these power fluctuations, when the external environment is stable or under control, 
OFC carrier signal power is stable, which can be observed in the time periods of 4 to 14 hours, 
14 to 18 hours, and 18 to 20 hours. Thus, it can be said that a stable comb can be obtained in 
the short term by stabilising the temperature and excluding the influence of the external 
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environment. It should be mentioned that the power fluctuation trend of the (+4) carrier signal 
(green curve) is fundamentally different from the others. The reason is the SBS effect, which 
causes power fluctuations. In the second hour of measurement, the SBS peaks at the (+1) carrier 
are amplified, taking power from the other carriers. In addition to this, the (+4) carrier signal is 
also amplified at this moment. The same is true for the green line between 14 and 20 hours. The 
opposite processes take place between hours 4 and 14, where the SBS peaks and the (+4) carrier 
signal give power to the other carrier signals, which are therefore amplified. Finally, the 
measurements were stopped at the 20th hour because the micro-rod heats up, and the SBS effect 
starts to affect some of the carrier signals. Based on the relatively stable power periods of the 
carrier signals when the surrounding environment is stable, the OFC carrier signals obtained in 
the second micro-rod (Fig. 1.3) can be further used in data transmission.  

 
Summary 
From the conducted research and obtained results, it can be concluded that OFC with carrier 

signals can be obtained in the OFC light source based on microsphere and micro-rod resonators 
according to the requirements of optical communication systems, such as the power and the 
inter-channel interval defined in the recommendation ITU-T G.694.1. Namely, in the developed 
microsphere resonator (D = 168 μm), pumping it at 1558 nm and an input optical power of 
about 16 dBm results in an OFC with FSR = 393 GHz (approximately corresponds to 
n × 100 GHz, where n = 4), where the power of the carrier signals chosen for data transmission 
is around –20 dBm. In a microsphere resonator (D = ~660 μm) at a pumping frequency of 
193.7 THz, a soliton OFC is numerically obtained with FSR = 100 GHz, where the power of 
the carrier signals chosen for data transmission is around –5 dBm and power fluctuations up to 
0.5 dB (before data modulation the power is smoothed to 0 dBm). Bidirectionally pumping the 
micro-rod resonator at 1555.46 nm results in an OFC with FSR = 90 GHz, where the power of 
the carrier signals selected for data transmission is above –15 dBm with relative stability over 
a 20-hour period in a stable environment.  

Original publications on the research described in this chapter can be found in Appendices 
1, 3, and 4 of the Thesis.  



 31 

3. EVALUATION OF MICROSPHERE AND MICRO-ROD 
OPTICAL FREQUENCY COMB LIGHT SOURCE 

IMPLEMENTATION IN HIGH-SPEED DATA 
TRANSMISSION SYSTEMS 

3.1. Development of the IM/DD 4-channel 200 GHz Spaced WDM-PON 
System Based on Microsphere OFC Light Source 

A simulation model of a WDM-PON transmission system with 4 channels and an inter-
channel spacing of 200 GHz is shown in Fig. 3.1. 

 

 

Fig. 3.1. Simulation model of an IM/DD WDM-PON system with 4 channels and an inter-
channel spacing of 200 GHz based on a silica microsphere-based OFC light source.  

ASE optical light source output with high output power up to 23 dBm and spectral power 
density –6 dBm/nm in the range 1528–1630 nm is connected to a user-defined OBPF, in which 
the OFC spectrum obtained previously on a silica microsphere is uploaded. The OFC is then 
filtered by a second OBPF of 3-dB bandwidth of 750 GHz to extract four optical carrier signals 
for further application in transmitters. The 4 OFC light source carrier signals are decoupled 
from each other using AWG-DEMUX corresponding to WDM-PON architecture. Each AWG-
DEMUX channel has a 3-dB bandwidth of 87.3 GHz and an inter-channel spacing of 200 GHz. 
The optical signal spectrum at the output of a user-defined OBPF, the resulting 4-carrier optical 
carrier signal after the second OBPF, and the modulated optical carrier signals at 10 Gbit/s data 
channel at back-to-back (B2B) transmission are respectively shown in Figs. 3.2 (a), (b) and  (c).  

The separated OFC carrier signals are fed into a Mach-Zehnder modulator (MZM). The 
electrical data signals S(t) modulated by the MZM are provided by a pseudo-random bit 
sequence (PRBS) generator using a non-return-to-zero (NRZ) driver that generates electrical 
NRZ signals at a bit transmission rate of 10 Gbit/s. Each MZM has a 3-dB bandwidth of 12 GHz 
and a maximum and minimum level difference of 20 dB [48]. The optical signals from each 
transmitter (Tx) are combined using an arrayed waveguide grating multiplexer (AWG-MUX) 
and transmitted over a 20 to 60 km ITU-T G.652 SMF line with 0.02 dB/km attenuation and 
16 ps/nm/km dispersion coefficient at 1550 nm wavelength. The given transmission distance is 
chosen according to the NG-PON2 standard (ITU-T G.989.2). After transmission, the optical 
signals are separated by AWG-DEMUX and sent to the specific receivers (Rx). Rx consists of 
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a PIN photodetector with a 3-dB bandwidth of 12 GHz, a sensitivity of –18 dBm at BER 10–12 
and a responsivity of 0.65 A/W. The received electrical signal is then filtered by a low-pass 
filter (LPF) having a 7.5 GHz 3-dB electrical bandwidth. The obtained BER results of electrical 
signals with respect to SMF line length up to 60 km for NRZ-OOK modulated 4-channel 
IM/DD WDM-PON transmission system with 200 GHz inter-channel spacing are shown in 
Fig. 3.3. 

 

Fig. 3.2. Optical spectra: (a) after a user-defined OBPF with an integrated OFC light source; 
(b) four optical carriers extracted from an OFC light source after a second OBPF; 

(c) modulated optical carriers after B2B transmission. 

Regarding BER performance, channel 1 (193.1 THz) is the worst-performing. The highest 
system performance in terms of BER is achieved with channel 4 (193.7 THz), where the BER 
of the received signal after 60 km SMF line transmission is 4.5 × 10–30. After 60 km of 
transmission, the received BER of the worst-case 1-channel is 9.1 × 10–4. Thus, it can be 
concluded that OFC light source carrier signals with 200 GHz spacing can provide 10 Gbit/s 
NRZ-OOK modulated signal transmission for optical link distances of 40 km and 60 km in the 
IM/DD WDM-PON transmission system. 
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Fig. 3.3. 10 Gbit/s NRZ-OOK modulated 4-channel 200 GHz WDM-PON system BER 
changes of each channel depending on the length of the transmission line, using the carrier 

signals of the microsphere-based OFC light source. 

3.2. Development of the IM/DD 4-Channel 400 GHz Spaced WDM-PON 
System Based on a Microsphere OFC Light Source with Different Optical 

Fibre Transmission Lines 

To analyse the performance of the WDM-PON transmission system based on the OFC light 
source, a simulation model has been developed in the VPIphotonics simulation environment. A 
typical IM/DD WDM-PON system model with 4 channels and 393 GHz channel spacing is 
shown in Fig. 3.4. The first part is the OFC light source, whose optical parameters are based on 
the experimental OFC light source. The carrier signals obtained in the OFC light source are 
used for each data transmission channel. In the simulation model, the experimental comb is 
integrated through an OBPF with a 3-dB bandwidth of 1720 GHz, which filters the spectral 
range with four selected OFC carriers of comparable optical power, which are marked in 
Fig. 2.2 with digits of –2, –1, 1, and 2. The respective frequencies are 193.207 THz, 
192.814 THz, 192.028 THz, and 191.635 THz. 

Fig. 3.4. Simulation model of the OFC light source performance and received signal quality 
evaluation of WDM-PON transmission system with 4 channels and inter-channel spacing of 

393 GHz. 
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The second part of the circuit is the optical line terminal (OLT), where the transmitter 
(Tx) array is located. First, an AWG-DEMUX with a channel spacing of 400 GHz and a single 
channel of 3-dB bandwidth of 75 GHz separates each of the four carrier. Each of the carrier 
signals is sent to its own specific transmitter, where an MZM modulator with a 3-dB bandwidth 
of 12 GHz and a maximum and minimum power difference of 20 dB imposes 10 Gbit/s data 
signals on each carrier signal. The transmission speed of 10 Gbit/s corresponds to the 10-gigabit 
symmetric passive optical network standard and allows the use of a 10 GHz transceiver. The 
logical data signal with a transmission rate of 10 Gbit/s is obtained from the PRBS generator 
and converted into the NRZ electrical line signal. Both actions are represented by the "Data" 
block in Fig. 3.4. After modulation by MZM, the optical signals are combined with AWG-
MUX, which has the same parameters as AWG-DEMUX. The combined signal is passed 
through an EDFA amplifier with a gain of 20 dB to compensate for the attenuation of the 
multiplexer and demultiplexer units and the MZM modulator and to compensate for the 
attenuation that will occur during transmission, thus increasing the system’s overall power 
budget.  

The third part of the circuit is the optical distribution network (ODN), over which the pre-
amplified data channel signals are transmitted. During the simulation, the transmission fibres 
(the most widely used in the industry, standard SMF [49], NZ-DSF [50] and cut-off wavelength 
fibre (CSF) [51]) are successively changed to investigate the carrier signal performance of the 
OFC light source under different transmission conditions. The transmission line length is 
changed from 0 km (case of B2B) to 70 km, which meets and exceeds the conditions defined 
for NG-PON2 within the recommendation ITU-T G.989.2 [9]. The selected optical fibres are 
Corning's most widely produced and used in the optical communications industry. The first 
fibre is a standard SMF compliant with recommendation ITU-T G.652.D, the second fibre NZ-
DSF compliant with the recommendation ITU-T G.655.D, the third type of optical fibre is CSF 
compliant with the recommendation ITU-T G.654.E. After transmission, each data channel is 
demultiplexed with the same AWG-DEMUX filter as in the central office (CO) and sent to the 
specific receiver (Rx) in the optical line terminal.  

The fourth part of the circuit is the optical line terminal (ONT), where the receivers are 
located. Each receiver consists of a PIN photodetector with a 3-dB bandwidth of 12 GHz and a 
sensitivity of –18 dBm, which corresponds to BER = 10–12 and a reflectivity of 0.65 A/W. After 
the PIN, a 4-pole LPF with a 3-dB bandwidth of 7.5 GHz is used to filter out the noise generated 
during signal transmission and processing. Then, the electrical signal analyser is used to 
measure the signal shape and evaluate the signal quality by BER.   

To evaluate system performance, Figs. 3.5 and 3.6 show BER characteristics depending on 
the length of the optical transmission line and the received signal power level. The BER values 
are taken for the worst data channel that in Fig. 2.2 is marked as the carrier (2) or it is channel 4, 
which has the lowest power level compared to the other channels. A hard-decision forward 
error correction (HD-FEC) threshold of 1 × 10–3 is used for WDM-PON system evaluation [52]. 
Using the selected transmission fibre types – SMF, NZ-DSF and CSF, the BER value decreases 
with increasing distance, as shown in Fig. 3.5. 
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Fig. 3.5. Characteristic curve of BER value change for 10 Gbit/s NRZ-OOK WDM-PON 
transmission system with applied OFC light source, depending on the length of SMF,  

NZ-DSF and CSF transmission fibres.   

The maximum achievable transmission distance where the BER value is below the HD-
FEC threshold is 64 km, 57.5 km and 55 km when using NZ-DSF, CSF and SMF transmission 
fibre, respectively. As can be seen in Fig. 3.5, with all the selected fibre types, a transmission 
distance of 20 km can be achieved, which is a typical reach of PON networks, as well as a 
distance of 40 km. Evaluating the signal quality, it can be concluded that data transmission is 
possible at 40 km SMF, NZ-DSF and CSF transmission distance, and the values of the received 
BER signal prior to the FEC are 2 × 10–5, 4.8 × 10–7 and 1 × 10–5 if SMF, NZ-DSF and CSF 
transmission fibres are used in the ODN network part respectively. On the other hand, NG-
PON2's maximum distance of 60 km can be reached if only NZ-DSF optical fibre is used. These 
results can be explained mainly by the difference in the chromatic dispersion (CD) coefficients 
and slight differences in the attenuation coefficient. It is necessary to use CD compensation to 
achieve longer transmission distances, that is, to reduce the BER value. 

For an objective performance evaluation, Figs. 3.6 (a) and 3.6 (b) show the variation of the 
BER value depending on the received power level at 20 km and 40 km transmission, 
respectively. BER characteristics are not shown at 60 km because the BER values achieved by 
SMF and CSF are below the HD-FEC threshold. As can be seen in Figs. 3.6 (a) and (b), the 
CSF optical fibre shows the worst performance in comparison, as it has the highest CD factor 
(23 ps/nm/km) and thus the largest dispersion-induced power penalty. The best system 
performance is achieved with NZ-DSF fibre because it has the lowest CD factor (4 ps/nm/km), 
and it should be noted that the attenuation differences have a negligible effect on the overall 
performance difference. 
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Fig. 3.6. Characteristic curve of BER value variation for 10 Gbit/s NRZ-OOK WDM-PON 
transmission system as a function of received power level for B2B transmission and at (a) 

20 km and (b) 40 km transmission distances.  

By evaluating the obtained results (such as the BER characteristic curves as a function of 
the transmission distance for all three selected types of transmission fibres) in a simulation, it 
can be concluded that the demonstrated silica microsphere-based OFC light source providing 
optical carriers with a spacing of 393 GHz is capable of providing BER values below the HD-
FEC threshold at a transmission distance of 40 km in 10 Gbit/s NRZ-OOK modulated 4-
channel IM/DD WDM-PON system, using both SMF, NZ-DSF and CSF optical transmission 
fibre. 

3.3. Development of the IM/DD 8-Channel 100 GHz Spaced WDM-PON 
System Based on a Microsphere OFC Light Source with Different Optical 

Carrier Linewidth Values 

Different applications of optical communication networks have different requirements for 
the FWHM of the OFC carrier signal. A narrow linewidth is important for coherent 
transmission [53]; for example, an OFC with a linewidth of 14.8 Hz has been used for 
transmission with a multi-level quadrature pulse amplitude modulation format. On the other 
hand, in IM/DD communication systems, it is possible to achieve BER values below the HD-
FEC threshold 1 × 10–3 using a larger carrier FWHM, and linewidth differences between 
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carriers of the same OFC may be neglected. Therefore, the performance of NRZ-OOK 8-
channel WDM-PON system with 100 GHz inter-channel spacing is demonstrated below 
(conforms to recommendation of ITU-T G.694.1) depending on the different bandwidths of the 
OFC carrier signals – 100 kHz, 1 MHz, 10 MHz, and 100 MHz. The different OFC carrier 
linewidths – 100 kHz, 1 MHz, 10 MHz, and 100 MHz – result in different optical pulse 
spreading due to the CD of the transmission fibre. To generalise the following study, the OFC 
light source is presented as a black box, where both a microsphere and a micro-rod can be used 
as a resonator, as well as OFC light sources of other architectures. The central frequencies of 
the applied OFC carriers (192.7–193.4 THz) and their spacing of 100 GHz coincide with the 
centre frequencies of the Super-PON standard channels – FSR set 1 in the optical C-band (192–
193.5 THz). In addition, the WDM-PON transmission distance of 50 km matches the network 
reach defined by Super-PON [10].  

To evaluate the capabilities of the obtained OFCs with different bandwidths (refer to 
Section 2.2 and Fig. 2.4) to provide data transmission in an optical communication system, the 
VPI Photonics Design Suite “Transmission Maker” model of the NRZ-OOK 8-channel WDM-
PON system (refer to Fig. 3.7) with an integrated OFC light source has been created. From the 
output spectrum of the OFC light source, 8 carrier signals are separated by an AWG-DEMUX 
with a 3-dB bandwidth at 75 GHz, each of which is sent to its own transmitter. PRBS with a bit 
sequence length of 215–1 and the transmission rate of 10 Gbit/s is encoded in NRZ format and 
modulated in the amplitude of the carrier signal with MZM (bandwidth 12 GHz, maximum and 
minimum power difference of 20 dB). After modulation, the data channels are combined with 
an AWG-MUX with a 3-dB bandwidth of 75 GHz and amplified by an EDFA by 5 dB. It is 
important to note that the use of an EDFA will result in a higher BER value only due to a lower 
OSNR (the amplifier reduces the OSNR by 4 dB) and not due to the spectral broadening of the 
signal. 

 

Fig. 3.7. Simulation model of NRZ-OOK modulated WDM-PON data transmission system 
with 8 channels and 100 GHz spacing based on OFC light source.  

After combining the optical signal, it is transmitted through ODN over standard SMF fibre 
(α = 0.2 dB/km, D = 17 ps/nm/km at 1550 nm). During the study, the transmission fibre length 
is varied from 20 to 50 km, where the maximum distance corresponds to Super-PON. When 
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transmitting an optical signal, each channel is routed to the receivers by means of an AWG-
DEMUX (3 dB bandwidth at 75 GHz). Each receiver consists of a PIN photodetector (3 dB 
bandwidth 12 GHz, sensitivity –18 dBm with BER = 10–10, optical power conversion factor 
0.65 A/W), LPF with 3-dB bandwidth 8 GHz, which filters out the noise, and from the DSO 
which captures the eyelet pattern, analytically measures the BER value with the help of the Q-
factor and the complementary error function “erfc”. 

To evaluate the performance of an 8-channel, 50-km long WDM-PON with 100 GHz 
spacing using an OFC light source carriers with different linewidths, first, the BER correlation 
plots are used where the results are shown with a smooth OFC envelope, as seen in Fig. 3.8. 
The power of the OFC carriers can be smoothed with a spectral filter. In addition, the correlation 
plots of TNR and BER versus OFC linewidth at 20, 40 (corresponding to NG-PON2) and 50 km 
(corresponding to Super-PON) transmission distances are shown. Finally, eye diagrams are 
provided at 50 km data transmission for OFC linewidths 100 kHz, 1 MHz, 10 MHz and 
100 MHz. All results are presented for the worst-performing channel in terms of BER value, 
which in this case is channel 2 with a centre frequency of 192.8 THz,  shown in Fig. 2.3 as 
channel (–9). The BER values of the received signal (Fig. 3.8) are taken as a function of the 
average received power at the specified OFC carrier linewidths. Correlation plots are taken 
using a tunable optical attenuator (VOA) before the PIN photodetector. 

 

Fig. 3.8. Variation of BER value of NRZ-OOK modulated 10 Gbit/s signal regarding received 
optical power for linewidths 100 kHz, 1 MHz, 10 MHz and 100 MHz at a transmission 

distance of 50 km based on OFC with optical power equalised optical carriers.  

Since dispersion effects affect the 100 MHz signal the most, this results in lower received 
power and, therefore, lower BER values. The BER values at a transmission distance of 50 km 
and a flat OFC envelope vary from 1.3 × 10–6 up to 4.8 × 10–1 for a 100 MHz optical carrier. In 
comparison, the best performance is shown by the 100 kHz optical carrier, where the BER 
values at a transmission distance of 50 km vary from 4.4 × 10–12 up to 4.7 × 10–1. As seen in 
Fig. 3.8, receiver sensitivity (defined at the HD-FEC threshold of 1 × 10–3) for the worst-
performing channel is –23.9 dBm, –23.8 dBm, –23.7 dBm, and –23.6 dBm for 100 kHz, 
1 MHz, 10 MHz, and 100 MHz linewidth values, respectively. The power penalty to reach the 
defined HD-FEC threshold (1 × 10–3), if compared to 100 kHz, is 0.1 dB, 0.2 dB, and 0.3 dB 
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appropriately for 1 MHz, 10 MHz, and 100 MHz. Such power penalty differences can be 
neglected.  

For an optical frequency comb, one of the most important parameters is the TNR of the 
carrier signals, which is reduced during data transmission, but to ensure BER values lower than 
the HD-FEC threshold, the TNR value before the PIN must be sufficient (for a 10 Gbit/s NRZ-
OOK signal, such value corresponds to 10 dB [54]). Therefore, the TNR performance at the 
studied non-carrier line widths has been shown in Fig. 3.9, which allows us to evaluate the 
influence of the TNR value of OFC lines on data transmission since the TNR value decreases 
at a larger line width. Namely, at 100 kHz, 1 MHz, 10 MHz, and 100 MHz, the respective TNR 
values of the optical carrier signals are 116.1 dB, 96.1 dB, 76.1 dB, and 56.1 dB. As shown in 
Fig. 3.11, with a linewidth (bandwidth) of 100 kHz, the TNR values are the highest – 53.6 dB, 
53.5 dB and 54.3 dB, and at 100 MHz, they are the lowest – 52.3 dB, 52 dB and 51.9 dB, shown 
at 20 km, 40 km, and 50 km transmission distances respectively. 

 
Fig. 3.9. Changes in the TNR value before the PIN photodetector depending on the linewidth 

values of the optical carrier at 20 km, 40 km, and 50 km transmission distances. 
 
The TNR values directly affect the BER values of the received signal; consequently, in 

Fig. 3.10, BER values of the signal as a function of linewidth at 20 km, 40 km and 50 km 
transmission distance are shown. As can be seen in Fig. 3.10, the BER values coincide with the 
decrease of the TNR value in Fig. 3.9. The lowest BER values are provided by a 100 kHz 
linewidth, where BER at a 20 km transmission distance is 3.5 × 10–129, which corresponds to 
error-free transmission, and 4.8 × 10–26 and 4.4 × 10–12 at a transmission distance of 40 km and 
50 km, respectively. The highest BER values are achieved at 100 MHz linewidth, where the 
BER is 3.4 × 10–26, 2.3 × 10–11 and 1.3 × 10–6 at a transmission distance of 20 km, 40 km, and 
50 km, respectively.  
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Fig. 3.10. Changes in BER values depending on the linewidth of optical carrier signals at 
20 km, 40 km, and 50 km transmission distance. 

Figure 3.11 shows the received signal quality of channel 2 after 50 km long ODN 
transmission for all investigated values of carrier linewidth. As shown in Fig. 3.11, the BER 
values are below the specified HD-FEC threshold, where the range of BER values between all 
channels of the received signal are 4.4 × 10–12 – 2.7 × 10–12, 2.9 × 10–9 – 4.3 × 10–11, 4.1 × 10–

8 – 3.2 × 10–11 and 1.3 × 10–6 – 1.2 × 10–6 (the first value corresponds to the channel with the 
lowest BER performance, and the second value corresponds to the channel with the highest BER 
performance).  

 

Fig. 3.11. Eye diagrams of the received signal after 50 km transmission over an 8-channel, 
100 GHz spacing WDM-PON system operating at a data rate of 10 Gbit/s, using standard 
SMF for channel 2 studied with carrier linewidth values of (a) 100 kHz, (b) 1 MHz, (c) 

10 MHz, and (d) 100 MHz. 
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The BER values obtained after 50 km of standard SMF fibre transmission length are well 
below the HD-FEC threshold. Therefore, it is possible to use OFC with linewidth values of 
100 kHz, 1 MHz, 10 MHz, and 100 MHz to provide data transmission in NG-PON2 and new 
Super-PON optical networks.  

3.4. Development of the Experimental 100 Gbit/s Data Centre Interconnect 
Based on a Micro-rod OFC Light Source 

To meet the increasing bandwidth demand, data centre interconnects (DCIs) must offer 
higher performance and throughput while at the same time improving spectral efficiency and 
reducing power consumption [55]. IM-DD remains a promising DCI solution due to its low 
latency, high reliability, and reasonable cost [56].  

The experimental up to 100 Gbit/s/λ data centre interconnect scheme is shown in Fig. 3.12.  

 

Fig. 3.12. An experimental high-speed optical interconnect scheme up to 100 Gbit/s/λ based 
on a micro-rod OFC light source. 

The carriers (0) to (+6) of the micro-rod-based OFC light source are used to demonstrate 
the transmission of 50 Gbaud and 60 Gbaud NRZ-OOK and 50 Gbaud PAM-4 modulated 
signals over a 2 km long SMF line. The resulting OFC carrier signals are first sent to the OBPF 
(Santec OTF-350), which has a bandwidth of 35 GHz at the 3 dB level to separate one optical 
carrier at a time. PS with a ratio of 10/90 before and after OBPF have been used to capture the 
OFC spectrum with OSA-1 and a filtered OFC carrier with OSA-2, respectively. Then, the 
EDFA (Amonics AEDFA-CL-18-B-FA) with a fixed optical output power of 23.5 dBm 
amplifies the pre-filtered optical carriers before they are sent to the MZM (Photline MX-LN40), 
which has a bandwidth of 40 GHz at the 3 dB level, an extinction ratio of 20 dB, and an 
attenuation of 9 dB. The PC is placed before the MZM to reduce polarisation-dependent 
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attenuation. At this point in the circuit (before the MZM), the measured optical carrier signal 
power is around 5 dBm to ensure optimal optical power for data modulation.  

High-speed NRZ-OOK and PAM-4 signals are first digitally generated using PRBS with a 
length of 215–1. The signal is sampled and filtered using a raised cosine filter with a roll-off 
factor 1. This value is chosen because, with a lower roll-off factor, clock recovery does not 
work here due to stability fluctuations of individual optical carriers. The resulting signal is then 
loaded into an electrical arbitrary waveform generator (EAWG, Keysight M9502A, 25 GHz). In 
addition, frequency domain pre-equalisation up to 30 GHz bandwidth is applied to compensate 
for amplitude-frequency distortions and the limited bandwidth of the 65 GSa/s EAWG. Given 
these equipment limitations (65 GSa/s AWG is only 25 GHz bandwidth), maximum symbol 
rates of 50 Gbaud and 60 Gbaud have been chosen. In addition, it is assumed that if a 60 Gbaud 
symbol rate is possible with a given OFC, it provides performance tolerance for 40 Gbaud, 
which is more widely used at 100 GHz channel spacing. The generated output electrical signal 
is amplified by an electrical amplifier (EA-1, 38 GHz, 29 dB gain) and fed to the MZM. The 
modulated optical signal is then transmitted on a 2 km-long SMF line that further passes 
through the VOA. To control the optical power of the receiver, a PS with a ratio of 10/90 and a 
power meter (PM) are used. A high-power 50 GHz bandwidth InGaAs PIN photodetector (Lab 
Buddy, DSC10H-39) with +4 dBm sensitivity at BER 10–12 and responsivity of 0.5 A/W is used 
to convert the received optical signal into an electrical signal. EA-2 (25 GHz, 16 dB gain) 
amplifies the electrical signal, and finally, DSO (Keysight DSAZ334A, 80 GSa/s, 33 GHz) 
samples the signal for further digital signal processing (DSP). 

The received and sampled signal is processed using a DSP routine consisting of an LPF 
with a normalised bandwidth of 1.2, which provides optimal BER performance (Fig. 3.13), 
clock recovery, post-equalisation and a BER counter. LPF equalisation and a raised cosine filter 
have been applied with the aim of optimising the achieved performance of the transmitted 
signals.  

In addition to the DSP functions mentioned above, adaptive equalisation (EQ) is also used 
to improve the quality of the received signal, namely to compensate for inter-symbol 
interference and the limited bandwidth of electrical components. EQ is performed by a decision 
feedback equalisation algorithm with 15 feed-forward taps (FFT) and 7 feedback taps (FBT) 
for 50 and 60 Gbaud NRZ-OOK transmission. However, the number of FFT and FBT used for 
the transmission of 50 Gbaud PAM-4 for each optical carrier channel is different – (0, +4, +5 – 
55 FFT and 15 FBT; +1 – 85 FFT and 55 FBT; +2 – 23 FFT and 16 FBT; +3 – 10 FFT and 11 
FBT). The number of taps chosen maximises the BER performance. In total, 1.2 million bits are 
used to calculate the BER. 
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Fig. 3.13. BER compared to a normalised LPFBW/Baud relation IM/DD for a short-range 
optical DCI system with an applied OFC light source. In terms of BER performance, the 
worst-performing optical carrier (+6) provides transmission with a normalised LPFBW 

bandwidth value of 1.2 for NRZ-OOK modulated signals at (a) 50 Gbaud/λ, (b) 60 Gbaud/λ, 
and (c) 50 Gbaud/λ for PAM-4 modulated signals.  

Two BER threshold values are used in the quality analysis of the received NRZ-OOK and 
PAM-4 signals – HD-FEC with 7 % overhead and BER threshold of 3.8 × 10–3, and soft-
decision forward error correction (SD-FEC) with 20 % overhead and BER threshold of 
4.0 × 10–2. Data transmission is considered successful if the BER value of the received signal is 
below the given threshold values. The resulting 50 and 60 Gbaud NRZ-OOK data transmission 
results after 2 km transmission over the SMF line are shown both without and with EQ in 
Figs. 3.14 (a)–(d), whereas the 50 Gbaud PAM-4 transmission results are depicted in 
Figs. 3.14 (e)–(f). 

In Fig. 3.14, different trends of BER curves can be observed for each optical carrier signal, 
even though the power of the optical carriers is amplified by the EDFA to one fixed power level 
before data modulation. This is explained by the fact that each carrier has a different OSNR 
value, which is the sum of two ASE noise-generating components – the EDFA in the OFC light 
source and the EDFA in the data transmission scheme. Consequently, the noise level increases 
significantly, which leads to reduced OSNR values of the optical carriers—Subsequently, the 
BER values of the received signal increase.  

As seen in Fig. 3.14 (a), without EQ 50 Gbaud NRZ-OOK signal transmission is possible 
for OFC light source carriers from (0) at λ = 1555.46 nm to (+6) at λ = 1559.78 nm. The worst-
performing data channel (based on BER value) is the carrier (+6), where the 20 % SD-FEC BER 
threshold is reached at –18 dBm received optical power. The best performance is shown with 
the optical carrier (0) – CW pumping source, which has the highest OFC light source output 
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optical power of +4 dBm and the highest TNR value of 52.8 dB. The 50 Gbaud NRZ-OOK 
signal transmission below 7 % HD-FEC threshold of 3.8 × 10–3, is possible without EQ for 
OFC light source carriers (0) at λ = 1555.46 nm to (+4) at λ = 1558.34 nm. As one can see in 
Fig 3.14 (b), EQ slightly improves the BER performance compared to the previous case without 
EQ and enables 50 Gbaud NRZ-OOK signal transmission using carriers from (0) at λ = 1555.46 
nm up to (+6) at λ = 1559.78 nm below the 20 % SD-FEC threshold value. 

 

Fig. 3.14. BER correlation plots versus received optical power for IM/DD short-reach optical 
DCI system with applied OFC light source with NRZ-OOK at 50 Gbaud/λ (a) without and 
(b) with EQ, and at 60 Gbaud/λ (c) without and (d) with EQ. With PAM-4 at 50 Gbaud/λ 

(e) without and (f) with EQ. EQ for figures (b) and (d) uses 15 FFT and 7 FBT. EQ for figure 
(f) uses 55 FFT and 15 FBT in case of 0, +4; +5 carriers; 85 FFT and 55 FBT in case of +1; 

23 FFT and 16 FBT in case of +2 and 10 FFT, and 11 FBT for the carrier +3. 
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As shown in Fig. 3.14 (c), without EQ 50, Gbaud NRZ-OOK signal transmission is possible 
by means of using carriers from (0) at λ = 1555.46 nm up to (+4) at λ = 1558.34 nm with the 
BER performance below the 20 % SD-FEC threshold level. The worst-performing data channel 
(based on BER value) is the carrier signal (+4), where the 20 % SD-FEC BER threshold is 
reached at –18 dBm received optical power. As in the previous case, also at 60 Gbaud NRZ-
OOK, the highest quality data transmission is shown by the pumping carrier labelled (0). The 
results in Fig 3.14 (d) indicate that EQ significantly improves BER performance for 60 Gbaud 
NRZ-OOK signal transmission with carriers from (0) to (+5). 

Without EQ, 50 Gbaud/λ PAM-4 signal transmission can be realized using (0) carrier 
signal, which at –17 dBm received optical power ensures the BER value below 7 % HD-FEC 
threshold, refer to Fig. 3.14 (e). For carriers (+1) and (+2), BER values below the 20 % SD-
FEC threshold are provided at –16 dBm received optical power. For other carriers, the BER of 
the received signal remains above the defined 20 % SD-FEC threshold. EQ improves 
performance by allowing transmission of a 50 Gbaud PAM-4 signal with (0) to (+2) carrier 
signals. In the case of EQ for optical carrier signals (0), BER is under 7 % HD-FEC threshold 
level 3.8 × 10–3 at –19 dBm of the received optical power, refer to Fig. 3.14 (f). However, for 
the optical carrier signals from (+1) to (+2), the minimum BER value is achieved under the 
20 % SD-FEC threshold 4.0 × 10–2 at –16 dBm of the received optical power. Received 
eyelet/mesh diagrams for 50 Gbaud and 60 Gbaud NRZ-OOK and 50 Gbaud PAM-4 signals 
after 2 km transmission over SMF are shown for the (+1) carrier signal, refer to Fig. 3.15. 

 

Fig. 3.15. Received signal eye diagrams with and without EQ for carrier (+1), captured at the 
received optical power of –12.5 dBm: for a) 50 Gbaud/λ in the case of NRZ-OOK , b) 

60 Gbaud/λ in the case of NRZ-OOK, and c) 50 Gbaud/λ in the case of PAM-4. 

Summary 
From the conducted research and obtained results, it can be concluded that the microsphere 

and micro-rod OFC light source can replace the optical carrier signals from the laser array in 
IM/DD WDM-PON and DCI systems. The obtained BER values are below those of HD-
FEC and SD-FEC. OFC light source with microsphere resonator (D = 328.5 μm) can provide a 
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BER value of at least 9.1 × 10–4 in a 4-channel 200 GHz WDM-PON system with a transmission 
speed of 10 Gbit/s in a data channel at a 60 km transmission line. An OFC light source with a 
microsphere resonator (D = 168 μm) can provide a BER value of at least 2 × 10–5; 4.8 × 10–7; 

and 1 × 10–5, at, respectively, 40 km long SMF, NZ-DSF, CSF transmission fibres in a 4-
channel 393 GHz WDM-PON system with a data rate of 10 Gbit/s transmission. An OFC light 
source with a microsphere resonator (D = 660 μm) and the resulting soliton comb is able to 
provide a BER value of at least 2.7 × 10–12; 4.3 × 10–11; 3.2 × 10–11; and 1.2 × 10–6 for 100 kHz, 
1 MHz, 10 MHz, and 100 MHz linewidth values of carriers in the 8-channel 100 GHz WDM-
PON system with a data rate of 10 Gbit/s and a transmission line length of 50 km. Finally, an 
OFC light source with a micro-rod resonator (D = 700 μm) can achieve a BER value for carriers 
(0) to (+6) below the 20 % SD-FEC threshold at NRZ-OOK 50 Gbit/s transmission (by applying 
EQ), which for the (+6) carrier is achieved at –19.5 dBm received optical power. The NRZ-
OOK 60 Gbit/s transmission on carriers (0) to (+5) below the 20 % SD-FEC threshold is 
achieved at –17 dBm received optical power for the (+5) carrier. The PAM-4 100 Gbit/s 
transmission on carriers (0) to (+2) below the 20 % SD-FEC threshold achieved at –16 dBm 
received optical power for the (+2) carrier. Original publications on the research described in 
this chapter can be found in Appendices 1, 3, 4, and 6 of the Thesis.  
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CONCLUSIONS 
1. To develop microspheres with 175 µm and 350 µm diameters (Q-factor ~ 107) from 

125 µm diameter SSMF, by means of a fibre splicer Fujikura ARCMaster FSM-100P+,  
takes 42 and 114 seconds, respectively; whereas, in order to develop, by means of a CO2 
laser, five 700 μm diameter micro-rods (Q-factor = 2.6 × 107) on one silica rod with 
520 μm spacing between resonators, takes about 5 minutes.  

2. In the developed WGM resonators, it is possible to obtain OFC in the optical C-band by 
pumping the resonators around the wavelength of 1550 nm, where the optimal gap 
between the TP and the resonator is 0.12 µm or 0.17 µm for light input into the resonator 
and choosing the diameter of the resonator allows to adjust the spacing between OFC 
carriers.  

3. Based on the obtained experimental results, it can be concluded that OFC carriers 
corresponding to the inter-channel spacing defined in the ITU-T 
G.694.1 recommendation can be obtained by pumping the microsphere resonator 
(D = 168 μm) at 1558 nm wavelength with 16 dBm optical power – a spacing of 
393 GHz is obtained, and pumping the micro-rod resonator from two sides (D = 
700 μm; Q-factor = 2.6 × 107) at 1555.46 nm wavelength – a spacing of 90 GHz is 
acquired.  

4. Based on the numerical results, it can be concluded that a soliton comb can be obtained 
with an OFC carrier signal spacing of 200 GHz by pumping a microsphere resonator 
(D = 328.5 μm) at a wavelength of 1552.52 nm as well as with an OFC carrier spacing 
of 100 GHz pumping a microsphere resonator (D = ~660 μm) at a wavelength of 
1547.71 nm.   

5. IM/DD for a WDM-PON system with 4 channels, 10 Gbit/s and 200 GHz inter-channel 
spacing of the received signal BER is 9.1 × 10–4 at a 60 km data line based on a 
microsphere OFC light source.  

6. IM/DD for a WDM-PON system with 4 channels, 10 Gbit/s and 393 GHz inter-channel 
intervals of the received signal BER is 2 × 10–5; 4.8 ×10–7; and 1 × 10–5 at 40 km data 
transmission via SMF, NZ-DSF and CSF fibre lines, respectively, based on a 
microsphere OFC light source. 

7. IM/DD for a WDM-PON system with 8 channels, 10 Gbit/s and 100 GHz inter-channel 
intervals of the received signal BER is 2.7 × 10–12; 4.3 × 10–11; 3.2 × 10–11; and 1.2 × 10–

6 at 100 kHz, 1 MHz, 10 MHz, and 100 MHz carrier linewidths, respectively, over a 
50 km transmission line based on a microsphere OFC light source.  

8. For the IM/DD WDM DCI system, the worst BER channel achieves a 20 % SD-FEC 
threshold at –19.5 dBm and –17 dBm optical power with NRZ-OOK modulation at 
50 Gbit/s and 60 Gbit/s, respectively, as well as at –16 dBm optical power with PAM-4 
modulation at 100 Gbit/s based on a micro-rod OFC light source.  

 

The results obtained during the research and presented in the Doctoral Thesis are presented 
in 6 original scientific articles, and in the proceedings of one scientific conference (indexed in 
Scopus, IEEE or Web of Science. In addition to the above, the results of the research are 
presented at 4 scientific conferences (not indexed in Scopus, IEEE or Web of Science).  
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